
	
	

 

 

	  



	
	

ABSTRACT 

Role of Chemokine Signaling and Heparin Binding Growth Factors 
During Ocular Neurovascular Patterning  

by 

Ruda Cui 

The	 embryonic	 eye	 provides	 a	 unique	 context	 in	 which	 we	 can	 study	 the	

mechanisms	 of	 neurovascular	 patterning	 and	 wound	 healing.	 The	 anterior	 eye	

requires	highly	regulated	signaling	for	the	proper	formation	of	an	avascular,	highly	

innervated,	 and	 transparent	 cornea.	By	 studying	ocular	development	 in	 avian	and	

murine	 models,	 we	 can	 begin	 to	 understand	 how	 signals	 in	 the	 embryo	 regulate	

interactions	of	the	neural	crest	cells	and	ocular	ectoderm	for	the	proper	formation	of	

the	anterior	eye	structures.			

The	 purpose	 of	 this	 work	 is	 to	 elucidate	 the	 functions	 of	 a	 chemokine	

(CXCL12),	 and	 two	 heparin-binding	 growth	 factors	 (midkine	 and	 pleiotrophin)	

during	 anterior	 eye	 development	 and	 neurovascular	 patterning.	 	 CXCL12	 and	 its	

receptor	 CXCR4	 are	 required	 for	 the	 proper	 vascular	 patterning	 in	 other	 organ	

systems,	but	their	functions	in	the	eye	have	yet	to	be	discovered.	Here	I	demonstrate	

that	CXCL12-CXCR4	signaling	has	two	major	 functions	during	ocular	development:	

first,	 CXCL12	 expression	 in	 the	 trigeminal	 placode	 is	 required	 for	 the	 proper	

formation	of	 the	 trigeminal	 ganglion;	 second,	CXCL12	 expression	 in	 the	periocular	

neural	 crest	 is	 required	 for	 proper	 vascular	 remodeling	 during	 later	 ocular	



	
	

development.	Disruption	of	CXCL12	signaling	 in	either	 the	placode	or	neural	crest	

result	in	significant	neurovascular	defects	of	the	anterior	eye.	

Midkine	(MDK)	and	pleiotrophin	(PTN)	are	two	secreted	proteins	which	make	

up	 their	 own	 family	 of	 heparin-binding	 growth	 factors.	 	 MDK	 expression	 can	 be	

induced	by	retinoic	acid,	which	is	an	important	signal	for	general	ocular	development.	

Here	I	report	MDK	and	PTN	expression	during	corneal	and	retinal	development.	Both	

MDK	 and	 PTN	 were	 expressed	 in	 the	 migrating	 neural	 crest,	 but	 otherwise	 had	

generally	 complimentary	 expression	 patterns.	 Although	 MDK	 and	 PTN	 were	

conserved	 in	 the	 anterior	 eye	 between	 chick	 and	 mouse,	 they	 had	 differential	

expression	during	retinal	development.	I	also	demonstrate	that	MDK	and	PTN	in	the	

anterior	eye	may	signal	to	trigeminal	nerves	through	ITGb1	and	RPTPz.  

Lastly,	I	present	a	novel	method	to	study	embryonic	wound	healing	in	culture.	

The	embryonic	cornea	possesses	regenerative	properties	not	found	in	the	adult,	and	

can	maintain	its	transparency	by	healing	nonfibrotically.	However,	current	methods	

of	studying	embryonic	wound	healing	are	 limited	in	 its	efficiency	and	adaptability.	

Here	I	provide	a	protocol	to	study	mechanisms	of	wound	healing	in	an	ex	vivo	model	

that	allows	for	higher	throughput,	reproducibility,	and	adaptability.		

The	 results	 presented	 in	 this	 document	 give	 a	 glimpse	 of	 the	 intricate	 and	

highly	regulated	signaling	required	during	ocular	development.	Better	understanding	

of	the	molecular	mechanisms	are	required	for	the	creation	of	better	therapeutics	for	

ocular	neurovascular	diseases	and	wound	healing.		



	

	

Acknowledgments 

First	and	foremost,	I	would	like	to	thank	Dr.	Peter	Lwigale	for	his	guidance	and	

mentorship	during	my	time	at	Rice	University.	Thank	you	to	our	collaborators	of	the	

Mukouyama	 lab	at	 the	National	 Institute	of	Health,	who	kindly	provided	the	Cxcr4	

knockout	mice.	I	would	also	like	to	thank	all	the	previous	members	of	the	Lwigale	lab,	

especially	Dr.	Ana	Ojeda,	who	was	my	collaborator	on	 the	CXCL12	project	and	my	

mentor.	I	want	to	express	my	gratitude	to	the	current	Lwigale	lab	members,	whose	

support	both	in	and	out	of	lab	I	value	tremendously.	Thank	you	also	to	the	Lwigale	

lab	undergraduates,	including	Catherine	Wu,	Adrianna	Lee,	Rebecca	Federman,	and	

others	who	brought	their	time,	dedication,	and	enthusiasm.		

This	work	could	not	have	been	completed	without	the	support	of	many	people.	

I	am	so	grateful	to	the	incredible	women	of	Rice	University	IBB	Girls	STEM	program,	

who	not	only	reminded	me	of	the	 joy	of	being	 in	STEM	but	also	the	 importance	of	

resilience,	 perspective,	 and	 self-assurance.	 Thank	 you	 to	 my	 dear	 friend	 Sarah	

Alvarado,	who	has	been	with	me	every	 step	of	my	graduate	career.	 I	 also	want	 to	

thank	 my	 family,	 especially	 my	 father	 and	 the	 original	 Dr.	 Cui	 for	 his	 care	 and	

understanding.	Finally,	I	want	to	thank	my	wonderful	husband	for	his	never-ending	

love	and	patience.	



	

	

Table of Contents 

Acknowledgments	......................................................................................................	iv	

Table	of	Contents	........................................................................................................	v	

List	of	Figures	.............................................................................................................	ix	

List	of	Tables	..............................................................................................................	xi	

List	of	Abbreviations	...................................................................................................	xii	

Literature	Review	........................................................................................................	1	

1.1.	Overview	of	cranial	and	periocular	neural	crest	cells	..............................................	1	

1.2.	Overview	of	corneal	development	..........................................................................	2	

1.2.1.	Periocular	neural	crest	migration	and	differentiation	during	corneal	
development	...............................................................................................................	2	

1.2.2.	Comparison	between	avian	and	mouse	corneal	development	.........................	6	

1.2.3.	Congenital	corneal	malformations	caused	by	defective	neural	crest	
development	...............................................................................................................	9	

1.3.	Overview	of	neurovascular	patterning	in	the	anterior	eye	...................................	11	

1.3.1.	Patterning	of	sensory	nerve	projection	in	the	anterior	eye	in	chick	and	mouse
	..................................................................................................................................	11	

1.3.2.	Vascular	patterning	in	the	anterior	eye	in	avian	and	mouse	..........................	14	

1.3.3.	Clinical	implications	of	aberrant	neurovascular	patterning	............................	16	

1.4.	Cellular	and	molecular	mechanisms	involved	in	ocular	development	..................	17	

1.4.1.	Neural	crest	contribution	to	ocular	tissues	.....................................................	17	

1.4.2.	Role	of	chemokines	during	ocular	development	............................................	18	

1.4.3.	Role	of	VEGF	in	vascular	patterning	................................................................	19	

1.4.4.	Role	of	retinoic	acid	in	gene	expression	and	major	signal	during	ocular	
development	.............................................................................................................	20	

1.4.5.	Role	of	ECM	components	during	ocular	development	...................................	22	

1.4.5.1.	Primary	Stroma	.........................................................................................	22	
1.4.5.2.	Secondary	Stroma	.....................................................................................	23	

1.4.6.	Other	signals:	TGFb,	NGF,	WNT	......................................................................	23	

1.5.	Wound	healing	in	the	cornea	................................................................................	25	



vi	
	

1.5.1.	Epithelial	and	stromal	corneal	wounds	...........................................................	25	

1.5.2.	Signals	during	corneal	wound	healing	.............................................................	26	

1.5.3.	Nerve	function	during	corneal	wound	healing	................................................	27	

1.5.4.	Neovascularization	during	corneal	wound	healing	.........................................	28	

1.5.5.	Clinical	implications	.........................................................................................	29	

Materials	and	Methods	.............................................................................................	32	

2.1.	Animals	(Chick,	transgenic	quail,	and	mouse)	.......................................................	32	

2.2.	Manipulation	of	avian	embryos	and	eyes	..............................................................	33	

2.2.1.	Preparation	of	avian	eggs	for	in	ovo	manipulation	.........................................	33	

2.2.2.	In	ovo	injection	of	RCAS	viral	constructs	for	gene	knockdown	.......................	33	

2.2.3.	In	ovo	electroporation	of	RCAS	viral	plasmid	DNA	for	gene	knockdown	........	34	

2.2.4.	In	ovo	bead	implantation	for	small	molecule	inhibitor	...................................	34	

2.3.	Whole	mount	and	section	in	situ	hybridization	.....................................................	34	

2.4.	RT-PCR	gene	analysis	during	cornea	development	................................................	36	

2.5.	Generation	and	validation	of	RCAS-virus	mediated	gene	knockdown	constructs	.	37	

2.6.	Whole	mount	and	section	immunostaining	..........................................................	39	

2.7.	Fluorescent	and	bright	field	imaging	.....................................................................	40	

2.8.	Statistical	analysis	..................................................................................................	40	

CXCL12	is	necessary	for	the	proper	development	of	the	trigeminal	ganglia	and	corneal	
innervation	...............................................................................................................	41	

3.1.	Introduction	...........................................................................................................	41	

3.2.	Rationale	................................................................................................................	42	

3.3.	Results	...................................................................................................................	43	

3.3.1.	Expression	pattern	of	CXCL12	and	its	receptors	in	the	TG	during	development
	..................................................................................................................................	43	

3.3.2.	In	ovo	knockdown	of	CXCL12	by	viral	vector	...................................................	45	

3.3.2.1.	Cloning	of	CXCL12	shRNA	sequence	into	RCAS	vector	and	viral	production
	...............................................................................................................................	45	
3.3.2.2.	Validation	of	CXCL12	knockdown	in	Df-1	cells	..........................................	46	

3.3.3.	CXCL12	in	the	chick	trigeminal	placode	is	necessary	for	proper	TG	formation	
and	corneal	innervation	............................................................................................	48	



vii	
	

3.3.3.1.	Disruption	of	CXCL12	in	the	trigeminal	placode	disrupts	proper	trigeminal	
gangliogenesis	.......................................................................................................	48	
3.3.3.2.	CXCL12	knockdown	embryos	exhibit	non-innervated	corneas	................	49	
3.3.3.3.	CXCL12	knockdown	embryos	do	not	have	disrupted	corneal	ring	
formation	...............................................................................................................	50	

3.3.4.	CXCL12/CXCR4	signaling	is	required	for	proper	TG	formation	in	mice	...........	51	

3.3.4.1.	Cxcr4	knockout	mice	had	reduced	TG	size	...............................................	51	
3.3.4.2.	Cxcr4	knockout	mice	had	no	significant	corneal	innervation	defects	......	52	

3.4.	Discussion	..............................................................................................................	53	

3.5.	Conclusions	............................................................................................................	55	

Disruption	of	CXCL12/CXCR4	signaling	in	the	periocular	neural	crest	alters	
neurovascular	patterning	in	the	anterior	eye	.............................................................	56	

4.1.	Introduction	...........................................................................................................	56	

4.1.1.	Neurovascular	patterning	in	the	anterior	eye	.................................................	56	

4.1.2.	CXCL12/CXCR4	signaling	during	vascular	patterning	in	other	organs	and	
models	.......................................................................................................................	58	

4.1.3.	CXCL12	and	receptor	expression	in	the	anterior	eye	......................................	58	

4.2.	Rationale	................................................................................................................	59	

4.3.	Results	...................................................................................................................	59	

4.3.1.	Expression	of	CXCL12	and	its	receptors	CXCR4	and	CXCR7	during	ocular	
development	.............................................................................................................	59	

4.3.2.	CXCL12	signaling	is	required	for	proper	vascular	remodeling	.........................	64	

4.3.2.1.	Local	disruption	of	CXCL12	signaling	with	small	molecule	inhibitor	.........	65	
4.3.2.2.	CXCL12	knockdown	result	in	defect	of	the	vascular	plexus	in	avians	.......	67	
4.3.2.3.	Cxcl12/Cxcr4	signaling	in	the	mouse	is	required	for	proper	periocular	
vascular	patterning	and	for	maintaining	the	periocular	vasculature	during	
development	.........................................................................................................	68	

4.4.	Discussion	..............................................................................................................	71	

4.5.	Conclusions	............................................................................................................	72	

Expression	of	Midkine	and	Pleiotrophin	during	ocular	development	.........................	74	

5.1.	Rationale	................................................................................................................	74	

5.2.	Results	...................................................................................................................	75	

5.2.1.	MDK	and	PTN	expression	in	the	chick	and	mouse	anterior	eye	......................	75	

5.2.2.	MDK	and	PTN	expression	in	the	chick	and	mouse	retina	................................	79	



viii	
	

5.2.3.	MDK	and	PTN	receptors	in	the	chick	anterior	eye	and	retina	.........................	83	

5.2.4.	MDK,	PTN,	and	receptors	in	the	chick	TG	during	corneal	innervation	............	85	

5.2.5.	Implicated	functions	........................................................................................	87	

Organ	culture	of	the	anterior	eye	for	studying	embryonic	corneal	wound	healing	.....	93	

6.1.	Introduction	...........................................................................................................	93	

6.1.1.	Functions	of	the	corneal	epithelium	...............................................................	93	

6.1.2.	Wound	healing	of	the	corneal	epithelium	......................................................	94	

6.1.3.	Comparisons	of	embryonic	and	adult	wound	healing	....................................	95	

6.1.4.	Downfalls	of	cell	culture	assays	for	studying	wound	healing	..........................	95	

6.1.5.	Debridement	models	for	studying	corneal	epithelial	wound	healing	in	adult	
animals	......................................................................................................................	96	

6.2.	Rationale	................................................................................................................	96	

6.3.	Embryonic	corneal	debridement	protocol	.............................................................	97	

6.3.1.	Materials	and	reagents	...................................................................................	97	

6.3.2.	Animal	handling	and	initial	dissections	...........................................................	98	

6.3.3.	Trephination	....................................................................................................	98	

6.3.4.	Further	dissection	of	ocular	tissues	................................................................	98	

6.3.5.	Debridement	...................................................................................................	99	

6.3.6.	Anterior	eye	culture	........................................................................................	99	

6.3.7.	Potential	points	of	adaptations	in	the	protocol	..............................................	99	

6.4.	Possible	Analyses	.................................................................................................	100	

6.4.1.	Visualizing	the	wound	...................................................................................	100	

6.4.2.	Measuring	wound	healing	rate	.....................................................................	102	

6.4.3.	Analysis	of	candidate	wound	healing	genes	.................................................	103	

6.5.	Discussion	and	Conclusion	...................................................................................	104	

Conclusions	and	Future	Directions	...........................................................................	107	

References	..............................................................................................................	110	

	

	



	

	

List of Figures 

Figure	1.1.	Anatomy	of	the	anterior	eye.	.........................................................................	4	

Figure	1.2.	Periocular	neural	crest	migration	into	the	corneal	space.	..................	5	

Figure	1.3.	Schematic	of	mouse	corneal	development.	...............................................	8	

Figure	1.4.	Corneal	innervation	by	trigeminal	nerves.	............................................	12	

Figure	1.5.	Mouse	corneal	innervation	during	ocular	development.	.................	13	

Figure	1.6.	Periocular	vascular	development	in	avians.	.........................................	15	

Figure	1.7.	Vascular	patterning	during	ocular	development	in	mouse.	............	16	

Figure	1.8.	Retinoic	acid	signaling	in	the	developing	eye.	......................................	21	

Figure	3.1.	Cxcl12	is	expressed	in	the	cranial	mesenchyme	surrounding	the	TG	
in	mouse.	.................................................................................................................................	44	

Figure	3.2.	CXCL12	protein	localization	in	the	trigeminal	ganglion.	..................	45	

Figure	3.3.	Generation	of	RCAS	viral	constructs	for	expression	of	CXCL12-
shRNA.	......................................................................................................................................	47	

Figure	3.4.	Disruption	of	CXCL12	signaling	in	the	trigeminal	placode	results	in	
reduced	trigeminal	size.	.....................................................................................................	49	

Figure	3.5.	Representative	images	of	E12	control	and	CXCL12	knockdown	
corneas	showing	substantial	loss	in	corneal	innervation.	.....................................	50	

Figure	3.6.	Cxcr4	knockout	embryos	show	malformation	of	the	trigeminal	
ganglion.	..................................................................................................................................	52	

Figure	4.1.	CXCL12	mRNA	expression	correlates	with	the	developing	
vasculature.	............................................................................................................................	60	

Figure	4.2.	CXCL12	expression	in	the	anterior	eye	during	development	in	chick	
and	mouse.	..............................................................................................................................	61	

Figure	4.3.	Expression	of	CXCR4	in	chick	and	mouse	during	anterior	eye	
development.	.........................................................................................................................	62	



x	
	

Figure	4.4.	Expression	of	CXCR7	during	ocular	development	in	the	chick	and	
mouse.	......................................................................................................................................	63	

Figure	4.5.	CXCL12	knockdown	in	pNC	results	inperiocular	neurovascular	
defects.	.....................................................................................................................................	65	

Figure	4.6.	Local	disruption	of	CXCL12	signaling	by	bead	implantation	of	small	
molecule	inhibitor.	...............................................................................................................	67	

Figure	4.7.	CXCL12	knockdown	quail	embryo	with	defect	of	the	vascular	
plexus.	......................................................................................................................................	68	

Figure	4.8.	Cxcr4	knockout	mice	have	severe	vascular	defects.	...........................	70	

Figure	5.1.	Expression	pattern	of	MDK	and	PTN	during	development	of	the	
chick	..........................................................................................................................................	76	

Figure	5.2.	Expression	pattern	of	Mdk	and	Ptn	during	development	of	the	
mouse	.......................................................................................................................................	78	

Figure	5.3.	Expression	pattern	of	MDK	and	PTN	during	retinal	development	in	
chick.	.........................................................................................................................................	80	

Figure	5.4.	Expression	pattern	of	Mdk	and	Ptn	during	retinal	development	in	
mouse.	......................................................................................................................................	82	

Figure	5.5.	Expression	of	MDK	and	PTN	receptors	during	chick	ocular	
development.	.........................................................................................................................	84	

Figure	5.6.	Expression	pattern	of	MDK	and	PTN	in	the	anterior	eye	of	E12	chick	
and	receptor	expression	in	the	trigeminal	ganglion.	...............................................	86	

Figure	6.1.	Corneal	epithelial	wound	healing	in	embryonic	anterior	eye	
culture.	...................................................................................................................................	101	

Figure	6.2.	Cell	migration	assay	during	corneal	debridement	wound	healing.
...................................................................................................................................................	102	

Figure	6.3.	Expression	of	TGFb1/3	in	12hr	post-wound	debrided	corneas.	...	104	



	

	

List of Tables 

Table	2.1.	RT-PCR	and	in	situ	probe	primers.	.............................................................	37	

	



	

	

List of Abbreviations 

ALK:	anaplastic	lymphoma	kinase	
	
C:	cornea	
	
cb:	ciliary	body	
	
cm:	ciliary	margin	
	
cU6:	chicken	U6	promoter	
	
CXCL12:	C-X-C	motif	chemokine	12	
	
CXCR4:	C-X-C	motif	chemokine	
receptor	4	
	
CXCR7:	C-X-C	motif	chemokine	
receptor	7	
	
DMEM:	Dulbecco’s	Modified	Eagle	
Medium	
	
E(#):	embryonic	day	
	
ec:	ectoderm	
	
en:	corneal	endothelium	
	
ep:	corneal	epithelium	
	
GAPDH:	glyceraldehyde	3-phosphate	
dehydrogenase	
	
GCL:	ganglion	cell	layer	
	
HH:	Hamburger-Hamilton	stage	
	
ica:	iridio-corneal	angle	
	
inbl:	inner	neuroblastic	layer	
	
INL:	inner	nuclear	layer	
	

ir:	iris	
	
ITGb1/ITGb1:	integrin	beta	1	
	
L:	lens	
	
LASIK:	laser-assisted	in	situ	
keratomileusis	
	
LRP1:	low-density	lipoprotein	
receptor	related	protein	1	
	
m:	ciliary	muscle	
	
MAB:	malic	acid	buffer	
	
MABTw:	MAB	+	Tween20	
	
MDK:	midkine	
	
mes:	mesenchyme	
	
mmV:	maxillomandibular	branch	of	
the	TG	
	
NCA:	nasal	ciliary	artery	
	
NGF:	nerve	growth	factor	
	
nm:	nictitating	membrane	
	
nr:	neural	retina	
	
oc:	optic	cup	
	
on:	optic	nerve	
	
onbl:	outer	neuroblastic	layer	
	
ONL:	outer	nuclear	layer	
	
opV:	ophthalmic	branch	of	the	TG	



xiii	
	

P:	mouse	postnatal	day	
	
PBS:	phosphate-buffered	saline	
	
PBTw:	PBS	+	Tween20	
	
PBTx:	PBS	+	Triton	X-100	
	
pcm:	presumptive	corneal	
mesenchyme	
	
pm:	periocular	mesenchyme	
	
PFA:	paraformaldehyde	
	
pNC:	periocular	neural	crest		
	
PTN:	pleiotrophin	
	
R:	retina	
	
RA:	retinoic	acid	
	
RCAS:	Replication-Competent	Avian	
sarcoma-leukosis	virus	long	terminal	
repeat	with	a	Splice	acceptor	

RPE:	retinal	pigmented	epithelium	
	
RPTPZ:	receptor-like	protein	tyrosine		
phosphatase	beta/zeta	
	
RT-PCR:	reverse	transcription-PCR	
	
SDC1:	syndecan	1	
	
SDC3:	syndecan	3	
	
shRNA:	short	hairpin	RNA	
	
SSC:	saline-sodium	citrate	
	
st:	corneal	stroma	
	
TCA:	temporal	ciliary	artery	
	
Tg:	transgenic	
	
TG:	trigeminal	ganglia	
	

	



	

1	
	

Chapter 1 

Literature Review 

1.1. 	Overview	of	cranial	and	periocular	neural	crest	cells	

Neural	crest	cells	are	a	transient	embryonic	stem-cell	 like	population	which	

contribute	to	numerous	tissues,	including	melanocytes,	cartilage	and	bone,	heart	and	

enteric	tissues,	gastrointestinal	tract,	and	cranial	sensory	organs.	They	originate	from	

the	developing	neural	tube	and,	following	neural	tube	closure,	delaminate	to	migrate	

all	over	the	body.	Abnormalities	in	neural	crest	behavior	can	cause	congenital	defects,	

such	as	Hirschsprung’s	disease	and	ocular	defects	such	as	Peters	anomaly	(reviewed	

in	 Amiel	 and	 Lyonnet,	 2001;	 Graw,	 2003).	 Understanding	 how	 neural	 crest	 cells	

migrate,	differentiate,	and	interact	with	their	embryonic	environments	can	provide	

potential	stem	cell	therapeutics	for	many	diseases.	

Neural	crest	cells	which	have	migrated	to	the	periocular	region	contribute	to	

many	tissues	of	the	anterior	eye,	including	the	corneal	endothelium,	corneal	stroma,	
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and	the	iris.	Other	neural	crest	cells	interact	with	the	trigeminal	placode	in	the	region	

of	the	developing	mesencephalon	to	form	the	distal	portion	of	the	trigeminal	ganglia	

(TG),	which	innervates	the	cornea	and	iris	(Noden,	1980).	Anterior	eye	development	

is	dependent	on	the	interaction	of	the	ocular	ectoderm	with	neural	crest	cells	to	form	

tissues	with	a	unique	set	of	 traits,	 including	transparency,	avascularity,	and	highly	

organized	innervation.	By	studying	how	neural	crest	behavior	 is	regulated,	we	can	

gain	better	understanding	of	the	development	of	the	anterior	eye.	The	contribution	

of	the	periocular	neural	crest	cells	to	ocular	tissues	are	further	discussed	in	Section	

1.2	and	Section	1.4.		

1.2. Overview	of	corneal	development	

1.2.1. Periocular	neural	crest	migration	and	differentiation	during	corneal	

development	

The	 cornea	 is	 the	 anterior-most	 tissue	 of	 the	 eye	 and	 mainly	 serves	 two	

functions.	First,	the	cornea	protects	the	rest	of	the	eye.	The	corneal	epithelium	has	the	

highest	density	of	nociceptors	in	the	body,	with	40	times	the	density	of	dental	pulp	

and	400	times	the	density	of	skin	(Rozsa	and	Beuerman,	1982).	When	triggered	with	

mechanical	or	thermal	input,	the	trigeminal	nerves	activate	tear	secretion	and	blink	

reflex	to	clear	away	harmful	substances	in	the	environment	(Acconero	et	al.,	1980).	

Second,	the	cornea	provides	most	of	the	focusing	power	of	the	eye	through	its	convex	

shape.	 Healthy	 adult	 human	 corneas	 have	 an	 average	 refractive	 power	 of	 43.5	

diopters	(Gordon	and	Donzis,	1985),	which	accounts	for	70%	of	the	refractive	power	
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of	the	eye.	For	this	function,	the	cornea	must	be	avascular	and	have	a	highly	organized	

stromal	matrix	(Maurice,	1956).		

The	fully	formed	adult	cornea	has	five	layers.	From	anterior	to	posterior,	they	

are:	a	6-7	cell	layer	thick	corneal	epithelium	with	a	basement	membrane;	an	acellular	

Bowman’s	 layer;	 a	 corneal	 stroma	 with	 keratocytes	 and	 organized	 extracellular	

matrix	 (ECM),	 making	 up	 90%	 of	 the	 corneal	 thickness;	 an	 acellular	 Descemet’s	

membrane;	and	a	single-cell	layer	of	corneal	endothelium	(Figure	1.1).	The	corneal	

epithelium	is	in	contact	with	the	tear	film	and	the	environment,	and	as	such,	the	cells	

of	the	epithelium	are	continuously	turned	over.	The	corneal	epithelium	also	densely	

innervated	to	sense	environmental	hazards	and	to	trigger	the	blink	and	tear	reflexes.	

The	corneal	stroma	makes	up	most	of	the	thickness	of	the	human	cornea,	and	contains	

highly	organized	 collagen	 fibrils	 giving	 the	 cornea	 its	 transparency.	The	 stroma	 is	

maintained	by	keratocytes.	The	corneal	endothelium	maintains	the	proper	hydration	

of	the	stroma	and	provides	the	posterior	stroma	with	oxygen	and	glucose	from	the	

aqueous	humour	(Tuft	and	Coster,	1990).	To	understand	how	this	unique	tissue	is	

produced,	we	can	study	the	development	of	the	cornea	in	avian	and	mouse	models.	
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Figure	1.1.	Anatomy	of	the	anterior	eye.		
Schematic	of	the	major	structures	of	the	adult	eye.	Note	that	the	 limbus	lies	at	the	
junction	between	the	cornea	and	the	conjunctiva.	Used	with	permission	from	Edgar	
et	al.,	2013.	

By	 embryonic	 day	 3	 (E3)	 of	 the	 chick,	 neural	 crest	 cells	 have	migrated	 to	

various	cranial	regions,	including	the	periocular	region.	By	this	time,	the	lens	vesicle	

and	optic	cup	have	formed,	with	no	cells	between	the	lens	vesicle	and	the	overlying	

ectoderm.	The	periocular	neural	crest	cells	(pNCs)	have	reached	the	lip	of	the	optic	

cup	(Figure	1.2a).	The	ectoderm	covering	the	lens	vesicle	secretes	collagens	and	other	

ECM	proteins	into	the	space	between	the	ectoderm	and	the	lens	to	form	the	primary	

stroma	 (discussed	 further	 in	 Section	 1.4).	 The	 ectoderm	will	 later	 differentiate	 to	

become	the	corneal	epithelium.	Beginning	at	E4.5,	a	wave	of	pNCs	migrate	through	
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the	primary	stroma	in	a	single	layer	to	form	corneal	endothelium	(Figure	1.2b).	At	

E6.5,	a	second	wave	of	pNCs	begin	to	migrate	between	the	corneal	epithelium	and	

endothelium,	 and	will	 later	 differentiate	 into	 the	 corneal	 keratocytes.	 The	 corneal	

keratocytes	 secrete	 and	 organize	 collagen	 fibrils	 into	 laminar	 layers.	 The	 corneal	

layers	are	established	by	E7	in	the	chick	(Figure	1.2e).			

Between	E10-E14,	the	corneal	endothelium	pumps	out	fluid	and	ions	from	the	

corneal	stroma	into	the	anterior	chamber,	causing	the	laminar	layers	in	the	corneal	

stroma	to	compact	and	the	stroma	to	turn	transparent.	This	slight	dehydration	of	the	

corneal	stroma	needs	to	be	maintained	for	corneal	transparency	and	corneal	function	

(Maurice,	1967;	Maurice,	1972).	

	

Figure	1.2.	Periocular	neural	crest	migration	into	the	corneal	space.		
Migration	of	quail	specific	QCPN-labeled	neural	crest	cells	(pink)	is	observed	during	
corneal	 development	 in	 a	 chick-quail	 chimera.	 Native	 chick	 cells	 are	 labeled	with	
DAPI	(blue).	(A)	Quail	periocular	neural	crest	cells	arrive	at	the	ocular	region	by	E3.	
(B)	 First	 wave	 of	 pNC	 migration	 into	 the	 corneal	 space	 between	 the	 overlying	
ectoderm	and	lens	occurs	at	E4.5	and	(C)	the	corneal	endothelium	is	formed	by	E5.	
(D)	Second	wave	of	pNC	migration	between	the	corneal	endothelium	and	the	corneal	
epithelium	at	E6.	(E)	The	three	corneal	layers	are	established	by	E7.	Cb:	ciliary	body;	
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En:	corneal	endothelium;	Ep:	corneal	epithelium;	L:	lens;	St:	corneal	stroma.	Adapted	
from	Lwigale	et	al.,	2005.	

1.2.2. Comparison	between	avian	and	mouse	corneal	development	

The	embryonic	chick	is	a	particularly	useful	model	for	studying	developmental	

processes.	Fertilized	chicken	eggs	only	require	humidity	and	warmth	to	support	the	

development	of	the	embryos,	which	allows	researchers	to	use	simple	incubators	to	

study	them	in	the	laboratory.	Fertilized	eggs	are	widely	used	in	agriculture,	and	are	

inexpensive	 and	 easy	 to	 obtain.	 Furthermore,	 the	 chick	 embryo	 can	 be	 easily	

accessed.	In	ovo	manipulations	of	the	embryo	can	be	performed	by	opening	the	egg	

shell,	performing	microinjections	into	or	microdissections	of	the	embryo,	and	sealing	

the	 egg	 until	 the	 proper	 developmental	 stage.	 Chick	 embryos	 also	 share	 many	

developmental	 processes	 as	 humans,	 as	 both	 humans	 and	 avians	 are	 amniotes,	

including	processes	during	ocular	development.	Both	humans	and	chicks	can	see	at	

the	time	of	birth,	in	comparison	to	rodents,	which	have	closed	eyelids	until	several	

days	after	birth.	The	embryonic	chick	also	has	two-wave	migration	of	pNCs	for	the	

formation	of	the	corneal	stroma	and	endothelium,	which	is	what	has	been	observed	

in	human	corneal	development	(Rones,	1932).		

To	gain	a	better	understanding	of	mammalian	development,	we	can	perform	

studies	 in	mice.	The	mouse	model	 is	 an	excellent	model	 to	 study	 the	processes	of	

angiogenesis,	 neural	 development,	 and	 other	 developmental	 processes.	 There	 are	

also	powerful	genetic	tools	available	in	the	mouse	which	provides	us	with	knockout	

mouse	 strains	 of	 various	 genes	 of	 interest.	 However,	 the	 mouse	 embryo	 is	 less	
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accessible	 than	 the	 chick,	 and	 in	 utero	 manipulation	 of	 the	 embryo	 is	 extremely	

difficult.	 In	 addition,	 rodent	 corneal	 development	 follows	 a	 divergent	 process	

compared	to	avian	and	human	corneal	development.	In	particular,	the	mouse	model	

has	 been	 a	 good	model	 for	 human	 retinal	 development	 (reviewed	 in	Gariano	 and	

Gardner,	 2005;	 Stahl	 et	 al.,	 2010;	 Swaroop	 et	 al.,	 2010).	 During	 mouse	 corneal	

development,	 a	 single	wave	of	pNC	migrate	en	mass	 into	 the	presumptive	 cornea.	

These	 cells	 later	 differentiate	 into	 the	 corneal	 stromal	 cells	 and	 the	 corneal	

endothelium	 (Figure	 1.3).	 The	 posterior	mesenchymal	 cells	 condense	 to	 form	 the	

corneal	 endothelium,	 while	 the	 remaining	 cells	 differentiate	 into	 the	 corneal	

keratocytes	(Cvekl	and	Tamm,	2004).	This	contrasts	with	the	two-wave	neural	crest	

migration	 into	 the	 presumptive	 cornea	 observed	 in	 the	 chick	 and	 human.	

Nevertheless,	 the	 murine	 cornea	 shares	 similarities	 with	 the	 human	 and	 avian	

corneas,	in	that	it	is	still	transparent,	highly	innervated,	and	avascular.	Therefore,	it	

is	 important	 to	 study	 ocular	 development	 in	 the	 murine	 model	 to	 gain	 a	 more	

complete	understanding	of	mammalian	eye	development.	Because	of	the	availability	

of	fertilized	chicken	eggs	and	the	similarity	of	avian	and	human	corneal	development,	

we	 first	 study	 corneal	 development	 in	 avian	 models	 first,	 and	 perform	 further	

analysis	in	our	mammalian	mouse	model.	
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Figure	1.3.	Schematic	of	mouse	corneal	development.		
A)	E12.5:	Periocular	neural	crest	cells	begin	to	migrate	in	a	single	wave	between	the	
surface	ectoderm	and	the	 lens	vesicle.	B)	E13.5:	Continued	pNC	migration	into	the	
presumptive	cornea,	and	closure	of	the	lens	vesicle.	C)	E14.5:	Differentiation	of	the	
mesenchymal	 cells	 into	 the	 corneal	 keratocytes	 and	 corneal	 endothelium.	 The	
anterior	chamber	detaches	from	the	posterior	cornea.	D)	E15.5:	Formation	of	the	iris	
and	 ciliary	 body	 from	 the	 anterior	 optic	 cup.	 AC:	 anterior	 chamber;	 CEn:	 corneal	
endothelium;	CEp:	corneal	epithelium;	CS:	corneal	stroma;	EF:	embryonic/choroidal	
fissure;	 HA:	 hyaloid	 artery;	 L:	 Lens;	 LV:	 lens	 vesicle;	 Me:	 mesenchymal	 cells;	 PE:	
pigmented	retinal	epithelium;	Re:	retina;	SCB:	stroma	of	the	ciliary	body;	SE:	surface	
ectoderm;	SIr:	 stroma	of	 the	 iris.	Adapted	with	permission	 from	Cvekl	and	Tamm,	
2004.	

Differences	are	also	observed	in	corneal	innervation	and	vascular	patterning	

between	chick	and	mouse.	In	brief,	the	mouse	cornea	is	innervated	concomitantly	to	

corneal	endothelial	differentiation	by	four	nerve	bundles,	while	the	chick	cornea	is	
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innervated	 following	 the	 full	 formation	 of	 the	 three	 cellularized	 corneal	 layers	 by	

nerve	projections	from	the	corneal	circumference	from	a	pericorneal	nerve	ring	(Bee	

et	al.,	1982;	Bee	et	al.,	1986;	McKenna	and	Lwigale,	2011).	The	early	mouse	anterior	

eye	is	vascularized	by	hyaloid	vasculature	surrounding	the	lens	originating	from	the	

optic	 cup	 (Mitchell	 et	 al.,	 1998).	 This	 lens	 vasculature	 is	 later	 pruned,	 and	 the	

pericorneal	 vascular	 plexus	 which	 forms	 via	 angiogenesis.	 	 The	 early	 pericorneal	

vasculature	in	the	chick	is	formed	by	vasculogenesis	of	angioblasts	which	migrate	to	

the	 anterior	 eye	 (Kwiatkowski	 et	 al.,	 2013)	 and	 later	 angiogenesis	 for	 the	 full	

formation	of	the	vascular	plexus.	Neurovascular	patterning	of	the	mouse	and	avian	

eyes	is	further	discussed	in	section	1.3.		

1.2.3. Congenital	 corneal	malformations	 caused	 by	 defective	 neural	 crest	

development	

Numerous	developmental	ocular	defects	can	be	attributed	to	neural	crest	cell	

defects.	Here	I	discuss	two	developmental	disorders	associated	with	defects	of	neural	

crest	migration	and	defects	of	anterior	segmentation	of	the	eye.		

Axenfeld-Reiger	 Syndrome	 is	 a	 rare	 autosomal	 dominant	 genetic	 disorder	

which	results	 in	defects	of	 the	anterior	segment	of	 the	eye,	such	as	corectopia	(off	

center	 iris)	 and/or	 polycoria	 (multiple	 pupils),	 cloudy	 corneas,	 and	 posterior	

embryotoxon.	Patients	with	Axenfeld-Reiger	Syndrome	often	develop	glaucoma,	and	

have	other	craniofacial	defects	such	as	microdontia,	flat	nose	bridges,	and	prominent	

foreheads.	Axenfeld-Reiger	Syndrome	 is	 caused	by	a	mutation	 in	PITX2,	FOXC1,	 or	

PAX6,	which	are	all	genes	involved	in	cranial	neural	crest	migration,	and	mutations	in	
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any	 of	 these	 genes	 in	 neural	 crest	 cells	 result	 in	 defects	 in	 the	 anterior	 segment	

(Baulmann	et	al.,	2002;	Evans	and	Gage,	2005;	Seo	et	al.,	2005).	There	is	no	cure	for	

Axenfeld-Reiger	 Syndrome,	 and	 treatments	 are	 targeted	 towards	 managing	

symptoms	and	to	prevent	the	progression	of	glaucoma.		

PITX2,	 FOXC1,	 and	 PAX6	 have	 also	 been	 associated	 with	 a	 more	 severe	

congenital	disorder	of	anterior	segmentation	called	Peters	anomaly	(Baulmann	et	al.,	

2002;	Honkanen	et	al.,	2003).	Peters	anomaly	is	characterized	with	corneal	opacity	

and	 loss	 of	 the	 anterior	 chamber	 of	 the	 eye,	 and	 is	 sometimes	 referred	 to	 as	

mesodermal	 dysgenesis	 of	 the	 cornea.	 Defects	 in	 the	 anterior	 chamber	 include	

adhesion	of	the	posterior	cornea	to	the	lens	and	iris	and	defects	of	the	Descemet’s	

membrane.	These	defects	are	sometimes	accompanied	by	stunted	height	and	 limb	

length,	general	craniofacial	abnormalities,	and	intellectual	disability.	There	is	no	cure	

for	 Peters	 anomaly,	 although	 corneal	 transplantation	 can	 be	 performed	 for	 these	

patients	to	recover	visual	function.		

PAX6	 is	 involved	with	both	Peters	 anomaly	and	Axenfeld-Reiger	 syndrome,	

and	has	long	been	associated	with	aniridia.	In	fact,	heterozygous	Pax6	mice	exhibit	

corneal	 abnormalities	 much	 like	 what	 is	 observed	 in	 anterior	 eye	 segmentation	

abnormalities	and	are	a	good	model	for	aniridia	keratopathy	(Ramaesh	et	al,	2003).	

Pitx2	 is	 also	 required	 for	 the	 proper	 formation	 of	 pNC-derived	 anterior	 segment	

structures	(Evans	and	Gage,	2005).	
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1.3. Overview	of	neurovascular	patterning	in	the	anterior	eye	

1.3.1. Patterning	of	sensory	nerve	projection	in	the	anterior	eye	in	chick	and	

mouse	

The	 cornea	 is	 innervated	 by	 nerves	 from	 the	 ophthalmic	 branch	 of	 the	

trigeminal	ganglia	(TG),	which	the	fifth	cranial	nerve	located	at	the	level	of	the	pons.	

The	 early	TG	 is	 formed	 through	 interactions	 of	 the	 trigeminal	 placode	 and	neural	

crest	 cells	 at	 Hamburger-Hamilton	 stage	 9-12	 (Lwigale,	 2001),	 including	 CXCL12-

CXCR4	signaling	(Knaut	et	al,	2005,	Theveneau	et	al,	2013).	It	has	been	shown	in	chick	

embryos	 that	 excision	 of	 the	 TG	 placode	 result	 in	 TG	with	 a	 severely	 reduced	 or	

absent	ophthalmic	branch	(Lwigale,	2001).		

TG	sensory	nerves	reach	the	corneal	region	by	embryonic	day	5	(E5)	in	the	

chick,	with	two	nerve	bundles	following	the	temporal	ciliary	artery	(TCA)	and	a	nerve	

bundle	approaching	the	corneal	region	at	the	choroid	fissure	(Figure	1.4.	A-C).	These	

nerve	bundles	do	not	initially	enter	the	cornea,	but	instead	form	a	periocular	nerve	

ring.	Lens	ablation	experiments	have	demonstrated	that	there	are	signals	from	the	

lens	that	prohibit	nerves	from	entering	the	cornea	until	the	appropriate	time	(Lwigale	

and	Bronner-Fraser,	2009).	The	nerve	ring	closes	by	E9,	and	at	E10,	nerve	projections	

invade	the	anterior	corneal	stroma	(Figure	1.4.	D,E).	By	E12,	these	nerves	reach	the	

center	of	the	cornea	and	are	projected	to	the	corneal	epithelium.	
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Figure	1.4.	Corneal	innervation	by	trigeminal	nerves.		
(A-C)	 TG	 nerves	 (green)	 are	 projected	 to	 the	 ocular	 region	 and	 avoid	 the	 corneal	
region.	(D-E)	Following	nerve	ring	closure,	trigeminal	nerves	begin	to	extend	into	the	
corneal	 stroma.	 F)	 Fully	 innervated	 cornea	 with	 nerve	 endings	 extending	 to	 the	
corneal	epithelium.	d:	dorsal;	v:	ventral;	n:	nasal;	arrows:	branching	nerve	bundles;	
asterisk:	 ventral	 nerve	 plexus	 at	 the	 choroid	 fissure.	 Adapted	 from	 Lwigale	 and	
Bronner-Fraser,	2007.	

In	 the	mouse,	nerves	 from	the	TG	can	be	observed	to	approach	the	corneal	

region	by	E12.5	(Figure	1.5,	McKenna	and	Lwigale,	2011).	Unlike	in	the	chick	where	

the	sensory	nerves	first	forms	a	pericorneal	nerve	ring,	in	the	mouse	four	bundles	of	

nerves	reach	the	cornea	from	the	ventral-temporal,	ventral-nasal,	dorsal-temporal,	

and	dorsal-nasal	quadrants	by	E13.5,	and	enter	the	corneal	stroma	by	E14.5.	Nerves	

can	be	observed	reaching	the	corneal	epithelium	by	as	early	as	E16.5,	although	the	

density	of	nerve	endings	in	the	corneal	epithelium	increases	until	eyelid	opening	at	

postnatal	day	(P)10.	A	swirl	pattern	of	corneal	nerves	in	the	stroma	can	be	observed	
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in	 adult	 mice,	 believed	 to	 be	 established	 following	 complete	 corneal	 innervation	

(McKenna	and	Lwigale,	2011).		

	

Figure	1.5.	Mouse	corneal	innervation	during	ocular	development.		
Top	 panels:	 TG	 nerve	 project	 to	 the	 anterior	 eye	 from	 four	 directions:	 dorsal-
temporal	(DT),	dorsal	nasal	(DN),	ventral	temporal	(VT),	and	ventral	nasal	(VN).	TG	
projection	to	the	anterior	eye	is	observed	as	early	as	E12.5	(arrowhead),	and	reach	
the	corneal	stroma	by	E13.5	(asterisks).	DT	nerves	have	smaller	contribution	to	the	
cornea	 than	 the	 nerves	 from	 other	 quadrants	 (arrow).	 Bottom	 panels:	 corneal	
epithelial	 innervation	by	trigeminal	nerves	in	E16.5,	P0,	and	adult	mice.	Scale	bars	
top	panels	100µm,	bottom	panels	50µm.	Adapted	from	Mckenna	and	Lwigale,	2011.	

Corneal	nerves	are	unlike	the	other	peripheral	nerves	found	the	body.	While	

the	nerve	bundles	in	the	corneal	stroma	are	myelinated	by	Schwann	cells,	the	nerve	

projections	in	the	corneal	epithelium	are	not	supported	by	Schwann	cells	and	make	

up	 the	 longest	 free	 nerve	 endings	 in	 the	 body,	 spanning	millimeters	 (Stepp	 et	 al.,	

2017).	 Some	 recent	 studies	 have	 demonstrated	 that	 corneal	 epithelial	 cells	 may	

behave	like	support	cells	to	help	provide	glucose	and	other	nutrients	to	these	nerve	



	
14	

endings	(Stepp	et	al.,	2017)	and	provide	an	interesting	perspective	to	the	intricate	

relationship	between	the	corneal	epithelium	and	trigeminal	nerves.	This	topic	will	be	

explored	further	in	section	1.5c.	

1.3.2. Vascular	patterning	in	the	anterior	eye	in	avian	and	mouse	

In	adults,	the	anterior	eye	is	vascularized	by	the	pericorneal	vascular	plexus.	

The	vascular	plexus	is	connected	to	the	long	ciliary	artery	and	the	ophthalmic	artery,	

which	exits	the	orbit	through	the	optic	canal	adjacent	to	the	optic	nerve,	and	joins	the	

internal	carotid	artery	dorsal	to	the	nasal	cavern.	Oxygen	and	nutrients	brought	to	

the	anterior	eye	by	the	vascular	plexus	is	passed	into	the	Schlemm’s	canal	and	the	

trabecular	meshwork	into	the	aqueous	humor	of	the	anterior	chamber.	Glucose	and	

other	 nutrients	 from	 the	 aqueous	 humor	 are	 then	 passed	 through	 the	 corneal	

endothelium	to	nourish	the	posterior	cornea.		

There	 are	 two	 major	 mechanisms	 for	 the	 formation	 of	 blood	 vessels:	

vasculogenesis	and	angiogenesis.	Vasculogenesis	is	the	process	by	which	angioblasts	

aggregate	and	are	organized	to	 form	new	primitive	vessels.	This	process	has	been	

studied	 extensively	 in	 the	 avian	 model	 during	 blood	 island	 formation	 and	 the	

development	of	the	early	cardiovascular	system	(reviewed	in	Patan,	2000;	Risau	et	

al.,	1988).	In	contrast,	angiogenesis	is	the	process	by	which	new	vessels	from	existing	

ones	by	sprouting	and	branching.	Further	remodeling	of	immature	vessels	by	fusion	

and	pruning	are	then	required	for	the	formation	of	matured	arteries	and	veins	(Udan	

et	 al.,	 2013).	 In	 the	 developing	 eye,	 extensive	 vasculogenesis,	 angiogenesis,	 and	

vascular	remodeling	are	required	for	the	proper	formation	of	the	periocular	vascular	
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plexus.	A	number	of	pro-	and	anti-angiogenic	factors	such	as	VEGFA	and	sFLT1	have	

been	identified	in	the	cornea	and	periocular	region	(reviewed	in	Kwiatkowski	et	al.,	

2013).	 The	 balance	 and	 distribution	 of	 these	 various	 factors	 are	 essential	 for	

maintaining	corneal	avascularity	and	proper	patterning	of	the	vascular	plexus	during	

development.		

During	 avian	 development,	 the	 anterior	 ocular	 vasculature	 forms	

concomitantly	 with	 corneal	 development.	 As	 early	 as	 E3,	 periocular	 angioblasts	

undergo	vasculogenesis	 in	the	pericorneal	region,	 forming	a	vascular	ring	and	two	

blood	vessels:	the	temporal	ciliary	artery	(TCA)	and	the	nasal	ciliary	artery	(NCA).	

During	normal	development	 in	 the	 chick,	 the	 cornea	 is	never	vascularized	 (Figure	

1.6).	At	E6,	the	TCA	undergoes	vascular	remodeling	to	form	branches,	while	the	NCA	

regresses.	As	the	embryo	develops,	there	is	further	angiogenesis	in	the	ocular	region	

which	forms	the	periocular	vascular	plexus.	

	

Figure	1.6.	Periocular	vascular	development	in	avians.		
(A-B)	Vasculogenesis	of	angioblasts	in	the	periocular	region	to	form	the	periocular	
vascular	ring,	TCA,	and	NCA.	(C)	Regression	of	the	NCA	and	angiogenesis	of	the	TCA	
results	 in	 a	 branched	 vascular	 network	 on	 the	 temporal	 side	 connected	 to	 the	



	
16	

periocular	 vascular	 ring.	Co:	 cornea;	nca:	nasal	 ciliary	 artery;	 tca:	 temporal	 ciliary	
artery.	Adapted	from	Kwiatkowski	et	al.,	2013.	

In	 the	 mouse,	 periocular	 vasculature	 forms	 by	 angiogenesis	 rather	 than	

vasculogenesis	as	observed	in	the	chick.	During	ocular	development,	blood	vessels	

originating	from	the	optic	cup	grows	around	the	corneal	region	and	on	top	of	the	lens.	

This	 vasculature	 undergoes	 angiogenesis	 to	 form	 a	 complex	 pericorneal	 vascular	

network.	The	lens	vasculature	is	later	pruned	to	form	an	avascular	region	under	the	

cornea	that	allows	for	light	penetration	to	the	retina	(Figure	1.7).	

	

Figure	1.7.	Vascular	patterning	during	ocular	development	in	mouse.		
Endomucin	 staining	 of	 periocular	 vascular	 network	 formation	 by	 angiogenesis	 in	
mice.	Vasculature	under	the	cornea	on	the	lens	can	be	observed	in	the	E13.5	image.	
Corneal	boundary	marked	by	yellow	dotted	line.	Scale	bar:	200um.	

1.3.3. Clinical	implications	of	aberrant	neurovascular	patterning	

The	 corneal	 epithelium	 and	 the	 trigeminal	 sensory	 neurons	 have	 a	 highly	

interdependent	 relationship.	 Systemic	 conditions	 such	 as	 diabetes,	 viral	 infection	

from	 herpes,	 intracranial	 lesions	 such	 as	 aneurysm,	 and	 other	 ocular	 insults	 can	

result	in	damage	to	the	sympathetic	nerves	of	the	trigeminal	ganglion	and	result	in	
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neurotrophic	keratopathy.	Neurotrophic	keratopathy	is	characterized	by	a	decrease	

in	the	number	of	trigeminal	nerves	in	the	corneal	epithelium,	which	in	turn	causes	

decreased	sensitivity	of	the	cornea,	decreased	proliferation	of	the	corneal	epithelium	

and	capacity	for	wound	healing,	and	decreased	neuropeptides	and	neurotransmitters	

such	as	substance	P	and	acetylcholine	found	in	the	tear	film.	Progressive	neurotrophic	

keratopathy	can	result	in	corneal	ulcers,	corneal	melting,	and	blindness.	Our	current	

understanding	of	the	pathology	of	neurotrophic	keratopathy	provides	no	cure,	and	

available	 treatments	 used	 to	 manage	 symptoms	 rather	 than	 to	 treat	 the	 cause.	

Alarmingly,	the	popular	LASIK	procedure	used	as	a	corrective	treatment	also	causes	

a	severe	decrease	in	corneal	innervation	that	is	not	recovered	even	a	year	after	the	

procedure	(Lee	et	al.,	2002),	potentially	leading	to	neurotrophic	keratopathy.	

Newer	treatments	attempt	to	regrow	the	degenerated	nerve	ending	through	

application	of	topical	NGF	in	eye	drops,	but	this	comes	with	its	own	set	of	challenges	

as	NGF	is	also	a	proangiogenic	factor	(Versura	et	al.,	2018).	Therefore,	it	is	important	

to	understand	the	signals	that	the	embryo	utilizes	to	form	a	properly	patterned	and	

fully	innervated	cornea	to	identify	prospective	therapeutic	targets.	

1.4. Cellular	 and	 molecular	 mechanisms	 involved	 in	 ocular	

development	

1.4.1. Neural	crest	contribution	to	ocular	tissues	

Periocular	 neural	 crest	 cells	 require	 proper	 signaling	 to	 develop	 into	 the	

previously	 discussed	 ocular	 tissues.	 Environmental	 cues	 produced	 by	 the	 early	
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developing	ocular	tissues,	such	as	the	lens	vesicle	and	optic	cup	guide	the	migration	

and	differentiation	of	pNC.	The	lens	regulates	the	migration	of	neural	crest	cells	into	

the	 corneal	 space	 in	 avians	 through	 the	 various	 secreted	 signals,	 including	

semaphorin	3A	(Lwigale	and	Bronner,	2009).	In	the	absence	of	the	lens,	pNCs	do	not	

migrate	 into	 the	cornea	as	a	 single-cell	 layer	 to	 form	 the	corneal	endothelium	but	

rather	 as	 a	 mass	 similar	 to	 what	 is	 observed	 in	 mice	 (Cvekl	 and	 Tamm,	 2004).	

Furthermore,	 neural	 crest	 cells	 in	 the	 corneal	 space	 of	 lens	 ablated	 embryos	

misregulate	 some	 normally	 upregulated	 stromal	 and	 endothelial	 expressed	 genes	

and	maintained	expression	of	some	pNC	genes	which	are	typically	absent	at	this	time	

(Babushkina,	unpublished).		

1.4.2. Role	of	chemokines	during	ocular	development	

Chemokines	 are	 small	 secreted	 proteins	which	 direct	 chemotaxis	 and	 have	

functions	 during	 immune	 responses.	 Chemokines	 also	 play	 a	 major	 role	 in	 cell	

signaling	during	development,	and	C-X-C	motif	chemokines	with	a	glutamine-leucine-

arginine	motif	(ELR	motif)	are	particularly	potent	proangiogenic	factors	(Streiter	et	

al.,	1995).	Our	lab	is	particularly	 interested	in	CXCL14	and	CXCL12,	which	are	two	

ELR-negative	 C-X-C	 motif	 chemokines	 upregulated	 in	 the	 eye	 during	 corneal	

development.	

CXCL14	is	an	anti-angiogenic	and	chemorepulsive	signal	that	is	expressed	in	

the	corneal	stroma,	iris,	retina,	and	periocular	region	during	development	(Ojeda	et	

al.,	2013).	Previous	studies	in	the	lab	have	shown	that	disrupting	CXCL14	signaling	

during	 corneal	 development	 causes	 precocious	 innervation	 of	 the	 cornea	 and	
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increased	 vascularization	 of	 the	 periocular	 region	 (Ojeda,	 2016).	 CXCL14	 inhibits	

VEGF-mediated	 angiogenesis	 into	 the	 cornea	 in	 bead-implantation	 experiments	

(Ojeda,	2016),	and	maintains	corneal	avascularity	at	later	developmental	stages	when	

the	signals	from	the	lens	which	repulse	angiogenesis,	such	as	Sema3A,	can	no	longer	

reach	the	anterior	cornea.		

In	contrast,	CXCL12	is	a	chemokine	with	pro-angiogenic	and	neural	attractant	

functions	in	development.	Cxcl12	deficient	mice	have	defects	in	gut	vascularization,	

and	zebrafish	and	Xenopus	studies	have	shown	that	this	chemokine	is	required	for	

proper	 trigeminal	 gangliogenesis	 (Knaut,	 2005).	 Because	 the	 development	 of	 the	

anterior	eye	requires	the	previously	described	functions	of	CXCL12,	such	as	vascular	

patterning,	 neural	 guidance,	 and	 neurovascular	 alignment,	 I	 propose	 to	 study	 its	

function	during	ocular	development.	The	function	of	CXCL12	in	the	development	of	

the	anterior	eye	is	discussed	in	chapters	3	and	4.		

1.4.3. Role	of	VEGF	in	vascular	patterning	

VEGF	 has	 long	 been	 known	 to	 be	 an	 inducer	 of	 vascular	 growth.	 In	 the	

developing	 eye,	 VEGF	 is	 expressed	 in	 the	 outer	 layer	 of	 the	 optic	 cup,	which	will	

eventually	become	the	pigmented	retina,	and	in	the	lens	epithelium	in	E3-E7	chick	

embryos	(McKenna	et	al.,	2014).	During	this	time,	blood	vessels	of	the	anterior	eye	

are	undergoing	vasculogenesis	and	angiogenesis	in	the	mesenchyme	surrounding	the	

optic	 cup.	An	 antiangiogenic	 factor	Sema3A	 is	 expressed	 at	 high	 levels	 in	 the	 lens	

epithelium	but	not	 in	the	pigmented	layer	of	the	retina.	Furthermore,	neuropilin-1	

(Nrp1),	 which	 is	 a	 receptor	 for	 both	 SEMA3A	 and	 VEGF,	 is	 expressed	 by	 the	
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angioblasts	 in	the	periocular	region.	The	balance	of	these	pro-	and	anti-angiogenic	

factors	in	the	anterior	eye	is	responsible	for	the	proper	formation	of	the	pericorneal	

vascular	 ring	 and	 major	 vessels	 in	 the	 anterior	 eye.	 However,	 the	 periocular	

vasculature	in	avians	forms	through	a	combination	of	early	vasculogenesis	which	sets	

up	the	primitive	vascular	ring,	the	temporal	ciliary	artery,	and	the	nasal	ciliary	artery,	

and	later	angiogenesis	to	form	the	TCA	branches	and	iris	vasculature.	VEGF	has	a	role	

in	both	vasculogenesis	and	angiogenesis,	 therefore,	other	pro-	and	anti-angiogenic	

factors	may	have	 functions	 in	 the	anterior	eye	 to	regulate	 the	proper	blood	vessel	

patterning	of	the	anterior	eye.		

1.4.4. Role	of	retinoic	acid	in	gene	expression	and	major	signal	during	ocular	

development	

Retinoic	acid	(RA)	is	a	major	posteriorizing	signal	during	early	development	

and	 has	 a	 major	 function	 in	 ocular	 development.	 RA	 is	 synthesized	 from	 beta-

carotene	through	a	highly	regulated	pathway,	and	is	produced	as	the	acidic	form	of	

retinoids	 by	 various	 RALDH	 enzymes.	 RA	 can	 signal	 in	 an	 autocrine	 or	 paracrine	

manner.	 During	 development,	 RA	 binds	 to	 the	 nuclear	 receptors	 retinoic	 acid	

receptor	(RAR)	and	retinoid	receptor	X	(RXR).	The	RA-RAR-RXR	complex	can	bind	to	

retinoic	acid	response	elements	(RARE)	 found	 in	 the	promoter	region	of	over	500	

genes	(Balmer	and	Blomhoff,	2002)	and	regulate	their	expression.	Mice	deficient	in	

RA	signaling	can	have	a	variety	of	ocular	defects,	ranging	from	microophthalmia	to	

retinal	dysgenesis	and	complete	ocular	agenesis	(Lohnes	et	al.,	994;	Mic	et	al.,	2004;	

Molotkov	 et	 al.,	 2006).	 Through	 the	 RAREs,	 RA	 regulates	 the	 expression	 of	 genes	
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known	to	be	important	for	ocular	development,	such	as	Pitx2	(Figure	1.8).	Pitx2	has	

been	associated	with	Axenfeld-Reiger	syndrome,	a	defect	in	the	segmentation	of	the	

anterior	eye.		

	

Figure	1.8.	Retinoic	acid	signaling	in	the	developing	eye.		
RA	synthesized	by	Raldh1/3	in	the	posterior	retina	is	secreted	and	acts	as	a	paracrine	
signal	 to	 cells	 in	 the	 periocular	 mesenchyme.	 RA	 can	 induce	 expression	 of	 Pitx2,	
which	 in	 turn	 induces	Dkk	 to	 inhibit	Wnt	 signaling	 in	 the	 anterior	 eye.	bcat:	 beta	
catenin;	 el:	 eyelid;	 le:	 lens;	pm:	periocular	mesenchyme;	RA:	 retinoic	acid.	Printed	
with	permission	from	Kumar	and	Duester,	2010.	

During	ocular	development,	the	retina	is	a	major	source	of	RA	signaling.	Both	

the	neural	retina	and	the	pigmented	epithelium	of	the	retina	secrete	RA	and	signal	to	

the	migrating	pNCs	in	a	paracrine	manner	(Figure	1.8)	(Mic	et	al.,	2004,	Molotkov	et	

al.,	2006).	RA	signaling	can	interact	with	other	signaling	pathways,	such	as	with	the	

Wnt	signaling	pathway	through	regulation	of	its	inhibitor	DKK	(Gage	et	al.,	2008).	RA	
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is	produced	in	the	corneal	epithelium	and	promote	the	proliferation	of	the	corneal	

epithelial	cells	and	 limbal	stem	cells	 through	the	WNT	pathway	(Kruse	and	Tseng,	

1994;	Nakatsu	et	al.,	2011).	

1.4.5. Role	of	ECM	components	during	ocular	development	

Proper	 corneal	 development	 is	 dependent	 on	 numerous	 signals	 from	 the	

extracellular	matrix,	including	migratory	signals	in	the	periocular	mesenchyme,	the	

primary	stroma	of	the	early	eye,	and	the	corneal	stroma	itself.	The	most	prevalent	

migratory	 signal	 in	 the	 ECM	 at	 the	 early	 stages	 is	 fibronectin,	which	 is	 expressed	

strongly	in	the	periocular	mesenchyme	following	the	invagination	of	the	lens	vesicle	

(Kurkinen	et	al.,	1979).		

1.4.5.1. Primary	Stroma	

The	 primary	 stroma	 is	 produced	 by	 the	 ocular	 ectoderm	 during	 early	 eye	

development.	The	avian	primary	stroma	is	composed	of	the	fibrillar	collagen	types	I	

and	II,	fibril-associated	collagen	IX,	and	fibronectin,	and	provides	a	substrate	through	

which	the	first	wave	of	pNCs	can	migrate	(Fitch	et	al.,	1994;	Kurkinen	et	al.,	1979).	

Following	 the	 initial	 wave	 of	 pNC	 migration	 into	 the	 corneal	 space,	 the	 primary	

stroma	 undergoes	matrix	 remodeling,	 swells,	 and	 becomes	 the	 secondary	 stroma.	

During	this	time,	ECM	components	found	in	the	primary	stroma,	such	as	collagen	IX,	

decreases	(Fitch	et	al.,	1994).	The	primary	stroma	is	later	replaced	by	the	secondary	

stroma	(Tuft	and	Coster,	1990).		
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1.4.5.2. Secondary	Stroma	

The	 swelling	of	 the	primary	 stroma	 is	 followed	by	 the	 second	migration	of	

pNCs	 into	 the	 corneal	 space	 between	 the	 newly	 formed	 corneal	 endothelium	 and	

overlying	 epithelium.	 These	 neural	 crest	 cells	 differentiate	 into	 the	 corneal	

keratocytes,	 which	 in	 turn	 deposit	 more	 ECM	 into	 the	 corneal	 space,	 including	

collagens,	various	proteoglycans,	and	other	stromal	proteins.	Collagen	I	is	produced	

in	 abundance	 and	 carefully	 organized	 into	 lamellar	 sheets,	 while	 corneal	 stromal	

proteoglycans	 regulate	 collagen	 fibril	 diameter	 and	 spacing	 to	 promote	 corneal	

transparency	(Birk	and	Trelstad,	1984).	As	the	stroma	thickens,	some	ECM	proteins	

such	as	fibronectin	localize	to	the	anterior	stroma	(Kurkinen	et	al.,	1979;	Coulombre	

and	Coulombre,	1964).	The	chick	cornea	increases	in	thickness	until	E14,	at	which	

point	 the	 corneal	 keratocytes	 stop	 proliferating	 (Hay,	 1980).	 Between	 E14	 and	

hatching,	the	corneal	endothelium	actively	pumps	ions	from	the	corneal	stroma	into	

the	anterior	chamber	by	a	process	known	as	the	“pump-leak	mechanism”	(Bonanno,	

2012).	Through	 this	process,	 the	 corneal	 stroma	becomes	 slightly	dehydrated,	 the	

collagen	 laminae	are	compacted,	and	 the	cornea	becomes	 transparent	 (Coulombre	

and	Coulombre,	1964).		

1.4.6. Other	signals:	TGFb,	NGF,	WNT	

A	 study	of	Tgfb	 knockout	mice	 revealed	 that	Tgfb2	 knockout	mice,	 but	not	

knockouts	of	other	Tgfb	isoforms,	had	significant	defects	of	the	anterior	eye	during	

development	when	analyzed	with	light	and	electron	microscopy	and	by	staining	for	

differentiation	 markers	 (Saika	 et	 al.,	 2001).	 Tgfb2	 knockout	 mice	 had	 severely	
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thinned	 corneal	 stromas,	 reduced	 number	 of	 keratocytes,	 and	 absence	 of	 corneal	

endothelium.	These	phenotypes	are	similar	to	what	is	observed	in	Axenfeld-Reiger	

Syndrome	and	in	Peters	Anomaly,	both	conditions	caused	by	corneal	mesenchymal	

dysgenesis	 and	 abnormal	 neural	 crest	 development.	 TGFb2	 mRNA	 is	 strongly	

expressed	 in	 migrating	 neural	 crest	 cells,	 corneal	 endothelium,	 and	 thickening	

corneal	stroma	in	chick	(Spurlin,	2016).	During	development	of	frontal	bone,	TGFb2	

promotes	 cell	 proliferation	 in	 an	 FGF-dependent	 manner,	 but	 does	 not	 promote	

migration	of	the	cranial	neural	crest	(Saika	et	al.,	2001),	and	may	have	a	similar	role	

in	cornea.	Other	TGFb	isoforms	have	functions	in	wound	healing,	and	are	discussed	

in	Chapter	6.	

Nerve	 Growth	 Factor	 (NGF)	 is	 expressed	 in	 the	 corneal	 epithelium	 during	

development	as	a	neural	guidance	cue	for	the	sensory	trigeminal	nerves	(Davies	and	

Lumsden,	1984;	Touhami	et	al.,	2002).	NGF	also	has	functions	in	wound	healing	and	

cellular	migration,	making	it	an	obvious	candidate	for	post-corneal	wound	treatment	

for	 the	 reinnervation	 of	 the	 corneal	 epithelium.	 However,	 NGF	 is	 also	 a	 pro-

angiogenic	 factor	 (Emanueli	 et	al.,	2002),	 and	consequently	 can	potentially	 induce	

corneal	neovascularization.	Therefore,	 therapeutics	 for	ocular	conditions	 involving	

NGF	may	require	additional	anti-angiogenic	factors	to	be	a	successful	wound	healing	

treatment.	

Extensive	 crosstalk	 of	 the	 signaling	 pathways	 regulate	 the	 proper	

development	 of	 the	 eye.	 For	 example,	 TGFb	 expression	 in	 the	 chick	 pNC	 induces	

expression	of	WNT2B	in	the	ocular	ectoderm	and	suppresses	lens	fate	(Grocott	et	al.,	
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2011).	 In	 mice,	 WNTs	 expressed	 by	 pNCs	 inhibit	 formation	 of	 the	 lens	 in	 the	

periocular	 region	 (Grocott	 et	 al.,	 2011).	 WNT	 also	 promotes	 RPE	 and	 corneal	

epithelial	 differentiation	 (Fujimura,	 2016;	Nakatsu	 et	 al.,	 2011),	 as	well	 as	 retinal	

proliferation	(Cho	and	Cepko,	2006).	RA	signaling	can	interact	with	the	WNT	pathway	

by	regulating	expression	of	PITX2,	which	in	turn	regulates	the	expression	of	the	WNT	

repressor	 DKK	 (Kumar	 and	 Duester,	 2010).	 This	 signaling	 cascade	 illustrates	 the	

complex	signaling	networks	required	throughout	ocular	development	for	the	proper	

formation	of	this	complex	organ.	

1.5. Wound	healing	in	the	cornea	

1.5.1. Epithelial	and	stromal	corneal	wounds	

During	 normal	 ocular	 surface	 homeostasis,	 basal	 corneal	 epithelial	 cells	

undergo	continuous	proliferation.	The	normal	human	corneal	epithelial	layer	is	4-6	

cells	thick,	with	the	basal	most	cells	producing	wing	cells	which	move	to	the	apical	

surface	 and	 slough	 off	 into	 the	 tear	 film.	 Limbal	 stem	 cells	 are	 produced	 at	 the	

junction	of	the	cornea	and	sclera	in	the	limbal	palisades	of	Vogt,	and	replenish	corneal	

epithelial	 cells.	 When	 the	 corneal	 epithelium	 is	 wounded,	 epithelial	 cells	 migrate	

rapidly	from	the	periphery	of	the	wound	into	the	wound	site.	The	basal	layers	of	the	

corneal	epithelium	proliferate	rapidly,	and	limbal	stem	cells	produce	more	corneal	

epithelial	cells	which	migrate	from	the	periphery	of	the	cornea	into	the	corneal	space.	

Typically,	 a	 superficial	 corneal	 wound	 is	 healed	 in	 days,	 and	 in	 a	 non-diseased	

individual,	there	is	no	loss	of	transparency	to	the	cornea.	



	
26	

However,	 if	 the	wound	 is	deeper	 (for	example,	 if	 the	wound	extends	 to	 the	

corneal	stroma),	the	corneal	cells	quickly	close	the	wound,	sometimes	at	the	cost	of	

corneal	transparency.	Signals	from	the	breached	epithelial	basement	membrane	as	

well	 as	 released	 factors	 from	 the	ECM	 cause	 keratocytes	 in	 the	 corneal	 stroma	 to	

transdifferentiate	 into	myofibroblasts,	which	produce	disorganized	collagen	 fibrils	

leading	 to	 corneal	 scarring	 and	 loss	 of	 stromal	 transparency.	 Interestingly,	 the	

embryonic	cornea	can	heal	scar-free,	even	when	wounded	to	the	posterior	stroma	

(Spurlin	and	Lwigale,	2013),	and	provides	a	valuable	context	to	study	mechanisms	of	

nonfibrotic	wound	healing.			

1.5.2. Signals	during	corneal	wound	healing	

Following	 epithelial	 injury,	 corneal	 epithelial	 cells	migrate	 rapidly	 over	 the	

wound	site	as	a	sheet	to	reestablish	barrier	function.	The	epithelial	cells	also	release	

growth	factors	and	other	cytokines	into	the	site	of	injury,	with	many	of	the	signals	

originating	 from	 the	 corneal	 epithelial	 cells.	 Neuropeptides	 found	 in	 the	 tear	 film	

which	promote	 epithelial	 proliferation	 also	have	 a	 secondary	 function	 to	promote	

epithelial	 wound	 healing.	 The	 keratocytes	 under	 the	 epithelial	 abrasion	 undergo	

apoptosis,	and	neutrophils	 invade	the	corneal	stroma	as	a	part	of	an	inflammatory	

response.	Following	would	closure	and	restratification	of	the	corneal	epithelial	layer,	

the	neutrophils	in	the	stroma	return	to	baseline	levels,	and	keratocytes	repopulate	

the	area	(Li	et	al.,	2006,	Zieske	et	al.,	2001).	

Keratocytes	 also	produce	paracrine	 factors	 to	promote	 epithelial	migration	

and	 proliferation,	 some	 of	 which	 may	 have	 therapeutic	 potentials.	 These	 factors	
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include	keratinocyte	growth	factor	(KGF),	EGF	family	ligands,	and	insulin-like	growth	

factor	(Yu	et	al.,	2010).	KGF	is	upregulated	in	corneal	keratocytes,	and	KGF	receptor	

is	 upregulated	 in	 corneal	 epithelium.	 Topical	 application	 of	 KGF	 increases	wound	

healing	rate.	The	EGF	family	ligands	do	not	have	increased	expression	during	wound	

healing,	 but	 topical	 application	 of	 these	 ligands	 can	 increase	wound	 healing	 rate.	

Finally,	IGF	and	substance	P	synergistically	enhance	corneal	would	closure,	but	not	

IGF	on	its	own	(Yu	et	al.,	2010).	

1.5.3. Nerve	function	during	corneal	wound	healing	

Corneal	 nerves	 and	 the	 corneal	 epithelium	 have	 a	 highly	 interdependent	

relationship.	 Corneal	 epithelial	 cells	 require	 constant	 proliferation	 to	maintain	 its	

barrier	function.	The	trigeminal	nerves	in	the	corneal	epithelium	produce	a	host	of	

neuropeptides	and	neurotransmitters	such	as	acetylcholine	and	substance	P,	which	

promote	corneal	epithelial	proliferation.	Following	corneal	injury	or	ocular	surgery	

which	cuts	the	corneal	nerves,	the	stromal	nerves	regress	by	Wallerian	degeneration.	

The	nerve	proximal	 to	 the	cut	site	will	be	rapidly	pruned,	and	overtime	 the	nerve	

regenerates	into	the	corneal	space.	Nerve	bundles	reinvade	the	corneal	stroma	and	

send	projections	into	the	epithelial	basement	membrane.	The	intraepithelial	corneal	

nerves	send	millimeter	projections	for	the	reinnervation	of	the	corneal	surface.		

Recent	studies	have	shown	that	following	LASIK	surgery,	patients	are	not	able	

to	achieve	full	corneal	reinnervation	even	up	to	a	year	following	the	procedure.	This	

effect	 may	 be	 permanent,	 and	 could	 have	 undesirable	 consequences	 for	 ocular	

surface	 health.	 Indeed,	 a	 portion	 of	 LASIK	 surgery	 patients	 develop	 post-LASIK	
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neuropathic	 keratopathy	 and	 post-LASIK	 tear	 dysfunction	 due	 to	 surgery-induced	

ocular	 surface	 changes	 (Nettune	 and	 Pflugfelder,	 2010).	 Neurotrophic	 keratitis,	

which	 results	 from	damage	 to	 trigeminal	 nerves	with	 effects	 on	 corneal	 epithelial	

function,	is	discussed	in	Section	1.3.3.	

1.5.4. Neovascularization	during	corneal	wound	healing	

Corneal	 neovascularization	 is	 the	 growth	 of	 blood	 vessels	 by	 angiogenesis	

from	 the	pericorneal	vascular	plexus	 into	 the	otherwise	avascular	 cornea.	Corneal	

neovascularization	causes	disruption	of	 the	ECM,	and	 if	 left	untreated,	 can	 lead	 to	

scarring,	 stromal	 edema,	 inflammation	 of	 the	 anterior	 eye,	 and	 blindness.	 Many	

diseases	and	conditions	can	cause	corneal	neovascularization,	such	as	various	ocular	

surface	dysfunctions,	fungal	and	bacterial	keratitis,	chemical	burns	and	inflammation,	

prolonged	contact	lens	wear,	and	as	complication	of	ocular	surgeries.	Furthermore,	

preoperative	corneal	neovascularization	severely	worsens	the	prognosis	of	corneal	

transplantation,	and	more	than	doubles	the	chance	of	graft	rejection	(Bachmann	et	

al.,	2010).	

The	 underlying	 cause	 of	 corneal	 neovascularization	 is	 a	 disruption	 of	 the	

balance	 of	 anti-	 and	 pro-angiogenic	 factors	 such	 as	 VEGF	 and	 various	 matrix	

metalloproteinases.	 Older	 treatments	 for	 the	 prevention	 of	 corneal	

neovascularization	 such	 as	 application	 of	 anti-inflammatory	 steroids	 or	 surgical	

ablation	of	 existing	 vessels	 have	 limited	 efficacy	 and	 a	 variety	 of	 undesirable	 side	

effects	 (Chang	 et	 al.,	 2012).	 VEGF	 is	 thought	 to	 be	 required	 for	 corneal	

neovascularization,	and	newer	anti-VEGF	agents	show	promise	for	the	prevention	of	
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corneal	 neovascularization,	 although	 their	 efficacy	 in	 reducing	 existing	

neovasculature	is	limited	(Chang	et	al.,	2012).	Murine	and	rat	studies	have	shown	that	

intraocular	or	subconjunctival	applications	of	anti-VEGF	agents	have	higher	efficacy	

than	 topical	 application,	 but	 reductions	 in	 graft	 rejection	 rate	 from	 these	 studies	

remain	 low	 (Chang	 et	 al.,	 2012).	 Application	 of	 bevacizumab,	 an	 anti-VEGF-A	

antibody,	 to	 human	 patients	 with	 corneal	 neovascularization	 reportedly	 induced	

serious	systemic	and	ocular	effects	when	administered	in	higher	dosage	(Chang	et	al.,	

2012).		

A	 few	 recent	 studies	 have	 shown	 that	 inhibition	 of	 the	 expression	 of	 the	

various	 VEGF	 isoforms	 by	 siRNA	 or	 shRNA	 using	 intraocular	 or	 stromal	 injection	

effectively	 reduced	 neovascularization	 of	 the	 cornea	 (Kim	 et	 al.,	 2004;	 Qazi	 et	 al.,	

2012;	Zuo	et	al	2010).	However,	this	treatment	option	has	not	been	fully	explored	for	

its	therapeutic	potential.	Corneal	neovascularization	remains	a	major	concern	during	

corneal	wound	healing.	By	understanding	how	the	embryo	establishes	an	avascular	

cornea,	we	may	be	able	to	create	more	effective	therapeutics	for	the	prevention	of	

corneal	neovascularization.		

1.5.5. Clinical	implications	

In	 the	 last	 year,	 a	 group	 from	 Newcastle,	 UK	 bioprinted	 a	 cornea	 using	 a	

collagen	and	keratocyte	“ink”,	and	showed	viability	of	the	keratocytes	in	the	printed	

corneas	up	to	7	days	after	printing	(Isaacson	et	al.,	2018).	While	this	method	can	be	

very	useful	for	extending	the	supply	of	donated	corneas,	there	are	still	limitations	of	

traditional	keratoplasty	that	are	not	overcome	by	this	method.	For	example,	because	
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the	cornea	is	typically	avascular,	it	is	an	immune-privileged	tissue	and	there	is	a	low	

risk	 of	 rejection.	 However,	 in	 cases	 of	 injury	 or	 disease,	 the	 cornea	 can	 become	

vascularized	and	lead	to	increased	risk	of	graft	rejection	as	is	previously	discussed.	

The	bioprinted	corneas	do	not	provide	protection	against	neovascularization,	nor	has	

it	shown	potential	to	be	innervated	by	trigeminal	sensory	nerves.	There	may	also	be	

loss	of	important	signals	which	are	present	in	a	native	cornea	that	is	not	present	in	

the	 ECM	 components	 of	 the	 bioprintable	 ink.	 Until	 more	 studies	 are	 done	 to	

determine	 if	 the	 printed	 corneas	 have	 the	 same	 functionality	 of	 a	 native	 cornea,	

traditional	 keratoplasty	 is	 still	 required,	 and	 it	 is	 still	 necessary	 to	 study	 corneal	

wound	 healing	mechanisms	 for	 the	 prevention	 of	 corneal	 neovascularization	 and	

fibrotic	wound	healing.		

Current	clinical	methods	to	facilitate	corneal	wound	healing	involve	keeping	

the	 ocular	 surface	 clean	 and	 covering	 the	 wound	 with	 an	 amniotic	 membrane	

bandage	 (AMB).	 AMBs	 are	 used	 to	 reduce	 infection	 and	 abrasion	 of	 the	 corneal	

surface	 during	 healing.	 As	 an	 added	 benefit,	 the	 bandage	 appears	 to	 reduce	 the	

incidence	of	fibrotic	healing,	and	can	preserve	vision	in	some	patients.	Growth	factors	

and	other	signals	from	the	AMB	can	successfully	reduce	inflammation	of	the	anterior	

eye	and	reduce	incidence	of	corneal	neovascularization	(Tseng	et	al.,	1998).	This	is	

particularly	useful	when	the	patient	has	 limbal	stem	cell	deficiency,	as	AMBs	have	

been	shown	to	prevent	corneal	neovascularization	and	restore	limbal	function	(Tseng	

et	al	1998).	Limbal	deficiency	is	a	breakdown	of	barrier	function	of	the	limbus,	which	

prevents	 conjunctival	 blood	 vessels	 from	 vascularizing	 the	 cornea	 and	 replenish	

corneal	epithelial	cells.	Signals	from	this	embryonic	membrane	and	other	embryonic	
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tissues	should	be	studied	more	extensively	for	their	regenerative	and	curative	power	

(reviewed	by	Meller	et	al.,	2011;	Tseng	et	al.,	1998;	Kim	and	Tseng,	1995).	A	novel	

method	for	studying	embryonic	corneal	wound	healing	is	discussed	in	Chapter	6.	
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Chapter 2 

Materials and Methods 

2.1. Animals	(Chick,	transgenic	quail,	and	mouse)	

Fertilized	white	leghorn	chicken	eggs	were	obtained	from	the	Department	of	

Poultry	 Science	 at	 Texas	 A&M	University	 (College	 Station,	 TX).	 Tg(tie1:H2B:eYFP)	

quail	eggs	were	obtained	from	Ozark	Egg	Company	(Stover,	MO).	Eggs	are	incubated	

at	37°C	until	the	appropriate	stages.	Timed	pregnant	C57BL/6J	mice	were	obtained	

from	 Jackson	Laboratory.	All	 animals	were	handled	 in	 accordance	with	 guidelines	

from	Institutional	Animal	Care	and	Use	Committee	(IACUC)	at	Rice	University.	
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2.2. Manipulation	of	avian	embryos	and	eyes	

2.2.1. Preparation	of	avian	eggs	for	in	ovo	manipulation	

Eggs	are	incubated	horizontally	until	the	embryo	reach	the	appropriate	stage.	

A	small	hole	is	opened	in	the	narrow	end	of	the	egg,	and	3mL	(chick)	or	1mL	(quail)	

of	albumin	is	removed	from	the	egg	with	a	syringe.	The	hole	is	sealed	with	tape,	and	

a	 window	 is	 opened	 in	 the	 egg	 using	 curved	 forceps.	 Following	 viral	 injection,	

electroporation,	 or	 bead	 implantation,	 two	 to	 four	 drops	 of	 Ringer’s	 solution	

containing	50	U/ml	penicillin	and	50	µg/ml	streptomycin	are	added	to	the	egg.	The	

eggs	 are	 then	 sealed	 with	 packing	 tape	 and/or	 parafilm	 and	 incubated	 to	 the	

appropriate	age	for	analysis.	

2.2.2. In	ovo	injection	of	RCAS	viral	constructs	for	gene	knockdown		

In	 ovo	 embryos	 are	 examined	 under	 the	 microscope	 and	 staged.	 A	 small	

amount	 of	 food	 coloring	 (0.5-1%	 total	 volume)	 is	 added	 to	 the	 virus	 to	 provide	

contrast.	Virus	is	loaded	into	a	pulled	1.5-1.8	mm	capillary	glass	needle	and	injected	

using	 a	 Picospritzer®III.	 For	 NCC	 targeting	 experiments,	 embryos	 at	 Hamburger-

Hamilton	stage	(HH)8	and	younger	are	used.	Virus	is	injected	into	the	cranial	neural	

tube	 for	 HH8	 embryos,	 or	 over	 the	 region	 of	 the	 cranial	 neural	 tube	 for	 younger	

embryos.	For	TG	placode	targeting	experiments,	embryos	between	HH9	and	HH11	

are	used.	Virus	is	added	to	the	top	of	the	embryo	to	cover	the	region	of	the	TG	placode.		
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2.2.3. In	ovo	electroporation	of	RCAS	viral	plasmid	DNA	for	gene	knockdown	

Concentrated	(>1µg/µl)	plasmid	is	electroporated	into	the	target	tissue	using	

the	 Picospritzer®III	 and	 electroporator.	 Electrodes	 are	 set	 4mm	 apart	 and	

electroporation	is	performed	at	five	pulses	with	30ms	ON/100ms	OFF	at	18	volts.	To	

target	 NCC,	 RCAS-shRNA	 plasmid	 is	 injected	 into	 the	 neural	 tube	 at	 HH8	 and	

electroporated	 into	one	side	of	 the	neural	 tube	by	placing	the	electrodes	on	either	

side	of	 the	embryo.	To	target	 the	TG	placode,	 the	plasmid	 is	 injected	on	top	of	 the	

cranial	 ectoderm	 and	 the	 embryo	 is	 placed	 between	 the	 two	 electrodes,	with	 the	

negative	electrode	on	top	and	the	positive	electrode	under	the	embryo	in	the	yolk.		

2.2.4. In	ovo	bead	implantation	for	small	molecule	inhibitor		

Quail	 eggs	 are	 incubated	 to	 the	 appropriate	 stage.	 AG1-X2	 resin	 beads	

(BioRad)	 are	 soaked	 in	 the	 CXCR4	 small	molecule	 inhibitor	 AMD3100	 (Sigma)	 at	

100µg/mL	in	PBS	overnight	at	4C.	Beads	are	implanted	under	the	ocular	ectoderm	at	

E2.5	next	to	the	developing	TCA.	The	quail	egg	is	sealed	as	previously	described	and	

incubated	for	another	2	days.	

2.3. Whole	mount	and	section	in	situ	hybridization	

In	situ	hybridization	was	performed	as	previously	described	(Etchevers	et	al.,	

2001).	Embryos	were	fixed	in	Modified	Carnoy’s	fixative	(60%	EtOH,	30%	formalin,	

10%	glacial	acetic	acid)	at	4C	overnight.		



	
35	

	

For	 whole	 mount	 in	 situ	 hybridization,	 fixed	 samples	 were	 dehydrated	

through	an	ethanol	series,	then	rehydrated	back	to	PBS	in	RNAse	free	conditions.	If	

pigmented	retina	was	present,	the	samples	were	washed	through	5%	H2O2	in	PBS	for	

30	minutes	or	until	the	pigment	was	bleached.	Samples	were	washed	though	2XSSC	

and	equilibrated	 into	 thin	solution	at	 the	hybridization	 temperature	 for	1.5	hours.	

Samples	were	hybridized	with	the	probe	overnight	at	the	appropriate	hybridization	

temperature.	The	post-hybridization	steps	are	identical	to	what	is	written	below	for	

section	in	situ	hybridization.	

For	section	in	situ,	fixed	samples	were	dehydrated	through	an	ethanol	series,	

cleared	with	histosol,	and	infiltrated	with	paraffin	wax.	Samples	were	embedded	in	

paraffin	wax,	 sectioned	 at	 8-12µm	 slices,	 and	mounted	 on	 glass	 slides.	 After	 fully	

drying,	sections	were	dewaxed	in	histosol	and	rehydrated	through	an	ethanol	series,	

PBS,	and	2X	SSC	buffer,	all	under	RNAse	free	conditions.	If	the	embryo	was	older	than	

E12	in	chick	or	P0	in	mouse,	the	sections	were	treated	with	1µg/ml	proteinase	K	in	

PBS	 for	 5-15	 minutes	 during	 the	 PBS	 wash.	 Sections	 were	 equilibrated	 in	 1:1	

thick:thin	hybridization	solution	at	the	hybridization	temperature	for	1.5	hours,	then	

hybridized	 with	 the	 RNA	 probe	 overnight	 at	 the	 appropriate	 temperature,	 as	

calculated	by	the	following	equation:	y=	-127.15x2	+190.66x	-4.6197,	where	y	is	the	

hybridization	temperature	and	x	is	the	GC	content	(Spurlin,	2016).	

Following	 hybridization,	 the	 samples	were	washed	with	wash	 buffer	 (50%	

formamide,	 1X	 SSC,	 0.1%	 Tween-20)	 at	 the	 hybridization	 temperature,	 then	with	
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MABTw	at	room	temperature.	Samples	were	blocked	for	1.5	hours	in	MABTw	with	

2%	Bohringer’s	 blocking	 agent	 and	 2%	 animal	 serum,	 then	 overlaid	with	 1/2000	

dilution	 of	 anti-digoxigenin	 Fab	 fragments	 in	 blocking	 solution	 overnight	 at	 room	

temperature.	The	antibody	was	washed	off	with	eight	30	minute	washes	of	MABTw	

and	equilibrated	into	NTMT	(0.1M	NaCl,	0.1M	Tris	buffer,	50mM	MgCl2,	0.1%	Tween-

20).	0.1%	NBT	and	0.375%	BCIP	in	NTMT	was	applied	to	the	samples	and	the	color	

was	developed	in	the	dark	at	room	temperature.	Samples	were	checked	frequently	

for	 background	 staining,	 and	 the	 color	 reactions	 were	 stopped	 once	 minimal	

background	staining	was	observed.	Samples	were	fixed	in	4%	PFA	for	30	minutes,	

washed	with	PBS,	and	cleared	through	a	methanol	series.	Whole	mount	samples	were	

mounted	 in	 PBS	 and	 imaged.	 Sections	 were	 mounted	 in	 either	 a	 xylene-based	

mountant	 CytoSeal	 60	 (Thermofisher)	 or	 in	 an	 aqueous	 mountant	 Fluoromount	

(Sigma-Aldrich)	before	imaging.	

2.4. RT-PCR	gene	analysis	during	cornea	development	

Dissected	tissues	were	lysed	in	Trizol	and	RNA	was	extracted	using	phenol-

chloroform	purification.	cDNA	libraries	were	synthesized	from	extracted	RNA	using	

the	 SuperScript	 First	 Strand	 kit	 (ThermoFisher).	 Samples	 analyzed	 for	 the	 same	

experiment	were	standardized	using	the	RNA	concentration.	Genes	of	interest	were	

detected	using	PCR.	Primers	for	genes	of	interest	can	be	found	in	Table	2.1.	
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Table	2.1.	RT-PCR	and	in	situ	probe	primers.	

	

2.5. Generation	 and	 validation	 of	 RCAS-virus	 mediated	 gene	

knockdown	constructs	

Short	 hairpin	 RNA	 was	 designed	 for	 genes	 of	 interest	 with	 the	 following	

conditions:	1)	the	length	of	the	shRNA	is	18-22	bases	long;	2)	the	shRNA	region	has	

GC	 content	 greater	 than	 45%;	 3)	 the	 shRNA	 region	 is	 not	 conserved.	 Primer	

sequences	were	 designed	 in	 the	 following	way:	 1)	 restriction	 site	 of	 a	 sticky-end	

restriction	enzyme;	2)	18-22	base	sequence	of	gene	of	interest;	3)	loop	sequence;	4)	

reverse	 complement	 of	 the	 previous	 18-22	 base	 sequence;	 5)	 restriction	 site	 of	 a	
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blunt-end	restriction	enzyme.	Two	primers	were	designed	for	each	shRNA	and	were	

annealed	 together.	 The	 shRNA	 was	 cloned	 into	 Slax	 subcloning	 vector	 using	 the	

designed	restriction	sites	under	the	chicken	U6	promoter	and	fluorescent	reporter	

sequence.	The	primer	sequences	for	the	CXCL12-shRNA	(237)	which	was	used	for	the	

CXCL12	 knockdown	 experiments	 are	 as	 follows:	 forward:	 5’-	 AAACGCAAGCAA	

GTGTGCATTGATCTTCAAGAGAGATCAATGCACACTTGCTTGCTTTTTA	-3’;	 reverse	5’-	

AGCTTAAAAAGCAAGCAAGTGTGCATTGATCTCTCTTGAAGATCAATGCACACTTGCTTG

CGTTT	-3’.	

The	 reporter	 sequence,	 cU6,	 and	shRNA	were	 subsequently	 cloned	 into	 the	

RCAS	 vector	 using	 CloneEZ	 PCR	 cloning	 kit	 (GenScript).	 RCAS	 vector	 containing	

shRNA	was	transfected	into	Df-1	cells	(chicken	fibroblast	cells).	Virus	was	propagated	

in	 Df-1	 cells.	 Cultured	 supernatant	was	 collected,	 filtered,	 and	 ultracentrifuged	 to	

collect	concentrated	virus.		

Viral	knockdown	efficacy	was	determined	by	RT-PCR	of	the	gene	of	interest	

compared	 to	GAPDH	 of	 infected	 versus	 control	 Df-1	 cells.	 ShRNA	 constructs	 with	

>90%	 knockdown	 in	 culture	 were	 selected	 for	 in	 ovo	 electroporation	 and	 viral	

infection.	
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2.6. Whole	mount	and	section	immunostaining	

Dissected	heads	or	eyes	were	fixed	in	4%	PFA	overnight	at	4C,	then	washed	in	

PBS.	For	avian	embryos	older	than	E7,	the	whole	eye	was	collected	and	fixed	in	PFA	

overnight,	washed	in	PBS,	then	dissected	to	preserve	corneal	morphology.		

For	whole	mount	 immunostaining,	 tissues	 are	washed	 through	 0.3%	 PBTx	

before	blocking	in	5%	heat	inactivated	goat	serum	and	0.2%	bovine	serum	albumin.	

Primary	 antibody	 was	 applied	 in	 blocking	 solution	 overnight	 at	 4C,	 and	

nonspecifically	bound	antibody	was	washed	off	 in	0.3%	PBTx.	Secondary	antibody	

was	applied	overnight	at	4C	 in	 the	dark.	Samples	were	washed	 in	0.3%	PBTx	and	

imaged.	

For	section	immunostaining,	tissues	are	washed	in	PBS,	equilibrated	into	5%	

sucrose	 in	 PBS,	 then	 equilibrated	 into	 15%	 sucrose	 in	 PBS.	 Tissues	 were	 then	

transferred	into	7.5%	gelatin/15%	sucrose	in	PBS,	fully	equilibrated,	then	embedded	

in	 cryo	 molds	 by	 flash	 freezing	 in	 liquid	 nitrogen.	 Frozen	 gelatin	 blocks	 were	

sectioned	at	12	microns	and	mounted	on	glass	slides.	Cryosections	were	washed	in	

PBS	at	42C	for	20	minutes,	and	washed	through	0.2%	PBTx	before	blocking	for	1.5	

hours	at	room	temperature.	Antibody	overlay	for	sections	were	performed	in	at	4C	

overnight	in	a	humid	chamber.		

Tissues	were	stained	with	the	following	primary	antibodies.	Anti-endomucin	

rat	 IgG2a	 (R&D	 Systems);	 anti-TUJ1	mouse	 IgG2a	 (Covance);	 anti-TUJ1	 rabbit	 IgG	
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(Covance);	anti-GFP	mouse	 IgG1	 (Covance);	anti-GFP	rabbit	 IgG	 (Invitrogen);	anti-

mCherry	rabbit	IgG	(Abcam);	anti-CXCL12	rabbit	polyclonal	(Biorbyt).	

2.7. Fluorescent	and	bright	field	imaging	

Fluorescence	 and	 some	 bright	 field	 images	 were	 obtained	 using	 a	 Zeiss	

AxioImager.Z1m	microscope,	AxioCam	MR	Rev3	and	AxioCam	Mrc5	cameras,	Zeiss	

AxioVision	imaging	program,	and	Zeiss	Apotome	at	2.5X,	5X,	10X,	and	20X	objectives	

(Carl	Zeiss	AG,	Oberkochen,	Germany).	Z-stacked	images	were	used	for	whole	mount	

images.	 Some	 bright	 field	 images	 were	 obtained	 using	 a	 Zeiss	 Stemi	 2000-CS	

microscope	with	Axiocam	Mrc5	camera	and	Zeiss	AxioVision	imaging	program	at	2.5X	

objective.		

2.8. Statistical	analysis	

ImageJ	was	used	to	obtain	all	measurements,	including	avascular	area,	branch	

point	numbers,	and	TG	size.	Statistical	significance	was	determined	using	student	t-

test.	Box-plots	were	generated	in	Excel.	
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Chapter 3 

CXCL12 is necessary for the proper 
development of the trigeminal ganglia 

and corneal innervation 

3.1. Introduction	

CXCL12	is	a	C-X-C	motif	chemokine	with	functions	in	the	immune	system	and	

during	development.	 In	the	 immune	system,	CXCL12	has	a	strong	chemoattractant	

effect	on	neutrophils,	dendritic	cells,	and	macrophages	(Campana	et	al.,	2009;	Delano	

et	al.,	2011).		This	chemokine	has	two	receptors:	CXCR4	and	CXCR7.	CXCL12	functions	

mostly	 though	 CXCR4	 in	 immunity	 and	 development,	 and	 CXCL12	 and	 CXCR4	

knockout	mice	exhibit	near-identical	phenotypes,	 including	vascular	defects	 in	 the	

gut	 and	 skin,	 and	 die	 at	 similar	 embryonic	 stages	 due	 to	 cardiovascular	 defects	

(Tachibana	et	al.,	1998).	During	development,	CXCL12	has	a	strong	neuroattractant	
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property	capable	of	redirecting	trigeminal	neurons	in	a	matter	of	hours	(Arthur	et	al.,	

2009;	Lieberam	et	al.,	2005),	and	guide	neural	progenitor	cell	differentiation	during	

brain	 development	 (Peng	 et	 al.,	 2007).	 The	 CXCL12-CXCR4	 signaling	 axis	 is	

considered	an	exclusive	one,	and	to	date	CXCL12	is	the	only	reported	ligand	that	can	

activate	 CXCR4	 signaling.	 In	 contrast,	 CXCR7	 is	 an	 atypical	 GPCR	 and	 appears	 to	

function	as	a	scavenger	for	extracellular	CXCL12	(Hoffmann	et	al.,	2012;	Naumann	et	

al.,	2009),	and	CXCR7	knockout	mice	have	variant	phenotypes	compared	to	CXCL12	

and	CXCR4	knockout	mice	(Sierro	et	al.,	2009).	CXCR7	can	also	bind	to	CXCL11	(Burns	

et	al.,	2006).	Although	CXCL12	and	CXCR4	have	reported	functions	in	neurovascular	

patterning,	 their	 functions	 during	 anterior	 eye	 development	 are	 unknown.	 In	 this	

chapter,	I	will	focus	on	the	role	of	CXCL12	signaling	on	the	formation	of	the	trigeminal	

ganglia	and	neural	patterning	in	the	anterior	eye.	The	vascular	patterning	function	of	

CXCL12-CXCR4	signaling	is	discussed	in	the	next	chapter.	

3.2. Rationale	

CXCL12	may	have	several	functions	in	the	proper	innervation	of	the	anterior	

eye,	from	early	trigeminal	placode	and	neural	crest	interaction	for	TG	formation	to	a	

later	 neuro-attractive	 signal	 in	 the	 anterior	 eye.	 Previous	 studies	 in	 Xenopus	

(Theveneau	et	al.,	2013)	has	shown	that	CXCR4-expressing	neural	crest	cells	“chase”	

the	CXCL12-expressing	placode	cells	of	 the	TG.	Furthermore,	when	CXCL12-CXCR4	

signaling	 is	 disrupted	 in	 zebrafish,	 there	 is	 a	 failure	 of	 condensation	 of	 these	 cell	

populations,	and	the	TG	fails	to	form	(Lewellis	et	al.,	2013).	Thus	far,	there	have	been	
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no	studies	on	the	effect	of	CXCL12	signaling	on	the	formation	of	the	TG	in	mammals,	

although	the	CXCL12-CXCR4	signaling	axis	has	been	shown	to	direct	the	trajectory	of	

motor	 neurons	 (Lieberam	 et	 al.,	 2005).	 The	 function	 of	 CXCL12	 during	 the	

development	of	the	TG	in	amniotes	and	how	its	loss	affects	sensory	nerve	projections	

to	their	targets	is	currently	unknown.	Therefore,	I	propose	to	study	the	function	of	

CXCL12	in	the	formation	of	the	TG	and	innervation	of	the	anterior	eye	using	functional	

knockdown	in	the	chick	and	mouse	models.	

3.3. Results	

3.3.1. Expression	 pattern	 of	 CXCL12	 and	 its	 receptors	 in	 the	 TG	 during	

development	

Previous	 studies	 have	 shown	 that	 CXCL12	 is	 expressed	 in	 the	 trigeminal	

placode,	while	CXCR4	is	expressed	in	the	neural	crest	cells	(Theveneau	et	al.,	2013).	

This	expression	is	conserved	in	zebrafish,	Xenopus,	and	mouse	(Lewellis	et	al.,	2013;	

Theveneau	et	al.,	2013;	Zhu	et	al.,	2009).	Following	trigeminal	gangliogenesis,	CXCL12	

is	expressed	in	the	mesenchyme	surrounding	the	TG,	while	CXCR4	can	be	detected	in	

the	 TG	 (Figure	 3.1	 arrows,	 Tissir	 et	 al.,	 2004;	 Zhu	 et	 al.,	 2009).	 Section	

immunostaining	of	E5	and	E12	chick	reveals	that	the	CXCL12	protein	localizes	to	the	

distal	 TG	 (Figure	 3.2),	 indicating	 that	 the	 CXCL12	 protein	 produced	 in	 the	

surrounding	mesenchyme	may	be	signaling	to	the	CXCR4	expressed	in	the	TG.	
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Figure	3.1.	Cxcl12	is	expressed	in	the	cranial	mesenchyme	surrounding	the	TG	
in	mouse.		
Section	in	situ	of	CXCL12	show	strong	expression	in	the	mesenchyme	next	to	the	TG	
(arrows)	at	(A)	E12.5	and	(B)	E13.5	in	wildtype	mice.	(C)	Expression	of	CXCR4	in	the	
E14.5	trigeminal	ganglion	(white	arrow);	adapted	from	Tissir	et	al.,	2004.	
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Figure	3.2.	CXCL12	protein	localization	in	the	trigeminal	ganglion.		
A)	CXCL12	protein	can	be	detected	in	the	trigeminal	ganglion	and	the	neural	tube	in	
the	E5	chick.	A’)	Within	the	TG,	CXCL12	localizes	to	the	distal	portion	of	the	neural	
tube.	B)	In	E12	chick,	CXCL12	colocalizes	with	TUJ1-expressing	neurons	in	the	distal	
TG.	B’)	CXCL12-only	channel.	D:	distal;	NT:	neural	tube;	P:	proximal;	TG:	trigeminal	
ganglion.	Images	from	Ojeda,	unpublished.	

3.3.2. In	ovo	knockdown	of	CXCL12	by	viral	vector	

3.3.2.1. Cloning	 of	 CXCL12	 shRNA	 sequence	 into	 RCAS	 vector	 and	 viral	

production	

To	study	the	 function	of	CXCL12	in	avians,	 I	performed	CXCL12	knockdown	

using	 avian-specific	 retrovirus	 RCAS-BP	 (A)	 to	 introduce	 CXCL12	 shRNA.	 Several	
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shRNA	 sequences	 were	 designed	 and	 cloned	 into	 a	 shuttle	 vector	 SLAX	 under	 a	

ubiquitous	 chicken	U6	promoter	along	with	an	mCherry	 fluorescent	 reporter.	The	

mCherry-U6-CXCL12	shRNA	sequence	was	then	subcloned	into	RCAS	by	PCR	cloning.	

The	 various	 RCAS-mCherry-shRNA	 constructs	 were	 transfected	 into	 Df-1	 chicken	

fibroblast	cells.	Transfected	Df-1	cells	were	grown	in	DMEM,	and	viral	particles	were	

harvested	from	the	media	and	ultracentrifuged	at	21000	rpm	to	concentrate.	

3.3.2.2. Validation	of	CXCL12	knockdown	in	Df-1	cells	

Validation	 of	 shRNA	 efficacy	 was	 determined	 by	 infecting	 Df-1	 cells	 and	

assessing	the	level	of	CXCL12	knockdown	via	RT-PCR.	One	construct	(shRNA	designed	

at	 the	 ORF	 237	 site	 of	 CXCL12	 cDNA	 (NCBI:	 NM_204510.1)	 had	 near	 complete	

knockdown	 of	CXCL12	 and	was	 chosen	 for	 the	 in	 vivo	 experiments	 (Figure	 3.3B).	

RCAS-BP	(A)	GFP	construct	was	used	as	the	electroporation	control.	
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Figure	3.3.	Generation	of	RCAS	viral	constructs	for	expression	of	CXCL12-shRNA.		
(A)	RCAS	viral	vector	showing	insertion	of	GFP	and	CXCL12-shRNA.	(B)	Efficiency	of	
CXCL12	knockdown	was	confirmed	by	RT-PCR	in	chick	fibroblasts	(DF-1	cells).	Viral	
constructs	were	targeted	to	the	neural	crest	by	injection	into	the	neural	tube	of	stage	
8	 embryos,	 or	 targeted	 to	 the	 trigeminal	 placode	 by	 injection	 over	 the	 cranial	
ectoderm.	(C)	Embryos	were	screened	for	GFP	or	mCherry	expression,	and	confirmed	
knockdown	by	in	situ	hybridization	for	CXCL12	(red	arrowheads).	

Concentrated	viral	particles	were	then	injected	into	chick	or	quail	embryos.	

Alternatively,	 RCAS-mCherry-shRNA	 plasmid	 was	 directly	 electroporated	 at	 high	

concentration	 (>1µg/µL)	 into	 avian	 embryos.	 Efficiency	 of	 the	 viral	 infection	was	

determined	by	screening	for	the	fluorescence	reporter.		
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3.3.3. CXCL12	 in	 the	 chick	 trigeminal	 placode	 is	 necessary	 for	 proper	 TG	

formation	and	corneal	innervation	

3.3.3.1. Disruption	 of	 CXCL12	 in	 the	 trigeminal	 placode	 disrupts	 proper	

trigeminal	gangliogenesis	

To	determine	 if	CXCL12	 is	 necessary	 for	 the	proper	 formation	 of	 the	TG	 in	

chick,	I	compared	TG	size	in	control	and	CXCL12	knockdown	chick	embryos	by	whole	

mount	 immunostaining.	 RCAS-mCherry-shRNA	 and	 RCAS-GFP	 plasmids	 were	

electroporated	 into	 chick	 embryos	 at	 HH	 stage	 9-11	 targeting	 the	 TG	 placode.	

Embryos	 were	 collected	 at	 E3,	 immunostained	 with	 a	 neuron-specific	 class	 III	 b-

tubulin	 (TUJ1)	 antibody,	 and	 the	 size	 of	 the	 TG	 was	 measured	 with	 ImageJ.	 The	

CXCL12	 shRNA	 electroporated	 embryos	 had	 several	 defects,	 including	 trigeminal	

agangliogenesis,	detachment	of	the	TG	from	the	neural	tube,	and	reductions	of	the	

ophthalmic	 branch	 of	 the	 TG	 (Figure	 3.4	 red	 arrows).	 There	 was	 no	 significant	

difference	 observed	 in	 TG	 size	 in	 the	 uninjected	 and	 RCAS-GFP	 electroporated	

embryos.		
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Figure	3.4.	Disruption	of	CXCL12	signaling	in	the	trigeminal	placode	results	in	
reduced	trigeminal	size.		
(A)	Representative	images	of	E3	control	and	CXCL12	knockdown	embryos	showing	
defects	in	the	ophthalmic	branch	of	the	trigeminal	ganglion	(red	arrowheads).	GFP	
indicates	 regions	 of	 RCAS	 infection.	 (B)	 Box	 plot	 showing	 significant	 reduction	 in	
ganglion	sizes.	e:	eye.	Control	N=20,	GFP	N=19;	CXCL12KD	N=20;	***	p<0.001.	

3.3.3.2. CXCL12	knockdown	embryos	exhibit	non-innervated	corneas	

To	determine	if	the	disruption	of	TG	formation	affects	corneal	innervation,	I	

analyzed	nerve	phenotypes	in	the	cornea	at	E12	in	CXCL12	knockdown	and	control	

chicks	(Uninjected	n=2,	GFP	n=3,	CXCL12	knockdown	n=12).	25%	(n=3/12)	of	CXCL12	

knockdown	 eyes	 had	 very	 poor	 innervation	 of	 the	 corneas	 (Figure	 3.5),	 with	 no	

nerves	 reaching	 the	 central	 cornea.	 This	 phenotype	 is	 not	 observed	 in	 the	 GFP	

electroporated	 or	 uninjected	 controls.	 However,	 the	 pericorneal	 nerve	 ring	 still	

formed	in	the	analyzed	eyes,	and	a	very	small	number	of	nerves	were	projected	into	

the	peripheral	cornea	(Figure	3.5	red	arrows).	It	is	unclear	whether	the	nerves	from	
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the	pericorneal	nerve	ring	originate	from	the	ophthalmic	branch	of	the	TG,	or	if	they	

consist	 of	 other	 nerve	 branches	 from	 the	TG,	 such	 as	 the	maxillary	 branch	 or	 the	

frontal	nerve.	

	

Figure	 3.5.	 Representative	 images	 of	 E12	 control	 and	 CXCL12	 knockdown	
corneas	showing	substantial	loss	in	corneal	innervation.		
Few	nerves	project	into	the	peripheral	cornea	following	knockdown	of	CXCL12	(red	
arrows).	Scale	bar	200	µm.	

3.3.3.3. CXCL12	 knockdown	 embryos	 do	 not	 have	 disrupted	 corneal	 ring	

formation	

The	 E12	 CXCL12	 knockdown	 embryos	 without	 corneal	 innervation	 still	

exhibited	formation	of	the	pericorneal	nerve	ring.	To	determine	if	the	poor	corneal	

innervation	in	the	CXCL12	knockdown	embryos	is	due	to	a	defect	in	the	pericorneal	

nerve	 ring	 formation,	 I	 compared	 the	 corneal	 nerve	 ring	 closure	 of	 knockdown	

embryos	versus	controls	at	E7.	Angle	of	nerve	ring	closure	was	measured	as	the	angle	

from	 the	 center	 of	 the	 cornea	 to	 the	 farthest-reaching	 nerve	 endings	 around	 the	

pericorneal	region.	No	significant	differences	were	observed	in	the	angle	of	nerve	ring	
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closure	at	 equivalent	 stages	 (uninjected	n=8;	GFP	 n=	6;	CXCL12	 knockdown	n=14;	

uninjected	vs.	knockdown	p=0.81).	A	decrease	 in	nerve	branches	was	observed	 in	

both	 the	CXCL12	knockdown	and	GFP	 control	embryos	(uninjected	n=9;	GFP	n=	6;	

CXCL12	knockdown	n=14;	uninjected	vs.	knockdown	p<0.001).	However,	there	was	

no	significant	difference	in	nerve	branches	between	the	CXCL12	knockdown	and	GFP	

control	 embryos	 (p=0.577),	 so	 this	 phenotype	 is	 attributed	 to	 a	 result	 of	

electroporation	rather	than	a	disruption	of	CXCL12	signaling.	

3.3.4. CXCL12/CXCR4	signaling	is	required	for	proper	TG	formation	in	mice	

3.3.4.1. Cxcr4	knockout	mice	had	reduced	TG	size	

To	determine	the	function	of	CXCL12	in	mouse	embryos,	we	obtained	Cxcr4	

knockout	 mice	 and	 their	 wildtype	 siblings	 at	 various	 time	 points.	 E10.5	 mouse	

embryos	were	immunostained	with	TUJ1	and	the	TG	size	was	measured	with	ImageJ.	

There	was	a	significant	reduction	in	the	size	of	the	TG	in	Cxcr4-/-	embryos	compared	

to	 the	 controls	 (Figure	 3.6B).	 Defects	 of	 the	 TG	 in	 Cxcr4-/-	 embryos	 included	

detachment	 of	 the	 TG	 from	 the	 neural	 tube	 and	 significant	 reduction	 of	 the	

ophthalmic	 branch.	 These	 phenotypes	 are	 consistent	 with	 the	 TG	 phenotypes	

observed	in	the	avian	CXCL12	knockdown	(Figure	3.4).	
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Figure	 3.6.	 Cxcr4	 knockout	 embryos	 show	 malformation	 of	 the	 trigeminal	
ganglion.		
Whole	mount	 immunostaining	 of	 E10.5	 trigeminal	 ganglia	 showing	 defects	 in	 the	
ophthalmic	branch	(yellow	arrowheads)	and	significant	reduction	in	size	(p	<	0.05).	
E13.5	and	E16.5	Cxcr4	knockout	embryos	show	no	significant	differences	 in	nerve	
bundles	 approaching	 the	 cornea,	 number	 of	 branch	 points,	 or	 the	 longest	 nerve	
projections	entering	the	cornea.	e,	eye;	tg,	trigeminal	ganglion.	Scale	bars	250	µm.	

3.3.4.2. Cxcr4	knockout	mice	had	no	significant	corneal	innervation	defects		

The	 CXCL12	 knockdown	 chick	 embryos	 had	 severe	 corneal	 innervation	

defects.	 To	 determine	 if	 CXCL12	 signaling	 affects	 corneal	 innervation	 in	 mice,	 I	

immunostained	E13.5	and	E16.5	Cxcr4	wildtype	and	knockout	mouse	anterior	eyes	

with	TUJ1	and	analyzed	the	nerve	phenotypes.	Between	the	E13.5	Cxcr4-/-	mice	and	

their	wildtype	 siblings,	 there	were	no	differences	 in	 the	number	of	nerve	bundles	

entering	the	cornea,	longest	nerve	length,	or	the	number	of	branch	points	per	nerve	

bundle	(Figure	3.6)	(wildtype	n=2,	Cxcr4	-/-	n=4;	nerve	bundle	number	comparison	
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p=0.20;	 longest	nerve	 length	p=0.22;	number	of	branch	points	p=0.21).	The	E16.5	

wildtype	 and	 knockout	 mice	 similarly	 showed	 no	 significant	 differences	 in	 the	

number	of	branch	points	in	the	cornea	(wildtype	n=10,	Cxcr4	-/-	n=6;	p=	0.566).	

3.4. Discussion	

The	 expression	 of	CXCL12	 and	CXCR4	 during	 trigeminal	 gangliogenesis	 has	

been	previously	described	(Lewellis	et	al.,	2013;	Lieberam	et	al.,	2005;	Theveneau	et	

al.,	2013),	and	is	well	known	to	direct	neural	projections	in	multiple	species.	Here	we	

determine	 the	 function	 of	 CXCL12-CXCR4	 signaling	 on	TG	nerves	 as	 it	 pertains	 to	

ocular	 neural	 patterning.	 We	 observed	 that	 the	 mouse	 cranial	 mesenchyme	

surrounding	the	TG	express	Cxcl12	while	the	TG	expresses	Cxcr4.	CXCL12	protein	was	

found	to	localize	to	the	distal	portion	of	the	TG	at	E12	in	the	chick,	which	suggests	

that	while	CXCL12	may	have	a	role	in	the	interaction	of	the	NC	and	TG	placode	cells	

for	early	TG	formation,	it	may	also	have	a	later	role	in	the	TG,	perhaps	as	a	directive	

signal	 for	 the	 proper	 patterning	 of	 the	 TG	 nerves.	 Knockdown	 of	CXCL12	 by	 viral	

shRNA	resulted	in	malformations	of	the	trigeminal	nerves,	including	severe	reduction	

or	elimination	of	the	ophthalmic	branch,	detachment	of	the	TG	from	the	neural	tube,	

and	overall	 reduction	of	 the	 trigeminal	 size.	 The	defects	 observed	 in	 the	E3	 chick	

embryos	 are	 consistent	 with	 the	 previously	 reported	 defects	 in	 trigeminal	

gangliogenesis	 in	 Xenopus	 and	 zebrafish	 (Lewellis	 et	 al.,	 2013;	 Theveneau	 et	 al.,	

2013).	 Furthermore,	 the	 specific	 defects	 observed,	 such	 as	 the	 reduction	 in	 the	

ophthalmic	 branch,	 are	 also	 observed	 when	 the	 trigeminal	 placode	 is	 excised	
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(Hamburger,	 1961;	 Noden,	 1980;	 Yntema,	 1944),	 indicating	 that	 the	 function	 of	

CXCL12	may	be	 to	 facilitate	 interactions	between	 the	TG	placode	and	neural	 crest	

cells.	This	early	disruption	of	CXCL12	signaling	has	severe	consequences	for	corneal	

innervation	at	later	stages.	A	portion	of	the	analyzed	E12	chicks	with	specific	CXCL12	

knockdown	 in	 the	 TG	 placode	 had	 near	 total	 elimination	 of	 nerves	 entering	 the	

cornea.	 However,	 pericorneal	 nerve	 ring	 formation	 was	 not	 disrupted	 earlier	 in	

development.	 This	 result	 is	 very	 interesting,	 as	 both	 corneal	 nerves	 and	 the	

pericorneal	nerve	ring	originate	 from	the	neural	crest-derived	proximal	portion	of	

the	TG	(Lwigale,	2001),	and	therefore	suggests	another	function	of	CXCL12	in	the	TG	

that	is	separate	from	the	early	function	during	gangliogenesis.	Perhaps	the	failure	of	

corneal	innervation	is	due	to	a	defect	of	neurite	extension	into	the	corneal	stroma,	or	

due	 to	 a	 secondary	 effect	 of	 reduction	 in	 the	number	of	nerve	 fibers	 reaching	 the	

anterior	 eye.	 Unfortunately,	 it	 is	 currently	 not	 possible	 to	 track	 ocular	 neural	

patterning	in	vivo	 in	a	single	chick	embryo,	so	we	cannot	predict	the	occurrence	of	

uninnervated	 corneas	 at	 E12	 based	 on	 more	 subtle	 defects	 at	 E7.	 Further	

investigation	is	necessary	to	determine	the	precise	function	of	CXCL12	signaling	at	

these	later	time	points.	

Unlike	in	chick,	where	a	portion	of	the	CXCL12	knockdown	embryos	exhibited	

uninnervated	corneas,	the	Cxcr4	knockout	mice	had	innervated	corneas,	and	had	no	

significant	 defects	 of	 corneal	 nerve	 branching	 or	 nerve	 length.	 There	 are	 likely	

compensatory	mechanisms	to	ensure	proper	anterior	eye	innervation	in	mice	which	

are	not	present	in	the	chick	model.	
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3.5. Conclusions	

In	this	study,	we	determined	that	CXCL12-CXCR4	signaling	is	required	for	the	

proper	 formation	 of	 the	 trigeminal	 ganglion	 in	 both	 murine	 and	 avian	 models.	

Disruption	of	this	signaling	axis	results	in	decreased	trigeminal	size,	detachment	of	

the	TG	from	the	neural	tube,	and	specific	reduction	of	the	ophthalmic	branch.	These	

defects	 result	 in	 later	 corneal	 innervation	 defects	 in	 chick,	 but	 not	 mouse.	

Furthermore,	 the	 formation	 of	 the	 pericorneal	 nerve	 ring	 is	 not	 disrupted	 in	 the	

CXCL12	knockdown	embryos,	indicating	that	while	this	chemokine	has	a	function	in	

the	projection	of	corneal	nerves	into	the	cornea,	it	is	not	due	to	a	disruption	of	the	

nerve	 ring	 formation.	 In	 conclusion,	 CXCL12	 is	 required	 for	 the	 early	 trigeminal	

gangliogenesis	 in	 avians	 and	mice,	 and	 the	 early	 disruption	 of	 this	 signal	 in	 chick	

result	in	severe	corneal	innervation	defects.
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Chapter 4 

Disruption of CXCL12/CXCR4 signaling 
in the periocular neural crest alters 

neurovascular patterning in the 
anterior eye 

4.1. 	Introduction	

4.1.1. Neurovascular	patterning	in	the	anterior	eye	

Anterior	eye	function	requires	a	very	precise	patterning	of	blood	vessels	and	

nerves.	 To	 allow	 for	 light	 to	 pass	 through	 the	 cornea	 and	 to	 the	 retina,	 the	 blood	

vessels	 in	 the	 anterior	 eye	 are	 excluded	 from	 the	 cornea.	 Corneal	 avascularity	 is	

established	 during	 early	 ocular	 development.	 In	 addition,	 the	 cornea	 is	 the	 most	

densely	 innervated	tissue	 in	 the	body	(Rozsa	and	Beuerman,	1982).	During	ocular	

development	in	avians,	the	periocular	vasculature	forms	concomitantly	with	corneal	
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formation.	 Prior	 to	 neural	 crest	 migration	 into	 the	 corneal	 space,	 the	 periocular	

angioblasts	condense	to	 form	a	pericorneal	vascular	ring,	a	temporal	ciliary	artery	

(TCA),	and	a	nasal	ciliary	artery	(NCA).		Between	E4	and	E5	in	the	quail,	two	branches	

of	the	trigeminal	ganglia	 follow	the	TCA	to	the	point	of	the	cornea.	The	nerves	are	

directed	around	the	vascular	ring	without	entering	the	cornea,	creating	a	periocular	

nerve	ring	around	the	pericorneal	vascular	ring.	The	 formation	of	 this	pericorneal	

nerve	 ring	 aligned	 with	 the	 vascular	 ring	 is	 important	 for	 the	 later	 corneal	

innervation,	as	the	corneal	nerves	later	invade	the	corneal	stroma	centripetally	from	

this	ring.		

Unlike	 in	 the	 avian	 models,	 mouse	 periocular	 neurovasculature	 forms	 by	

angiogenesis	of	the	vasculature	from	the	optic	cup.	Blood	vessels	temporarily	cover	

the	lens	during	early	eye	development	(E9-E14),	but	is	later	pruned	to	allow	for	light	

penetration	 through	 the	 anterior	 eye.	 The	 periocular	 vasculature	 then	 branches	

extensively	 and	undergo	 remodeling	 to	 form	a	 complex	network	of	 blood	 vessels.	

Nerves	of	the	anterior	eye	do	not	form	a	pericorneal	ring,	but	rather	approach	the	

cornea	from	four	directions.	The	cornea	is	innervated	as	the	corneal	endothelium	and	

stroma	 are	 differentiating	 (McKenna	 and	 Lwigale,	 2011).	 Although	 the	 resulting	

anterior	eyes	of	the	mouse	and	avian	models	are	similar,	the	mechanisms	by	which	

the	 cornea	 is	 innervated	 and	 avascularized	 are	 quite	 different	 and	 worth	

investigating.		
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4.1.2. CXCL12/CXCR4	signaling	during	vascular	patterning	in	other	organs	

and	models	

Previous	 studies	 have	 identified	 CXCL12	 and	 its	 receptor	 CXCR4	 as	 an	

important	signaling	axis	during	neurovascular	development.	Both	Cxcl12	and	Cxcr4	

are	required	 for	 the	proper	vascular	 formation	 in	 the	mouse	gut	(Tachibana	et	al.,	

1998)	 and	 cardiovascular	 system	 (Ivins	 et	 al.,	 2015),	 and	 CXCL12	 can	 induce	

neovascularization	 in	 ovarian	 tumors	 (Kryczek	 et	 al.,	 2005).	 Cxcl12	 and	 Cxcr4	

knockout	mice	exhibit	the	same	vascular	defects,	and	die	between	E15.5	and	an	hour	

after	birth	(Tachibana	et	al.,	1998).	During	development,	Cxcl12	expression	by	nerves	

in	the	mouse	forelimb	skin	can	signal	to	the	nearby	vessels	and	function	to	align	the	

dermal	neurovasculature	in	a	VEGF-dependent	manner	(Li	et	al.,	2013).		

4.1.3. CXCL12	and	receptor	expression	in	the	anterior	eye	

Previous	studies	in	the	lab	has	shown	that	CXCL12	is	expressed	in	the	region	of	the	

developing	vasculature	during	ocular	development	in	chick	and	mouse	(Ojeda	et	al.,	

2013).	In	both	chick	and	mouse,	CXCL12	is	expressed	by	pNCs,	iris,	and	by	the	cells	

next	to	the	pigmented	retina.	Unlike	in	the	previous	studies,	where	nerve-secreted	

Cxcl12	remodels	the	existing	vasculature	(Li	et	al.,	2013),	CXCL12	is	expressed	in	the	

periocular	mesenchyme	before	the	trigeminal	nerves	have	reached	the	anterior	eye.	

Therefore,	I	propose	to	study	the	function	of	CXCL12	in	the	developing	anterior	eye	

in	the	patterning	of	the	vasculature	and	the	subsequent	patterning	of	the	trigeminal	

nerves	during	anterior	eye	development.	
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4.2. Rationale	

Proper	 formation	 of	 the	 periocular	 neurovasculature	 requires	 precise	

regulation	 of	 angiogenic	 and	 neural	 attractive	 signals.	 Although	 CXCL12-CXCR4	

signaling	has	been	previously	 implicated	 in	neurovascular	development	 in	various	

models,	 the	 functions	 of	 this	 signaling	 pathway	 during	 ocular	 development	 are	

currently	 unknown.	 Therefore,	 I	 propose	 to	 determine	 the	 function	 of	 CXCL12	

signaling	in	the	patterning	of	the	periocular	neurovasculature	during	development.	

4.3. Results	

4.3.1. Expression	 of	 CXCL12	 and	 its	 receptors	 CXCR4	 and	 CXCR7	 during	

ocular	development	

To	determine	if	CXCL12	signaling	is	correlated	with	neurovascular	patterning,	

I	performed	 in	situ	hybridization	of	CXCL12,	CXCR4,	and	CXCR7	 in	chick	and	mouse	

during	 ocular	 neurovascular	 patterning.	CXCL12	 has	 a	 striking	 expression	 pattern	

during	 ocular	 development.	 Whole	 mount	 in	 situ	 hybridization	 for	 CXCL12	 in	

transgenic	 quail	with	GFP	 labeled	 endothelial	 cells	 show	 the	 strong	 correlation	of	

CXCL12	 along	 the	 developing	 vasculature	 during	 early	 ocular	 vascular	 patterning	

(Figure	4.1).		
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Figure	 4.1.	 CXCL12	 mRNA	 expression	 correlates	 with	 the	 developing	
vasculature.		
Top	 panels:	 GFP-labeled	 endothelial	 cells	 show	 development	 of	 the	 pericorneal	
vasculature.	Bottom	panels:	in	situ	hybridization	of	CXCL12	shows	expression	in	the	
cells	 in	the	periocular	region	next	to	the	developing	blood	vessels.	co:	cornea;	nca:	
nasal	ciliary	artery;	tca:	temporal	ciliary	artery.	Scale	bars:	200µm.	

At	E3	in	chick,	CXCL12	was	expressed	in	the	periocular	neural	crest	cells,	with	

particularly	strong	expression	in	the	cells	in	the	region	of	the	developing	vasculature	

(Figure	4.2A).	At	E5,	CXCL12	is	maintained	in	the	periocular	region,	and	is	expressed	

in	the	neural	crest	cells	migrating	into	the	cornea	region	(Figure	4.2B).	At	E7,	CXCL12	

is	 expressed	 in	 the	 cells	 next	 to	 the	 vasculature	 in	 the	 iris	 (Figure	 4.2C),	 and	 not	

observed	 in	 the	 cornea.	 This	 expression	 is	 strong	 in	 the	 cells	 directly	 next	 to	 the	

vasculature	(Figure	4.2	asterisks).	This	expression	is	maintained	to	E12	(Figure	4.1,	

Figure	4.2B-D).	In	the	mouse,	Cxcl12	is	expressed	by	the	periocular	neural	crest	cells	

at	E11.5.	At	E14.5,	the	expression	is	restricted	to	the	cells	surrounding	the	periocular	
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vasculature,	and	this	expression	is	maintained	in	E16.5	(Figure	4.2E-G).	Cxcl12	is	not	

observed	in	the	corneal	region,	similar	to	what	is	observed	in	the	chick.	

	

Figure	4.2.	CXCL12	expression	in	the	anterior	eye	during	development	in	chick	
and	mouse.		
Expression	of	CXCL12	 in	chick	(A-D)	was	 localized	to	the	periocular	region,	 the	E5	
migrating	neural	crest	(arrowhead),	and	cells	surrounding	the	periocular	vasculature	
(asterisk).	In	the	mouse	(E-H),	Cxcl12	was	observed	in	the	periocular	mesenchyme,	
migrating	neural	crest(arrow),	and	cells	surrounding	the	periocular	vasculature.	en:	
corneal	endothelium;	ep:	corneal	epithelium;	ey:	eyelid;	ir:	iris;	L:	lens;	oc:	optic	cup;	
pi:	presumptive	iris;	pm:	periocular	mesenchyme;	rpe:	retinal	pigmented	epithelium.	
Adapted	from	Ojeda	et	al.,	2013.	
	

The	mRNA	of	the	receptor	CXCR4	was	expressed	in	the	blood	vessels	during	

ocular	development.	 (Figure	4.3).	 In	 chick,	CXCR4	was	expressed	 in	 the	periocular	

vascular	plexus	from	E3	to	E7	(Figure	4.3A-C,	arrows).	CXCR4	was	also	detected	at	the	

root	 of	 the	 TG	 at	 E7	 in	 the	 chick	 (Figure	 4.3C	 red	 arrowhead).	Mouse	 Cxcr4	 was	

expressed	 in	 the	 periocular	 blood	 vessels	 at	 E14.5	 and	 E16.5,	 similar	 to	 what	 is	
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observed	in	the	chick	(Figure	4.3D,E).	CXCR4	was	not	detected	in	the	cornea	in	either	

organism.	

	

Figure	 4.3.	 Expression	 of	 CXCR4	 in	 chick	 and	 mouse	 during	 anterior	 eye	
development.		
CXCR4	is	expressed	in	the	chick	(A-C)	in	the	periocular	vasculature	(arrows),	as	well	
as	at	the	root	of	the	trigeminal	ganglion	where	it	attaches	to	the	neural	tube	at	E7	(red	
arrowhead).	 In	 the	mouse	 (D,E),	CXCR4	 is	 expressed	 in	 the	periocular	 vasculature	
(black	arrowheads).	co:	cornea;	ec:	surface	ectoderm;	ir:	iris;	L:	lens;	LV:	lens	vesicle;	
oc:	optic	cup;	TG:	trigeminal	ganglion.	
	

At	E3,	CXCR7	was	expressed	strongly	in	the	outer	layer	of	the	optic	cup	and	in	

the	 periocular	 region	 (Figure	 4.4A).	 At	 E7,	 CXCR7	 was	 expressed	 in	 the	 corneal	

endothelium,	iris,	and	lens	epithelium,	and	in	the	periocular	region	surrounding	the	

RPE	(Figure	4.4C).	Mouse	Cxcr7	expression	was	diffuse	 throughout	 the	developing	
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eye,	with	elevated	expression	observed	in	the	neural	retina	at	E14.5-E16.5,	and	in	the	

eyelid	mesenchyme	at	E16.5	(Figure	4.4D-F).		

	

Figure	4.4.	Expression	of	CXCR7	 during	ocular	development	 in	 the	 chick	and	
mouse.		
CXCR7	 is	 expressed	 in	 the	 periocular	 mesenchyme	 at	 E3	 (A,	 A’),	 with	 strong	
expression	 in	 the	outer	 layer	of	 the	optic	cup	(red	arrow).	CXCR7	becomes	diffuse	
starting	at	E5	(B).	At	E7	(C),	CXCR7	expression	is	elevated	in	the	corneal	endothelium	
(C’),	 lens	epithelium,	and	the	cells	next	to	the	rpe	(red	arrow).	In	the	mouse,	Cxcr7	
expression	remains	diffuse	throughout	corneal	development	(D-G),	with	low	diffuse	
expression	in	the	TG	at	E14.5	(E’)	and	slightly	elevated	expression	observed	in	the	
sub-epithelial	cells	of	the	eyelid	at	E16.5	(F).		
	

The	close	correlation	of	CXCL12	and	CXCR4	expression	in	both	the	avian	and	

mouse	developing	eye,	along	with	the	previous	studies	in	their	functions	in	vascular	

patterning,	 strongly	 implicate	 the	 CXCL12-CXCR4	 signaling	 pathway	 in	 the	

neurovascular	 patterning	 of	 the	 anterior	 eye.	 However,	 the	 expression	 pattern	 of	

CXCR7	did	not	correlate	with	the	expression	of	CXCL12,	and	was	consistent	with	its	
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reported	scavenger	function.	Therefore,	for	the	purposes	of	this	study,	I	focused	on	

the	CXCL12-CXCR4	signaling	pathway.	

4.3.2. CXCL12	signaling	is	required	for	proper	vascular	remodeling	

To	determine	the	function	of	CXCL12	expressed	in	the	periocular	region	during	

ocular	development,	we	knocked	down	CXCL12	in	tie1:H2B:eYFP	quail	by	targeting	

the	migrating	neural	crest	cells	which	will	end	up	in	the	periocular	region	using	the	

previously	 described	 RCAS-CXCL12	 shRNA.	 Embryos	 were	 collected	 at	 E6.5	 and	

immunostained	with	 GFP	 and	 TUJ1	 to	 observe	 defects	 in	 the	 development	 of	 the	

anterior	neurovasculature.		

During	 avian	 embryonic	 development,	 the	 periocular	 vasculature	 forms	

outside	of	the	cornea	via	vasculogenesis.	The	vasculature	on	the	side	of	the	temporal	

ciliary	artery	 (TCA)	undergo	vascular	 remodeling	 to	 form	branches,	 and	 the	nasal	

ciliary	artery	(NCA)	regresses	beginning	at	E5	in	quail.	We	observed	that	the	CXCL12	

knockdown	 quail	 embryos	 had	 fewer	 branches	 on	 the	 TCA	 side	 compared	 to	 the	

uninjected	controls	at	E6.5	(Figure	4.5	asterisk),	but	no	other	significant	differences	

in	the	vasculature.	Periocular	nerve	ring	formation	was	disrupted	in	a	portion	of	these	

embryos,	with	a	portion	of	the	embryos	missing	the	segment	of	nerve	ring	between	

the	TCA	and	the	choroid	fissure	(Figure	4.5).	Half	of	the	analyzed	embryos	were	also	

missing	the	nerve	overlap	at	the	junction	of	the	TCA	with	the	vascular	ring	(Figure	

4.5,	arrowheads).	Whether	these	nerve	defect	is	due	to	CXCL12	knockdown	or	if	it	is	

a	subsequent	effect	of	the	malformation	of	the	vasculature	is	currently	unclear.	
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Figure	 4.5.	 CXCL12	 knockdown	 in	 pNC	 results	 inperiocular	 neurovascular	
defects.		
Representative	images	of	control	and	pNC	CXCL12	knockdown	anterior	eyes	at	E6.5	
in	quail.	CXCL12	knockdown	by	shRNA	resulted	in	a	decrease	in	the	number	of	GFP-
labeled	 vascular	 branches	 on	 the	 temporal	 side	 (asterisks),	 as	 well	 as	 branching	
defects	of	 the	trigeminal	nerves	 in	the	periocular	region	(arrowheads).	co:	cornea;	
tca:	temporal	ciliary	artery.	Scale	bar	200µm.	Control	n=4;	CXCL12	knockdown	n=6;	
**	p<0.05.	

4.3.2.1. Local	disruption	of	CXCL12	signaling	with	small	molecule	inhibitor		

To	determine	 if	 local	 disruption	 of	 CXCL12	 signaling	 is	 sufficient	 to	 induce	

neurovascular	 defects	 in	 the	 anterior	 eye,	 I	 introduced	 the	 CXCL12	 inhibitor	

AMD3100	to	the	region	of	the	TCA	by	bead	implantation	in	E2.5	quail	embryos,	and	

the	neurovascular	patterning	was	assessed	at	E4.5	by	immunostaining.	Beads	were	

implanted	in	one	eye,	and	the	other	eye	was	used	as	the	control	for	each	embryo.	No	
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significant	difference	was	observed	in	the	distance	between	the	two	nerve	bundles	

flanking	 the	 TCA	 at	 E4.5	 in	 the	 knockdown	 versus	 control	 eye	 (Figure	 4.6).	

Furthermore,	 no	 significant	 difference	 was	 observed	 in	 the	 vessel	 width	 at	 the	

junction	of	the	TCA	and	the	vascular	ring.	These	phenotypes	could	be	explained	in	a	

couple	ways.	First,	the	amount	of	inhibitor	in	the	periocular	region	may	not	be	high	

enough	to	have	an	effect.	There	may	be	enough	CXCL12	production	such	that	even	by	

blocking	some	CXCR4	with	AMD3100,	there	was	no	functional	knockdown	in	the	bead	

region.	It	may	be	better	to	directly	inject	higher	concentration	of	the	inhibitor	in	the	

anterior	chamber	 for	a	more	complete	 local	 inhibition	of	 the	pathway.	Second,	 the	

timing	of	the	inhibition	may	be	important.	Because	the	beads	were	implanted	at	E2.5,	

and	 the	TCA	branches	cannot	be	observed	until	E6.5,	 this	may	be	a	better	 time	 to	

analyze	the	effects	of	the	regional	blocking	of	the	signal.	For	example,	we	may	see	a	

difference	in	the	number	of	vascular	branches	by	implanting	the	bead	in	the	region	of	

the	branching	TCA	at	E5.5	and	observing	the	phenotype	at	E6.5.		
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Figure	4.6.	Local	disruption	of	CXCL12	signaling	by	bead	implantation	of	small	
molecule	inhibitor.		
AG1-X2	 beads	 are	 soaked	 in	 AMD3100,	 a	 small	 molecule	 inhibitor	 of	 CXCL12	
signaling.	Bead	can	be	seen	as	the	bright	spot	next	to	the	TCA.	co:	cornea;	nca:	nasal	
ciliary	artery;	tca:	temporal	ciliary	artery.	

4.3.2.2. CXCL12	knockdown	result	in	defect	of	the	vascular	plexus	in	avians	

CXCL12-CXCR4	 signaling	 has	 been	 implicated	 in	 the	 proper	 vascular	

patterning	and	vessel	remodeling	in	the	mouse	models	(Li	et	al.,	2013;	Tachibana	et	

al.,	1998).	As	previously	discussed,	Cxcl12	and	Cxcr4	knockout	mice	die	due	to	 the	

improper	 vascular	 patterning	 during	 late	 gestation.	 To	 determine	 if	 the	 CXCL12	

expressed	 in	 the	 periocular	 region	 is	 required	 for	 vascular	 remodeling	 for	 the	

formation	 of	 the	 vascular	 plexus,	 I	 performed	 neural	 crest-targeted	 CXCL12	

knockdown	 in	 quail	 embryos	 and	 observed	 the	 vascular	 phenotype	 in	 late	 stage	

embryos.	The	preliminary	analysis	revealed	one	embryo	out	of	six	positive	for	viral	
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infection	at	E10	had	a	large	gap	in	the	periocular	vascular	plexus	(Figure	4.7).	Further	

experiments	need	to	be	performed	to	determine	the	frequency	of	this	phenotype	and	

to	determine	if	this	defect	is	due	to	apoptosis	of	the	vasculature	or	due	to	vascular	

pruning.	This	phenotype	is	consistent	with	what	is	observed	in	the	mouse,	discussed	

below.		

	

Figure	4.7.	CXCL12	knockdown	quail	embryo	with	defect	of	the	vascular	plexus.		
GFP-stained	image	of	the	periocular	vascular	plexus	in	E10	Tg	tie1:H2B:eYFP	quail.	
Large	gap	(yellow	dotted	line)	in	the	pericorneal	vascular	plexus	is	observed	on	the	
side	of	the	temporal	ciliary	artery	(TCA).	C:	cornea.	scale	bar:	250µm.		

4.3.2.3. Cxcl12/Cxcr4	 signaling	 in	 the	 mouse	 is	 required	 for	 proper	

periocular	 vascular	 patterning	 and	 for	 maintaining	 the	 periocular	

vasculature	during	development	

To	 determine	 the	 function	 of	 CXCL12	 signaling	 in	 the	 development	 of	 the	

periocular	vasculature	in	mouse,	we	analyzed	vascular	phenotypes	in	Cxcr4	knockout	
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mice	by	staining	for	endomucin	and	TUJ1	at	various	stages	of	development.	This	assay	

yielded	 two	 very	 interesting	phenotypes:	 first,	 the	Cxcr4	 knockout	mice	had	 large	

aberrant	blood	vessels	which	are	not	observed	in	the	wildtype	siblings	(Figure	4.8A,	

arrowheads);	 second,	 there	 was	 a	 progressive	 expansion	 of	 the	 avascular	 area	

beneath	 the	 cornea	 (Figure	 4.8).	 All	 eyes	 from	 knockout	 mice	 had	 at	 least	 one	

aberrant	large	vessel,	with	as	many	as	four	of	these	vessels	observed	in	one	eye.	The	

avascular	 area	 expansion	 can	 be	 observed	 as	 early	 as	 in	 E13.5,	 and	 increases	 in	

severity	as	the	embryo	gets	older.	The	avascular	expansion	can	be	observed	in	the	

same	stages	when	most	of	 the	Cxcr4	knockout	mice	are	dying	 from	cardiovascular	

defects	(Tachibana	et	al.,	1998).	
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Figure	4.8.	Cxcr4	knockout	mice	have	severe	vascular	defects.		
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A)	 Vascular	 staining	 of	 Cxcr4	 wildtype	 and	 knockout	mice	 by	 endomucin	 show	 a	
progressive	 regression	 of	 the	 avascular	 zone	under	 the	 cornea	 (marked	 in	 yellow	
dotted	 line).	 Iris	 and	 lens	 vasculature	 can	 be	 observed	 under	 the	 cornea.	 Large	
abberant	blood	vessels	observed	 in	 the	E13.5	 (arrowheads)	and	E16.5	 (outside	of	
frame)	observed	in	the	Cxcr4	knockout	mice	are	not	seen	in	the	wildtype	siblings.	B)	
Quantification	of	E13.5	vascular	phenotypes	show	no	significant	differences	between	
the	 blood	 vessel	 width	 (not	 counting	 the	 large	 abberant	 vessels),	 but	 significant	
differences	in	the	avascular	zone	area.	Controls	n=6;	Cxcr4-/-	n=	4.	C)	Quantification	
of	 E16.5	 vascular	 phenotypes	 show	 no	 significant	 differences	 between	 the	 blood	
vessel	width	(not	counting	the	large	abberant	vessels),	but	significant	differences	in	
the	avascular	zone	area.	Controls	n=8;	Cxcr4-/-	n=6.	Scale	bar	200	µm.	Quantification	
was	normalized	to	the	mean	of	the	control.	**	p<0.01;	***	p<0.001.	
	

4.4. Discussion	

Gene	 expression	 analysis	 by	 in	 situ	 hybridization	 revealed	 that	 CXCL12	 is	

expressed	 in	 the	 periocular	 region	 and	 CXCR4	 in	 the	 periocular	 vasculature,	

suggesting	that	this	signaling	axis	regulates	vascular	patterning	during	anterior	eye	

development.	 These	 expression	 patterns	 are	 conserved	 between	 the	 avian	 and	

murine	models,	further	indicating	the	importance	of	this	signaling	axis	in	amniotes.	

Knockdown	of	CXCL12	in	ovo	resulted	in	defects	in	the	branching	of	the	TCA,	but	not	

earlier	vasculogenesis	of	 the	TCA,	vascular	 ring,	or	NCA.	Cxcr4	 knockout	mice	had	

aberrant	large	vessel	formation	and	expansion	of	the	avascular	zone	posterior	to	the	

cornea.	 These	 results	 indicate	 that	 CXCL12-CXCR4	 signaling	 specifically	 regulate	

vascular	remodeling	during	later	development,	but	not	vasculogenesis	during	early	

development.		
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Previous	 literature	has	shown	that	CXCL12	signaling	can	upregulate	VEGFA	

and	 synergistically	 regulate	 arteriogenesis	 and	 neurovascular	 alignment	 (Li	 et	 al.,	

2013).	In	the	retina,	VEGFA	maintains	hyaloid	vessels,	and	overexpression	of	VegfA	

suppresses	retinal	vascular	remodeling	(Claxton	and	Fruttiger,	2003;	Rao	et	al.,	2007;	

Korn	and	Augustin,	 2015).	The	vascular	 remodeling	defects	observed	during	 later	

development	in	the	CXCL12	knockdown	quail	and	Cxcr4	knockout	mouse	embryos	are	

consistent	 with	 a	 defect	 of	 VEGFA	 signaling,	 and	 may	 have	 a	 VEGFA	 dependent	

mechanism.	Interestingly,	Cxcl12,	Cxcr4,	and	VegfA	have	been	implicated	in	suture-

induced	 corneal	 neovascularization	 in	 the	 mouse	 model,	 while	 blocking	 CXCL12	

signaling	by	the	small	molecule	inhibitor	AMD3100	reduces	both	angiogenesis	and	

lymphangiogenesis	into	the	cornea	(Du	and	Liu,	2016).		

4.5. Conclusions	

Due	 to	 the	 differences	 in	 how	 avians	 and	 mice	 form	 their	 periocular	

vasculature,	 we	 were	 able	 to	 distinguish	 the	 effects	 of	 CXCL12	 signaling	 early	

vasculogenesis	and	later	angiogenesis	and	vascular	remodeling	in	the	anterior	eye.	

The	murine	and	avian	data	together	indicate	that	CXCL12	may	have	a	function	specific	

to	 vascular	 remodeling	 and	 angiogenesis	 but	 not	 vasculogenesis.	 Neural	 defects	

observed	in	CXCL12	knockdown	chick	embryos	were	not	observed	in	Cxcr4	knockout	

mice,	suggesting	that	there	may	be	compensatory	mechanisms	for	neural	patterning	

in	 mice	 that	 are	 not	 present	 in	 avians,	 and	 that	 the	 primary	 function	 of	 the	

CXCL12/CXCR4	signaling	axis	 is	vascular	patterning.	 It	 is	 still	unclear	whether	 the	
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aberrant	 neural	 patterning	 observed	 in	 the	 avian	 models	 are	 due	 to	 a	 defect	 of	

CXCL12	 signaling	 or	 if	 they	 are	 secondary	 effects	 of	 vascular	 patterning	 defects.	

Further	studies	are	required	to	elucidate	the	mechanism	by	which	CXCL12	regulates	

vascular	remodeling	through	VEGFA	or	other	angiogenic	factors	in	the	anterior	eye.	
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Chapter 5 

Expression of Midkine and Pleiotrophin 
during ocular development 

A	portion	of	 the	data	discussed	 in	 this	 chapter	has	been	published	 in	Gene	

Expression	Patterns	and	can	be	found	here:		

https://doi.org/10.1016/j.gep.2019.02.001.	

5.1. Rationale	

As	 discussed	 in	 Chapter	 One,	 RA	 is	 an	 important	 signal	 during	 ocular	

development	and	in	embryonic	development	in	general.	Disruption	of	RA	signaling	

during	 development	 results	 in	 microphthalmia,	 anophthalmia,	 and	 other	 ocular	

defects	(Lohnes	et	al.,	1994;	Mic	et	al.,	2004;	Molotkov	et	al.,	2006).	Furthermore,	RA	

signaling	is	important	for	wound	healing,	which	is	a	process	that	requires	many	cell	
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behaviors	utilized	during	development.	Although	RA	regulates	 the	 transcription	of	

several	hundred	genes	(Balmer	and	Blomhoff,	2002),	few	RA-responsive	genes	have	

been	identified	during	ocular	development	and	wound	healing.	In	this	chapter,	I	will	

discuss	the	expression	of	two	related	genes,	midkine	(MDK)	and	pleiotrophin	(PTN)	

during	chick	and	mouse	ocular	development.	Midkine	is	an	RA-responsive	gene,	while	

pleiotrophin	has	been	previously	implicated	in	wound	healing.	

To	 determine	 the	 expression	 of	MDK	 and	PTN,	 I	 performed	 section	 in	 situ	

hybridization	on	chick	and	mouse	eyes	at	different	stages	of	development,	starting	at	

the	separation	of	 the	ectoderm	 from	the	 lens	vesicle	 through	 the	 formation	of	 the	

cornea,	eyelids,	and	retina.	These	processes	occur	between	embryonic	day	(E)3	and	

E18	in	chick	(Creuzet	et	al.,	2005;	Doh	et	al.,	2010;	Lwigale	et	al.,	2005)	and	between	

E10.5	and	P10	in	mice	(Pei	and	Rhodin,	1970;	Turner	et	al.,	1990;	Young,	1985).	

5.2. Results	

5.2.1. MDK	and	PTN	expression	in	the	chick	and	mouse	anterior	eye	

Corneal	development	begins	with	the	migration	of	periocular	neural	crest	cells	

into	 the	 presumptive	 corneal	 region	 located	 between	 the	 lens	 vesicle	 and	 the	

overlying	ectoderm.	In	chick,	this	process	occurs	in	two	successive	waves,	whereby	

the	 initial	 migration	 of	 periocular	 neural	 crest	 cells	 at	 E4.5	 forms	 the	 corneal	

endothelium,	which	is	followed	by	a	second	wave	at	E6	into	the	primary	stroma	that	

forms	the	keratocytes	(Creuzet	et	al.,	2005;	Hay,	1980;	Johnston	et	al.,	1979;	Lwigale	
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et	al.,	2005).	Our	analyses	show	that	in	chick,	MDK	is	robustly	expressed	at	E3	in	the	

periocular	 mesenchyme,	 optic	 cup,	 lens	 vesicle,	 and	 overlying	 ectoderm	 (Figure	

5.1A).	At	E5,	MDK	is	vividly	expressed	in	the	corneal	epithelium,	but	it	persists	at	low	

levels	 in	 the	 periocular	 mesenchyme	 during	 the	 formation	 of	 the	 corneal	

endothelium,	in	the	optic	cup	region	that	will	later	become	the	ciliary	margin,	and	in	

the	lens	epithelium	(Figure	5.1B).	By	E7,	MDK	is	localized	to	the	corneal	epithelium	

and	 endothelium,	 with	 the	 stroma	 showing	 weak	 signals.	 MDK	 is	 also	 vividly	

expressed	in	the	iris	stroma,	ciliary	margin,	lens	epithelium,	and	in	the	mesenchyme	

surrounding	 the	 ocular	 blood	 vessels	 (Figure	 5.1C).	

	

Figure	5.1.	Expression	pattern	of	MDK	and	PTN	during	development	of	the	chick	
anterior	eye.		
Transverse	 sections	 through	 E3,	 E5,	 and	 E7	 eyes	 showing	 the	 spatiotemporal	
expression	of	MDK	 (A-C)	and	PTN	 (D-F).	Asterisks	 in	B,	C,	E,	and	F	 indicate	ocular	
blood	vessels.	Arrowheads	in	F	indicate	mesenchyme	at	the	boundary	between	the	
presumptive	drainage	angle	and	trabecular	meshwork.	Abbreviations:	ec,	ectoderm;	
pm,	periocular	mesenchyme;	oc,	optic	cup;	L,	lens;	ep,	corneal	epithelium;	en,	corneal	
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endothelium;	st,	corneal	stroma;	ir,	iris;	cm,	ciliary	margin.	Scale	bars	represent	100	
μm	in	A,	D;	B,	E;	and	C,	F.	

In	 contrast,	 expression	 of	 PTN	 is	 undetectable	 in	 the	 ocular	 tissues	 at	 E3	

(Figure	5.1D).	Its	expression	is	first	detected	in	the	periocular	mesenchyme,	corneal	

endothelium,	 and	 lens	 epithelium	 at	 E5	 (Figure	 5.1E).	 By	 E7,	 PTN	 is	 strongly	

expressed	in	the	corneal	stroma	and	in	the	condensed	mesenchyme	that	marks	the	

boundary	between	the	presumptive	drainage	angle	and	trabecular	meshwork	(Figure	

5.1F,	arrowheads).	PTN	is	also	expressed	at	low	levels	in	the	corneal	endothelium,	iris	

stroma,	ciliary	margin,	and	lens	epithelium	at	E7.	

Morphogenesis	of	the	lens	and	optic	cup	follow	a	similar	pattern	in	chick	and	

mice,	 but	 corneal	 development	 follows	 a	 different	 process.	 In	 the	 mouse,	 the	

periocular	mesenchyme	migrates	in	a	single	wave	at	about	E11.5,	which	becomes	the	

corneal	 mesenchyme	 that	 later	 differentiates	 to	 form	 the	 corneal	 stroma	 and	

endothelium	(Gage	et	al.,	2005;	Pei	and	Rhodin,	1970).	Similar	 to	E3	chick,	Mdk	 is	

robustly	 expressed	 in	 the	 periocular	 mesenchyme,	 optic	 cup,	 lens	 vesicle,	 and	

overlying	ectoderm	at	E10.5	 (Figure	5.2A).	However,	by	E14.5,	vivid	expression	 is	

only	observed	 in	 the	optic	 cup	and	adjacent	periocular	mesenchyme,	whereas	 the	

presumptive	corneal	mesenchyme	and	lens	epithelium	show	weak	staining	(Figure	

5.2B).	Similar	pattern	of	Mdk	expression	is	observed	at	a	diminished	level	at	E16.5,	

with	strong	staining	in	the	presumptive	iris	stroma	(Figure	5.2C).	
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Figure	5.2.	Expression	pattern	of	Mdk	and	Ptn	during	development	of	the	mouse	
anterior	eye.		
Transverse	 sections	 through	 E10.5,	 E14.5,	 and	 E16.5	 eyes	 showing	 the	
spatiotemporal	 expression	 of	 Mdk	 (A-C)	 and	 Ptn	 (D-F).	 Arrowheads	 in	 E	 and	 F	
indicate	expression	of	Ptn	in	mesenchyme	of	the	presumptive	iris.	Abbreviations:	ec,	
ectoderm;	pm,	periocular	mesenchyme;	oc,	optic	cup;	L,	lens;	ep,	corneal	epithelium;	
pcm,	presumptive	corneal	mesenchyme;	en,	corneal	endothelium;	st,	corneal	stroma;	
ir,	iris.	Scale	bars	represent	100	μm	in	A,	D;	B,	E;	and	C,	F.	

Expression	of	Ptn	 is	very	low	and	mostly	localized	to	the	optic	cup	at	E10.5	

(Figure	5.2D),	where	it	persists	in	the	anterior	region	at	E14.5	and	E16.5	(Figure	5.2E,	

F).	 Also	 at	 E14.5,	 Ptn	 is	 expressed	 in	 few	 cells	 adjacent	 to	 the	 retinal	 pigment	

epithelium	 that	 comprise	 the	 presumptive	 iris	 stroma	 (Figure	 5.2E,	 arrowheads),	

where	it	becomes	strongly	expressed	at	E16.5	(Figure	5.2F,	arrowheads).	Sporadic	

staining	is	also	observed	in	the	lens	epithelium	at	E16.5	(Figure	5.2F).	
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5.2.2. MDK	and	PTN	expression	in	the	chick	and	mouse	retina	

Development	of	the	retina	follows	a	sequence	that	is	conserved	in	vertebrates.	

This	process	begins	with	multipotent	progenitor	cells	in	the	optic	cup	that	undergo	

temporal	 differentiation	 into	 retinal	 ganglion	 cells,	 horizontal	 cells,	 cone	

photoreceptors,	amacrine	cells,	bipolar	cells,	rod	photoreceptors,	and	then	Müller	glia	

cells	(Agathocleous	and	Harris,	2009).	In	the	chick,	development	of	the	neural	retina	

begins	with	the	differentiation	of	retinal	ganglion	cells	at	about	E6,	and	well-defined	

boundaries	of	all	layers	are	observed	by	E18	(Doh	et	al.,	2010).	To	determine	whether	

MDK	and	PTN	have	a	potential	role	during	development	of	the	chick	neural	retina,	we	

examined	their	expression	patterns	between	E5-E18.	Analysis	of	the	posterior	eye	at	

E5	shows	that	the	expression	of	MDK	remains	evenly	robust	in	the	neural	retina	and	

the	mesenchyme	surrounding	the	retinal	pigment	epithelium,	but	it	is	diminished	in	

the	optic	nerve	(Figure	5.3A).	Retina	sections	at	subsequent	time	points	show	that	

MDK	 remains	 robust	 at	 E7	 (Figure	 5.3B),	 but	 it	 becomes	 restricted	 to	 the	 inner	

nuclear	layer	(INL)	at	E10,	where	it	is	maintained	at	E15	and	E18	(Figure	5.3C,	D,	E).		
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Figure	5.3.	Expression	pattern	of	MDK	and	PTN	during	retinal	development	in	
chick.		
Transverse	 sections	 through	 E5,	 E7,	 E10,	 E15	 and	 E18	 eyes	 showing	 the	
spatiotemporal	 expression	 of	MDK	 (A-E)	 and	 PTN	 (F-J).	 All	 images	 oriented	 with	
theretinal	 pigmented	 epithelium	 (rpe)	 at	 the	 top.	 Asterisks	 in	 D	 and	 G	 indicate	
detachment	of	the	rpe	(not	shown)	from	the	neural	retina	during	tissue	processing.	
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Abbreviations:	nr,	neural	retina;	mes,	mesenchyme;	on,	optic	nerve;	gcl,	ganglion	cell	
layer;	inl,	inner	nuclear	layer;	onl,	outer	nuclear	layer.	Scale	bars	represent	100	μm	in	
A,F	and	B,C,D,E,G,H,I,J.	

At	E5,	PTN	is	strongly	expressed	in	the	optic	nerve	and	by	a	few	cells	that	line	

the	boundary	of	the	inner	retina,	prior	to	the	formation	of	the	retinal	ganglion	cells	

(Figure	 5.3F).	 The	 strong	 expression	 of	 PTN	 persists	 in	 the	 optic	 nerve	 during	

subsequent	stages	of	development,	and	it	is	still	detectable	at	E18	(data	not	shown).	

By	 E7,	 expression	 of	 PTN	 is	 observed	 throughout	 the	 neural	 retina,	 with	 strong	

staining	 persisting	 in	 the	 ganglion	 cell	 layer	 (GCL;	 Figure	 5.3G).	 By	 E10,	 PTN	 is	

localized	 to	 the	GCL	 and	 INL	 (Figure	 5.3H),	 and	 this	 pattern	 remains	 at	 E15	with	

diminished	staining	of	the	GCL	(Figure	5.3I).	By	E18,	PTN	is	not	detectable	in	the	GCL,	

although	the	staining	remains	in	the	INL	and	new	staining	is	observed	in	the	outer	

nuclear	layer	(ONL;	Figure	5.3J).		

In	the	mouse,	retina	development	occurs	between	E11	and	E18	(Turner	et	al.,	

1990).	We	 examined	 expression	 patterns	 of	Mdk	 and	Ptn	 between	E13.5-P12	 and	

found	that	by	E13.5,	Mdk	is	expressed	in	the	posterior	ocular	mesenchyme	and	the	

outer	neuroblastic	layer	of	the	neural	retina,	with	negligible	expression	in	the	optic	

nerve	 (Figure	 5.4A).	 By	 E16.5,	 expression	 of	 Mdk	 is	 maintained	 in	 the	 outer	

neuroblastic	layer	and	extends	at	low	levels	into	the	inner	neuroblastic	layer	(Figure	

5.4C).	At	P0,	Mdk	is	expressed	in	the	INL	(Figure	5.4D),	and	it	is	not	detected	in	the	

retina	by	P12	(Figure	5.4E).		
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Figure	5.4.	Expression	pattern	of	Mdk	and	Ptn	during	retinal	development	 in	
mouse.		
Transverse	 sections	 through	 E13.5,	 E14.5,	 E16.5,	 P0	 and	 P12	 eyes	 showing	 the	
spatiotemporal	expression	of	Mdk	(A-E)	and	Ptn	(F-J).	All	images	oriented	with	the	
retinal	pigmented	epithelium	(rpe)	at	the	top.	Abbreviations:	mes,	mesenchyme;	on,	
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optic	nerve;	onbl,	outer	neuroblastic	 layer;	 inbl,	 inner	neuroblastic	 layer;	 inl,	 inner	
nuclear	layer;	gcl,	ganglion	cell	layer.	Scale	bar	represents	100	μm.	

Similar	to	chick,	strong	expression	of	Ptn	is	observed	in	the	mouse	optic	nerve	

by	 E13.5	 (Figure	 5.4F).	 At	 this	 time,	Ptn	 is	 also	 expressed	 in	 the	 posterior	 ocular	

mesenchyme	 and	 neural	 retina.	 Between	 E14.5	 and	 E16.5,	 Ptn	 is	 expressed	

throughout	 the	 neural	 retina	 in	 salt-and-pepper	 pattern	 (Figure	 5.4G,	 H).	 At	 P0,	

expression	of	Ptn	appears	to	localize	in	the	INL	and	GCL	(Figure	5.4I),	and	it	is	not	

detected	in	the	retina	by	P12	(Figure	5.4J).		

5.2.3. MDK	and	PTN	receptors	in	the	chick	anterior	eye	and	retina	

To	 determine	 the	 potential	 receptors	 for	 MDK	 and	 PTN	 during	 ocular	

development,	we	chose	the	chick	eye	at	E7	because	both	MDK	and	PTN	are	expressed	

in	the	anterior	and	posterior	ocular	structures	at	this	time.	We	screened	for	receptor	

expression	by	RTPCR,	which	indicated	that	only	NOTCH2,	ITGβ1,	SDC1,	and	SDC3	were	

expressed	in	the	cornea,	whereas	all	receptors	including	LRP1,	RPTPZ,	and	ALK	were	

expressed	in	the	retina	(Figure	5.5L).	Analysis	by	in	situ	hybridization	confirmed	that	

NOTCH2	and	ITGβ1	are	robustly	expressed	in	the	cornea,	and	observed	that	they	are	

also	 expressed	 in	 the	 lens	 epithelium	 and	 presumptive	 iris	 (Figure	 5.5A,	 B).	 In	

addition,	 NOTCH2	 is	 expressed	 in	 the	 condensed	 mesenchyme	 (Figure	 5.5A,	

arrowheads)	and	in	the	mesenchyme	surrounding	the	ocular	blood	vessels.	ITGβ1	is	

also	expressed	in	the	lens	fiber	cells	(Figure	5.5B).	SDC1	is	strongly	expressed	in	the	

condensed	mesenchyme	(Figure	5.5C,	arrowheads),	and	at	lower	levels	in	the	corneal	
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stroma,	iris	stroma,	and	lens	epithelium	(Fig.	5C).	SDC3	is	sparsely	expressed	in	the	

cornea	and	iris	stroma	(Fig.	5D).		

	

Figure	 5.5.	 Expression	 of	 MDK	 and	 PTN	 receptors	 during	 chick	 ocular	
development.		
(A-D)	 Transverse	 sections	 through	 E7	 anterior	 eye	 showing	 the	 expression	 of	
NOTCH2,	 ITGβ1,	 SDC1,	 and	 SDC3.	 (E-K)	 Transverse	 sections	 through	 E7	 retina	
showing	 the	 expression	 of	 NOTCH2,	 ITGβ1,	 SDC1,	 SDC3,	 LRP1,	 RPTPZ,	 and	 ALK.	
Abbreviations:	ep,	corneal	epithelium;	st,	corneal	stroma;	en,	corneal	endothelium;	ir,	
iris;	 L,	 lens;	 rpe,	 retinal	 pigmented	 epithelium;	 gcl,	 ganglion	 cell	 layer;	 inl,	 inner	
nuclear	layer.	Scale	bar	represents	100	μm	in	A,B,C,D;	and	100μm	in	E,F,G,H,I,J,K.	

In	the	neural	retina,	NOTCH2	is	detected	in	the	progenitor	cells	located	in	the	

mid	and	peripheral	regions	(Figure	5.5E).	SDC3	is	strongly	expressed	in	the	GCL	and	

in	the	progenitor	cells	located	in	the	mid	and	peripheral	regions	of	the	retina	(Figure	

5.5H).	RPTPZ	 is	 expressed	 in	 the	progenitor	 cells	 located	 in	 the	mid	 region	of	 the	
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retina	and	sparsely	in	the	GCL	(Figure	5.5J).	The	remaining	receptors	ITGβ1,	SDC1,	

LRP1,	 and	ALK	 are	 diffusely	 expressed	 at	 low	 levels	 throughout	 the	 neural	 retina	

(Figure	5.5F,	5G,	5I,	5K).			

5.2.4. MDK,	PTN,	and	receptors	in	the	chick	TG	during	corneal	innervation	

Most	of	the	ocular	tissues	are	formed	by	E12	in	chick.	At	this	time,	MDK	and	

PTN	appear	to	be	exclusively	expressed	in	the	epithelial	and	mesenchymal	tissues,	

respectively	(Figure	5.6A	and	6B).	MDK	is	localized	to	epithelial	layers	of	the	eyelids,	

nictitating	membrane,	and	cornea	(Figure	5.6A,	arrowheads).	It	is	also	detected	in	the	

mesenchyme	surrounding	the	blood	vessels	in	the	iris	and	adjacent	to	the	trabecular	

meshwork,	and	in	the	ciliary	body	and	ciliary	muscle	(Figure	5.6A).	PTN	is	expressed	

in	the	mesenchyme	of	the	eyelid	and	nictitating	membrane,	and	at	low	levels	in	the	

mesenchyme	adjacent	to	the	iridocorneal	angle,	in	the	iris	stroma,	and	in	the	ciliary	

body	(Figure	5.6B).		
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Figure	5.6.	Expression	pattern	of	MDK	and	PTN	in	the	anterior	eye	of	E12	chick	
and	receptor	expression	in	the	trigeminal	ganglion.		
Transverse	sections	through	E12	anterior	eye	showing	the	expression	of	(A)	MDK	in	
mostly	epithelial	tissues	(arrowheads)	and	(B)	PTN	in	mesenchymal	tissues.	Cross-
sections	through	E12	trigeminal	ganglion	showing	the	expression	of	ITGβ1	(C,	C’)	and	
RPTPZ	(D,	D’),	and	MDK	(E,	E’)	and	PTN	(F,	F’).	Asterisk	in	A	indicates	ocular	blood	
vessel..Abbreviations:	nm,	nictitating	membrane;	 ir,	 iris;	cb,	ciliary	body;	 ica,	 irido-
corneal	 angle;	 L,	 lens;	 opV,	 ophthalmic	 branch	 of	 the	 trigeminal	 ganglion;	 mmV,	
maxillomandibular	branch	of	the	trigeminal	ganglion.	Scale	bars	represent	250μm	in	
A,B;	250μm	in	C,D,E,F;	and	100μm	in	C’,D’,E’,F’.	

Given	 that	 both	 MDK	 and	 PTN	 are	 involved	 in	 promoting	 neurite	 outgrowth	

(Michikawa	et	al.,	1993;	Nakanishi	et	al.,	1997;	Raulo	et	al.,	1994)	and	 that	ocular	
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tissues	 are	 highly	 innervated	 by	 trigeminal	 sensory	 nerves	 at	 this	 time	 (Lwigale,	

2001;	Lwigale	and	Bronner-Fraser,	2007),	we	analyzed	the	expression	of	MDK	and	

PTN	receptors	 in	the	trigeminal	ganglion.	 Initial	analysis	by	RT-PCR	indicated	that	

only	ITGβ1	and	RPTPZ	are	expressed	in	the	trigeminal	ganglion	(Figure	5.6C).	This	

was	 confirmed	 by	 in	 situ	 hybridization,	which	 revealed	 robust	 expression	 of	 both	

ITGβ1	and	RPTPZ	by	the	small	support	cells,	but	not	the	cell	bodies	of	the	larger	neural	

crest-derived	sensory	neurons	(Lwigale	et	al.,	2004)	(Figure	5.6D,	6D’	and	6E,	6E’).	

To	determine	whether	the	receptors	were	directly	involved	in	cellular	interactions	

within	 the	 trigeminal	ganglion,	we	examined	 the	expression	of	MDK	 and	PTN.	Our	

results	 indicate	 that	 MDK	 is	 expressed	 at	 low	 levels	 in	 the	 trigeminal	 ganglion	

compared	 to	 PTN	 (Figure	 5.6F	 and	 6G).	 Nonetheless,	 both	 MDK	 and	 PTN	 are	

expressed	 by	 sensory	 neurons	 located	 in	 the	 proximal	 region	 of	 the	 trigeminal	

ganglion	 (Figure	 5.6E’	 and	 6F’).	 Combined,	 these	 expression	 patterns	 indicate	

potential	MDK/PTN	signaling	between	the	neurons	and	support	cells	via	ITGβ1	and	

RPTPZ	receptors.		

5.2.5. Implicated	functions	

The	 cellular	 and	 molecular	 mechanisms	 regulating	 the	 morphogenesis	 of	

ocular	tissues	are	not	well	known.	In	the	present	study,	we	analyzed	the	expression	

of	MDK	and	PTN	during	ocular	development	in	chick	and	mouse.	Our	results	reveal	

that	MDK	and	PTN	are	differentially	expressed	during	ocular	development	and	only	

overlap	in	a	few	areas.	Comparison	between	chick	and	mouse	also	show	differences	
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in	 the	 expression	patterns	of	MDK	 and	PTN.	Despite	 the	differences	 in	 expression	

patterns,	 our	 results	 indicate	 potential	 roles	 for	 MDK	 and	 PTN	 in	 epithelial-

mesenchymal	 interactions,	 cell	 migration	 and	 differentiation,	 and	 during	

neurogenesis.		

Our	 results	 show	 that	 MDK	 is	 ubiquitously	 expressed	 shortly	 after	 the	

formation	of	the	rudimentary	eye	in	both	chick	and	mouse.	Given	that	MDK	is	induced	

by	retinoic	acid	(RA)	signaling	(Kadomatsu	et	al.,	1988),	it	is	likely	that	its	expression	

mirrors	 the	 relatively	high	 levels	of	RA	signaling	during	early	ocular	development	

(Duester,	 2009;	 Matt	 et	 al.,	 2005;	 Mic	 et	 al.,	 2004;	 Molotkov	 et	 al.,	 2006).	 In	 the	

anterior	 eye,	 expression	 of	MDK	 becomes	 localized	 to	 the	 corneal	 epithelium	 and	

endothelium	and	to	the	mesenchyme	of	the	presumptive	iris	in	chick,	whereas	in	the	

mouse,	Mdk	is	downregulated	in	most	of	the	anterior	eye	except	for	the	presumptive	

iris.	 Conserved	 expression	 of	 MDK	 in	 the	 presumptive	 iris	 coupled	 with	 the	

colocalization	with	NOTCH2,	ITGβ1,	and	SDC1	suggests	 its	potential	 function	 in	 iris	

development	that	may	involve	cell	adhesion	between	the	stroma	and	optic	cup.	MDK	

and	NOTCH2	are	expressed	in	the	mesenchyme	surrounding	the	ocular	blood	vessels	

in	chick,	suggesting	a	potential	role	during	ocular	vasculogenesis.	Strong	expression	

of	MDK	in	the	corneal	epithelium	and	endothelium	may	be	a	result	of	high	RA	levels	

during	ocular	development.	MDK	may	also	play	a	role	 in	cell	adhesion	of	the	chick	

corneal	epithelium	and	endothelium	via	NOTCH2	and	ITGβ1.		
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Contrary	to	MDK,	PTN	 is	not	detectable	in	the	rudimentary	eye	of	the	chick,	

and	it	is	expressed	at	low	levels	in	the	mouse	optic	cup.	Previously	it	was	shown	that	

PTN	 is	 involved	 in	 recruitment	of	 precursor	 cells	 during	osteogenesis	 (Imai	 et	 al.,	

1998).	Thus,	the	upregulation	of	PTN	during	chick	corneal	development	suggests	its	

potential	role	in	recruiting	periocular	neural	crest	cells	into	the	cornea.	In	the	mouse	

Ptn	 is	 not	 expressed	 during	 corneal	 development,	 but	 it	 is	 upregulated	 in	 the	

mesenchyme	of	the	presumptive	iris	similar	to	Mdk	expression.	Overlap	between	Mdk	

and	Ptn	during	iris	development	in	the	mouse	suggest	that	they	play	a	similar	role	in	

promoting	cell	adhesion	by	signaling	through	NOTCH2,	ITGβ1,	or	SDC1	receptors.	We	

also	 show	 that	 in	 chick	 PTN	 is	 expressed	 in	 the	 condensed	 mesenchyme	 at	 the	

boundary	between	the	presumptive	drainage	angle	and	trabecular	meshwork,	where	

NOTCH2	 and	SDC1	 are	also	expressed,	 suggesting	 that	potential	 signaling	between	

PTN	 and	 these	 two	 receptors	may	 be	 involved	 in	 promoting	 condensation	 of	 the	

periocular	mesenchyme	in	this	region.		

Our	results	also	show	differential	expression	of	MDK	and	PTN	in	the	posterior	

eye	and	neural	 retina.	The	most	striking	difference	 is	observed	 in	 the	optic	nerve,	

where	PTN	 is	 strongly	 expressed	whereas	MDK	 is	 expressed	 at	 low	 levels	 in	both	

chick	 and	mouse,	 suggesting	 that	 PTN	plays	 an	 important	 role	 during	 optic	 nerve	

development,	and	that	it	may	also	be	involved	in	guiding	axons	from	the	RGC	to	the	

central	nervous	system.	In	the	chick	both	MDK	and	PTN	are	ubiquitously	expressed	

in	the	neural	retina	at	E7,	and	they	are	both	restricted	to	the	INL	at	subsequent	stages	

of	development.	PTN	is	also	transiently	expressed	in	the	GCL	and	it	localizes	to	the	
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ONL	at	E18.	The	 spatiotemporal	 expression	of	PTN	 suggests	 its	 potential	 function	

during	neurogenesis	 in	 the	various	 layers	of	 the	chick	neural	retina.	 In	the	mouse,	

Mdk	 is	localized	in	the	outer	neuroblastic	layer	and	Ptn	 is	maintained	at	low	levels	

throughout	the	neural	retina.	These	expression	patterns	suggest	that	both	MDK	and	

PTN	 play	 important	 roles	 during	 chick	 retinal	 development,	 whereas	MDK	 is	 the	

dominant	player	in	the	mouse.		

Our	data	also	show	that	the	receptors	SDC3	and	RPTPZ	are	expressed	in	the	

chick	GCL	and	INL.	In	the	mouse	both	SDC3	and	RPTPZ	and	is	expressed	in	the	GCL	

and	outer	neuroblastic	layer	(Inatani	et	al.,	2002;	Klausmeyer	et	al.,	2007).	SDC3	 is	

expressed	in	the	developing	central	nervous	system	and	it	 is	 involved	in	MDK	and	

PTN	 signaling	 that	 induce	 neurite	 outgrowth	 (Raulo	 et	 al.,	 1994;	 Nakanishi	 et	 al.,	

1997).	RPTPZ	is	expressed	in	the	central	nervous	system	(Canoll	et	al.,	1993;	Shintani	

et	al.,	1998)	and	it	 is	also	involved	in	neuron	and	osteoblast	cell	migration	(Maeda	

and	Noda,	1998;	Qi	et	al.,	2001).	Based	on	the	expression	patterns,	it	is	likely	that	both	

MDK	and	PTN	play	 important	roles	 in	neurogenesis,	neural	migration,	and	neurite	

outgrowth	during	chick	retinal	development.	MDK	is	dominant	in	the	mouse,	where	

it	may	play	a	role	in	cell	proliferation	or	maintenance	of	the	progenitor	cells	in	the	

neuroblastic	layer.	Although	the	role	of	MDK	and	PTN	during	avian	and	mammalian	

ocular	 development	 is	 yet	 to	 be	 determined,	 functional	 studies	 in	 the	 zebrafish	

indicate	 that	 a	 paralogue	 of	MDK,	mdka,	 is	 expressed	 in	 retinal	 progenitor	 cells	

(Calinescu	et	al.,	2009).	Knockout	of	mdka	attenuates	cell	cycle	kinetics,	which	results	



	
91	

	

in	few	progenitors	whereas	its	overexpression	accelerates	the	cell	cycle	and	increases	

their	number	(Luo	et	al.,	2012).	

Our	analysis	of	MDK	and	PTN	expression	in	the	chick	anterior	eye	at	E12	show	

that	 they	 are	 expressed	 in	 non-overlapping	 patterns	 in	 non-neural	 tissues,	where	

they	 could	 be	 involved	 in	 epithelial-mesenchymal	 interactions	 or	 cell	 adhesion.	

Anterior	ocular	tissues	are	highly	innervated	by	trigeminal	sensory	nerves	(Lwigale,	

2001;	Lwigale	and	Bronner-Fraser,	2007).	Although	MDK	and	PTN	have	been	shown	

to	have	neurotrophic	properties	in	cultured	sensory	neurons	and	to	stimulate	neurite	

outgrowth	(Michikawa	et	al.,	1993;	Raulo	et	al.,	1994;	Nakanishi	et	al.,	1997),	 it	 is	

unlikely	that	they	play	these	roles	during	sensory	innervation	of	the	anterior	ocular	

tissues.	We	show	that	ITGβ1	and	RPTPZ,	the	only	receptors	present	in	the	trigeminal	

ganglion,	are	not	expressed	by	the	neurons,	but	label	the	support	cells.	Our	results	

also	 show	 that	MDK	 and	 PTN	 are	 expressed	 by	 the	 neural	 crest-derived	 neurons	

located	in	the	proximal	region	of	the	trigeminal	ganglion	(Johnston,	1966;	Lwigale,	

2001),	suggesting	that	MDK	and	PTN	signal	to	the	support	cells	through	ITGβ1	and	

RPTPZ,	and	may	play	a	role	in	their	maintenance	and	adherence	to	the	neurons	for	

proper	 myelination.	 Previous	 studies	 have	 shown	 that	 RPTPZ	 is	 expressed	 by	

astrocyte	 progenitors	 in	 the	 central	 nervous	 system	 and	 by	 oligodendrocytes	 and	

Schwann	cells	(Ivanova	et	al,	2004;	Canoll	et	al.,	1996;	Shintani	et	al.,	1998).	Knockout	

mice	without	Rptpz	 exhibit	 delayed	 response	 to	 nociception,	 but	 it	 was	 not	 clear	

whether	this	defect	was	caused	by	 inadequate	myelination	of	 the	sensory	neurons	

(Lafont	et	al.,	2009).		
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In	 conclusion,	 our	 study	 reveals	 the	 spatiotemporal	 expression	 patterns	 of	

MDK,	PTN,	and	their	receptors	during	ocular	development.	Despite	the	differences	in	

expression	patterns	observed	between	chick	and	mouse,	our	results	suggest	potential	

roles	 for	 MDK	 and	 PTN	 in	 both	 neuronal	 and	 non-neuronal	 processes	 of	 ocular	

development.		
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Chapter 6 

Organ culture of the anterior eye for 
studying embryonic corneal wound 

healing 

6.1. Introduction	

6.1.1. Functions	of	the	corneal	epithelium	

The	 corneal	 epithelium	acts	 as	 the	barrier	 layer	of	 the	 cornea	between	 the	

inner	anterior	eye	and	the	environment.	The	densely	innervated	corneal	epithelium	

can	sense	environmental	debris	and	trigger	the	blink	reflex	to	clear	away	the	irritant,	

thereby	protecting	the	rest	of	the	eye.	In	mice,	the	corneal	epithelium	is	4-5	cells	thick	

after	eyelid	opening,	and	6-7	cells	thick	in	adults	(Zieske,	2004).	The	basal	layer	cells	

of	 the	 corneal	 epithelium	 continuously	 undergo	 cell	 division.	 As	 the	 basal	 cells	

proliferate,	 newer	 cells	 are	 pushed	 to	 the	 apical	 side	 and	 become	wing	 cells	 and	
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surface	squamous	cells	(Auran	et	al.,	1995;	Buck,	1985).	The	apical	most	surface	cells	

are	overlaid	with	a	tear	film	layer	and	are	in	contact	with	the	environment.	Corneal	

epithelial	cells	are	continuously	being	sloughed	off	and	renewed,	and	the	dynamic	

homeostasis	of	the	epithelial	cells	is	necessary	for	its	proper	function.	

6.1.2. Wound	healing	of	the	corneal	epithelium	

Ocular	 surface	 injury	 can	 result	 from	 impact,	 debris,	 or	 chemical	 agents	

entering	the	eye.	In	a	healthy	individual,	minor	injuries	which	do	not	penetrate	the	

corneal	epithelial	basement	membrane	can	heal	in	a	matter	of	days	(Pfister,	1975).	If	

parts	 of	 the	 corneal	 epithelium	 remain	 uninjured,	 cells	 peripheral	 to	 the	 wound	

undergo	rapid	cell	migration	to	cover	the	wound	site,	while	basal	cells	proliferate	to	

regenerate	the	full	thickness	of	the	epithelium	and	remodel	the	underlying	basement	

membrane.	However,	if	the	wounding	is	more	extensive	(for	example,	in	the	case	of	

full	 epithelial	 debridement),	 stem	 cells	 in	 the	 limbal	 region	 will	 undergo	 rapid	

proliferation	to	replenish	the	cell	population	and	migrate	into	the	wounded	region	

(Buck,	1985;	Huang	and	Tseng,	1991).	Many	growth	factors	and	neuropeptides	are	

secreted	from	the	wound	site	to	facilitate	this	wound	healing	process	(discussed	in	

Section	1.5.2).	Absence	of	the	limbal	stem	cells	can	result	in	major	corneal	epithelial	

wound	 healing	 defects	 and	 corneal	 neovascularization	 (Huang	 and	 Tseng,	 1991).	

More	extensive	injury	to	the	cornea,	especially	those	which	penetrate	the	epithelial	

membrane,	 can	 leave	 the	 cornea	 and	 anterior	 eye	 vulnerable	 to	 infections.	 The	

infected	corneas	are	highly	susceptible	to	fibrotic	wound	healing,	corneal	scarring,	
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and	corneal	neovascularization,	which	may	lead	to	blindness	(Fini,	1999;	reviewed	

by	Friedlander,	2007).		

6.1.3. Comparisons	of	embryonic	and	adult	wound	healing	

Studies	 on	 embryonic	 wound	 healing	 has	 revealed	 that	 many	 embryonic	

tissues	heal	scar	free	(Colwell	et	al.,	2005).	Understanding	scar-free	mechanisms	of	

wound	healing	is	particularly	important	for	corneal	wounds,	as	a	major	part	of	the	

cornea’s	function	is	dependent	on	its	transparency.	A	previous	study	in	the	lab	has	

shown	that	the	embryonic	cornea	may	have	a	different	mechanism	of	wound	healing	

than	 adult	 corneas	 (Spurlin	 and	 Lwigale,	 2013)	 resulting	 in	 nonfibrotic	 wound	

healing	 and	 minimal	 loss	 of	 vision.	 Therefore,	 it	 is	 important	 to	 study	 corneal	

embryonic	wound	healing	 to	understand	 the	 cell	 signaling	 involved	 in	nonfibrotic	

wound	healing.	

6.1.4. Downfalls	of	cell	culture	assays	for	studying	wound	healing	

Previous	 methods	 of	 studying	 mechanisms	 of	 wound	 healing	 have	 been	

performed	 in	 culture	 using	 cell	 culture	migration	 and	 proliferation	 assays	 (Kratz,	

1998;	 Rodriguez	 et	 al.,	 2005).	 However,	 cell	 culture	 assays	 remove	 the	 naturally	

occurring	 substrate	 on	 which	 the	 cells	 perform	 these	 functions.	 In	 addition,	

dissociation	 of	 cells	 for	 culture	 eliminates	 the	 cell	 contacts	 present	 in	 the	 tissues	

surrounding	 the	 wound.	 During	 corneal	 wound	 healing,	 corneal	 epithelial	 cells	

migrate	 on	 the	 epithelial	 basement	 membrane	 and/or	 over	 the	 exposed	 corneal	
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stroma,	which	are	both	important	sources	of	cell	signals.	By	removing	the	epithelial	

cells,	dissociating	them,	and	placing	them	on	artificial	substrate,	the	current	culture	

models	 to	 study	 wound	 healing	 disregard	much	 of	 the	 natural	 context	 of	 wound	

healing.	 A	 wound	 healing	 model	 which	 maintains	 a	 more	 native	 wounded	

environment	 is	 necessary	 for	 better	 understanding	 of	 in	 vivo	 wound	 healing	

mechanisms.	

6.1.5. Debridement	models	for	studying	corneal	epithelial	wound	healing	in	

adult	animals	

The	corneal	debridement	method	for	wounding	corneal	epithelium	has	been	

well	 described	 and	 is	 frequently	 utilized	 method	 of	 corneal	 wounding	 for	

experimental	purposes	(Chen	and	Tseng,	1991;	Dua	et	al.,	1994;	Stepp	and	Zhu,	1997;	

Zieske	et	al.,	2001).	Typically,	an	area	of	the	cornea	is	marked	with	a	trephine,	and	the	

marked	region	is	either	mechanically	or	chemically	debrided.	The	debrided	anterior	

eyes	can	then	be	cultured	and	analyzed	for	wound	healing	mechanisms.		

6.2. Rationale	

Previous	studies	using	corneal	debridement	to	study	corneal	wound	healing	

have	only	been	performed	in	adult	or	postnatal	animals.	Although	it	has	been	shown	

that	many	 embryonic	 tissues	 can	 heal	 nonfibrotically	 and	 is	 a	 valuable	model	 for	

understanding	scar-free	regeneration,	there	is	a	current	deficit	in	protocols	to	study	

embryonic	corneal	wound	healing.	In	addition,	currently	available	in	ovo	methods	to	
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study	wound	healing	in	embryos	only	allow	for	manipulation	of	the	embryo	in	a	very	

narrow	 time	 frame.	 For	 example,	 the	 in	 ovo	 embryonic	 manipulation	 method	

previously	presented	by	another	member	of	the	lab	only	allows	for	the	access	of	the	

chick	 embryo	 at	 E7	 in	 the	 one	day	 following	 the	 full	 establishment	 of	 the	 corneal	

layers.	 After	 this	 time	point,	 the	 vascularized	 amniotic	membranes	 grow	over	 the	

embryo,	even	with	the	previous	dissection	of	these	membranes.	The	current	in	vivo	

methods	of	studying	wound	healing	lack	the	flexibility	of	using	other	time	points	nor	

do	they	allow	for	the	addition	of	external	reagents.	Therefore,	I	propose	to	adapt	the	

current	experimental	methods	into	a	new	protocol	for	performing	ex	vivo	analysis	of	

corneal	 wound	 healing	 in	 embryos	 which	 allows	 for	 the	 study	 of	 wound	 healing	

processes	throughout	embryonic	development.	

6.3. Embryonic	corneal	debridement	protocol	

6.3.1. Materials	and	reagents	

The	 following	 items	 are	 required	 for	 corneal	 debridement	 and	 subsequent	

culture:	 staged	 chick	 embryo	 (E7-E19);	 100mm	dissection	 dish;	 60mm	dissection	

dish;	forceps;	dissection	scissors;	Ringer’s	solution	with	1%	penicillin/streptomycin;	

200µl	pipette	tip	with	tip	slightly	sanded	(used	in	place	of	a	trephine);	drill	and	US	¼	

HP	 drill	 tip	 (Fine	 Science	 Tools);	 12	 well	 tissue	 culture	 plate;	 DMEM+1%	

penicillin/streptomycin.	
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6.3.2. Animal	handling	and	initial	dissections	

Sacrifice	the	animal	at	the	appropriate	stage	and	collect	the	head	in	the	100mm	

dissection	dish	in	Ringer’s	solution.	Keep	the	eye	in	the	head	until	after	trephination	

is	completed.	The	intraocular	pressure	will	help	maintain	the	shape	of	the	cornea	and	

prevent	damage	into	underlying	tissues.	Remove	eyelids	and	nictitating	membranes.	

6.3.3. Trephination	

Take	the	200µl	pipette	tip	and	align	it	with	the	surface	of	the	cornea.	Place	the	

tip	of	the	pipette	at	the	center	of	the	cornea,	and	give	the	tip	a	180	degree	twist.	Do	

not	move	 the	pipette	 tip	on	 the	cornea	until	 the	 twist	 is	 completed.	Pull	away	 the	

pipette	tip.	There	should	be	a	circular	mark	on	the	surface	of	the	cornea.	If	the	tip	is	

moved	 while	 being	 twisted,	 it	 will	 form	 a	 secondary	 mark,	 and	 the	 subsequent	

debridement	area	will	be	not	uniform.	

6.3.4. Further	dissection	of	ocular	tissues	

Using	the	dissection	scissors,	cut	out	the	anterior	1/2	to	1/3	of	the	eye	in	a	

circle.	Make	sure	that	the	cut	is	very	even.	If	one	side	of	the	eye	is	cut	further	than	the	

other,	the	eye	will	warp	during	incubation,	and	the	cornea	will	be	folded.	Having	an	

even	amount	of	tissue	around	the	cornea	will	help	maintain	the	shape	during	culture.	

Transfer	 the	 cut	 anterior	 eye	 into	 a	 60mm	 tissue	 culture	 dish	with	 fresh	Ringer’s	

solution.	Dissect	away	the	vitreous	humor,	neural	and	pigmented	retina,	iris,	and	lens.	

Leave	only	the	sclera,	limbus,	and	cornea.		
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6.3.5. Debridement	

Perform	the	debridement	in	a	separate	tissue	culture	dish	to	prevent	the	drill	

from	 causing	 damage	 to	 other	 samples.	 Using	 the	 smallest	 drill	 bit,	 debride	 the	

corneal	 epithelial	 cells	 within	 the	marked	 region	 of	 the	 cornea.	 Turn	 on	 the	 drill	

before	approaching	the	corneal	epithelium.	Do	not	press	hard;	the	cells	should	easily	

come	off.	Stromal	wounds	can	be	observed	as	a	change	in	opacity	in	the	region	of	the	

cornea.		

6.3.6. Anterior	eye	culture	

Culture	the	anterior	eyes	with	epithelial	side	up	in	12-well	plates	in	DMEM	+	

1%	P/S	at	37C	with	5%	CO2.	Eyes	can	be	cultured	3	to	a	well,	or	1	to	a	well	for	wound	

healing	tracking	purposes.	Replace	the	media	every	24	hours.	Reagents	can	be	added	

to	the	media	at	tissue	culture	concentrations	to	test	for	effects	on	wound	healing.	

6.3.7. Potential	points	of	adaptations	in	the	protocol	

Multiple	points	of	this	protocol	can	be	adapted.	Embryos	between	E7	and	E19	

can	be	used,	allowing	for	the	study	of	a	wide	range	of	embryonically	expressed	genes	

in	various	developmental	contexts.	The	wounding	method	by	the	drill	can	be	altered	

to	study	both	epithelial	and	stromal	wound	healing.	The	trephine	size	can	be	adapted	

to	create	smaller	or	larger	wounds.	Various	proteins	or	small	molecule	inhibitors	can	

be	added	to	the	media	to	test	for	their	effects	on	the	wound	healing	process.	
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6.4. Possible	Analyses	

This	ex	vivo	corneal	wound	healing	protocol	can	be	performed	in	conjunction	

with	various	assays	to	study	mechanisms	of	wound	healing	and	adapted	for	specific	

experiments.	Some	examples	of	possible	analyses	are	discussed	below.	

6.4.1. Visualizing	the	wound	

Vital	stains	such	as	Richardson’s	stain	(1%	methylene	blue,	1%	azure	II,	1%	

borax	 in	 ddH2O)	 can	 be	 used	 to	 visualize	wound	 closure.	 Because	 vital	 stains	 are	

excluded	by	living	cells,	open	wounds	can	be	observed	as	a	dark	blue	stain	when	using	

Richardson’s	staining,	and	a	 fully	closed	wound	will	manifest	as	no	staining	 in	 the	

wounded	region	(Figure	6.1).	Individual	anterior	eyes	can	also	be	tracked	for	wound	

healing	without	the	use	of	Richardson’s	stain.	Individual	eyes	can	be	transferred	into	

Ringer’s	solution	+	1%	P/S	and	imaged	under	high	contrast	imaging	conditions.	The	

wound	edge	can	be	observed	as	a	 thin	 light	colored	 line.	The	same	sample	can	be	

placed	 back	 in	 the	 culture	 media	 and	 reimaged	 at	 later	 time	 points.	 By	 using	

consistent	imaging	conditions,	the	wound	size	of	individual	eyes	can	be	tracked	over	

the	duration	of	the	wound	healing	process.	
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Figure	6.1.	Corneal	epithelial	wound	healing	in	embryonic	anterior	eye	culture.		
A)	Representative	 images	of	E19	 corneas	at	0hr,	12hrs,	 and	24hrs	post	wounding	
stained	with	Richardson’s	staining.	Scale	bar:	100µm.	B)	Wound	healing	rate	of	E19	
corneas	over	time.	n=12.	

To	further	examine	cell	movement	into	the	wound,	phalloidin	staining	can	be	

used	to	visualize	F-actin	in	the	cells	at	the	wound	edge.	High	magnification	images	of	

the	wound	edge	can	be	taken	to	study	differences	in	cell	morphology	and	movement	

into	 the	 wound	 with	 varying	 treatments.	 Phalloidin	 staining	 allows	 for	 the	

visualization	of	cell	shapes,	and	can	give	insight	to	cell	behavior	of	the	cells	proximal	

and	distal	to	the	wound	(Figure	6.2).	
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Figure	6.2.	Cell	migration	assay	during	corneal	debridement	wound	healing.		
Phalloidin	staining	of	cultured	E12	corneal	wounds	to	visualize	F-actin	during	wound	
healing.	 Left:	 peripheral	 corneal	 epithelium	 12hrs	 post	wounding.	Middle:	wound	
edge	(yellow	dotted	line)	12hrs	post	wounding.	Right:	24hrs	post	wounding.	Scale	bar	
100µm.	

6.4.2. Measuring	wound	healing	rate	

Wound	 healing	 closure	 rate	 can	 be	 measured	 using	 light	 microscopy.	 To	

determine	the	wound	healing	rate	 in	E12	and	E19	corneas,	 the	corneal	epithelium	

was	debrided	as	previously	described.	At	time	0/2/4/6/8/12/24	hours,	the	corneas	

were	transferred	to	Ringer’s	solution,	imaged	with	a	light	microscope,	then	returned	

to	culture.	Wound	sizes	were	measured	using	 ImageJ	and	wound	healing	rate	was	

calculated	 for	 each	 cornea	 (Figure	 6.1B).	 Two	 stages	 of	 wound	 healing	 were	

identified:	an	initial	phase	of	rapid	wound	closure	during	the	first	12	hours,	followed	

by	 a	 slower	 phase	 during	 the	 following	 12	 hours.	 By	 24	 hours,	 most	 epithelial	

wounded	corneas	are	fully	healed.	
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6.4.3. Analysis	of	candidate	wound	healing	genes	

The	 function	 of	 candidate	wound	 healing	 genes	 can	 be	 assessed	 using	 this	

wound	 healing	 protocol.	 Samples	 can	 be	 collected	 during	 different	 time	 points	 of	

wound	healing	and	the	expression	of	candidate	genes	can	be	assessed	by	RT-PCR	or	

in	situ	hybridization.	RT-PCR	of	specific	tissues,	such	as	the	corneal	epithelium,	can	

also	be	performed	by	digesting	 the	corneal	basement	membrane	with	dispase	and	

separating	the	corneal	epithelium	from	the	underlying	stroma.	The	incubation	time	

for	 the	dispase	 treatment	 is	dependent	on	 the	age	of	 the	embryo;	 for	example,	E7	

chick	corneas	can	be	dispase	treated	for	5	minutes	at	37C,	while	E19	chick	corneas	

require	30-35	minutes	in	dispase	for	the	full	digestion	of	the	corneal	epithelium.	

Cultured	anterior	eyes	can	also	be	used	for	analysis	of	wound	healing	genes	at	

different	time	points	following	injury	using	in	situ	hybridization.	The	combination	of	

the	 controlled	 wounding	 method	 with	 the	 spatial	 resolution	 provided	 by	 in	 situ	

hybridization	 can	 give	 valuable	 insight	 to	 how	 various	 wound	 healing	 genes	

contribute	to	the	embryonic	wound	healing	process.	For	example,	TGFb1	and	TGFb3	

have	been	previously	 implicated	 in	wound	healing	(Kosla	et	al.,	2013;	reviewed	 in	

Penn	et	al.,	2012).	TGFb1	is	required	for	the	rapid	migration	of	epithelial	cells	into	a	

wound	site,	and	immunodeficient	mice	with	disrupted	TGFb1	signaling	have	delayed	

wound	healing	(Crowe	et	al.,	2000).	TGFb3	is	involved	in	scar-free	wound	healing	and	

is	 required	 for	 wound	 closure	 in	 excision	 wounds	 (Le	 et	 al.,	 2012).	 Previous	

experiments	 in	 the	 lab	 have	 demonstrated	 that	 during	 stromal	 wound	 healing	 in	
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chick,	TGFb1	is	elevated	at	5	days	post	wound	(dpw)	in	the	corneal	epithelium,	and	

TGFb3	 is	 elevated	 between	 16	 hours	 post	 wound	 (hpw)	 to	 5dpw	 in	 the	 corneal	

epithelium	 (Spurlin,	 2016).	 Using	 this	 culture	method	 in	 conjunction	 with	 in	 situ	

hybridization,	TGFb1	and	TGFb3	are	observed	in	the	basal	corneal	epithelium	at	the	

wound	 site	 at	 12hpw,	 while	 no	 staining	 is	 observed	 in	 the	 unwounded	 cultured	

control	(Figure	6.3).		

	

Figure	6.3.	Expression	of	TGFb1/3	in	12hr	post-wound	debrided	corneas.		
In	situ	hybridization	of	TGFb1	and	TGFb3	in	E19	unwounded	and	wounded	corneas.	
Unhealed	wounded	regions	in	red	brackets.	ep:	epithelium;	st:	stroma.	

6.5. Discussion	and	Conclusion	

The	 embryonic	 cornea	 provides	 a	 valuable	 context	 for	 studying	

mechanisms	of	nonfibrotic	wound	healing.	Thus	far,	wound	healing	models	have	

required	use	of	postnatal	animals	or	cell	culture	methods	which	do	not	adequately	
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recapitulate	in	vivo	conditions.	Embryonic	corneal	wound	can	be	studied	in	ovo;	

however,	 current	 methods	 require	 difficult	 manipulation	 of	 delicate	 amniotic	

membranes,	 are	 low	 throughput,	 and	 do	 not	 allow	 for	 effective	 application	 of	

biological	 reagents.	 In	addition,	 the	 current	methods	only	allow	 for	one	day	of	

access	to	the	embryo	following	the	formation	of	the	corneal	layers,	as	the	vascular	

membranes	 cover	 the	 embryo	 starting	 at	 E8,	 even	when	 the	membranes	 have	

been	dissected.		

Here	 I	 present	 an	 alternative	 ex	 vivo	 method	 for	 studying	 embryonic	

corneal	wound	healing	through	organ	culture	of	the	anterior	eye	and	debridement	

of	 the	corneal	epithelium.	There	are	a	 few	downfalls	of	 this	protocol.	First,	 the	

dissection	of	the	anterior	eye	removes	signals	from	the	nictitating	membrane	and	

eyelid,	as	well	as	systemic	 immune	responses.	 In	addition,	trigeminal	nerves	of	

the	 cornea	 undergo	Wallerian	 degeneration	 in	 the	 first	 24-48	 hours	 following	

injury,	and	therefore	the	behaviors	of	the	cut	nerves	in	the	organ	culture	do	not	

accurately	reflect	physiological	functions	(reviewed	in	Gaudet	et	al.,	2011).		

Nevertheless,	 this	 method	 has	 several	 advantages	 over	 previously	

described	methods,	including	reproducibility,	conservation	of	in	vivo	signals	from	

the	corneal	stroma	and	basement	membranes,	ease	of	manipulation	of	the	tissue,	

and	 adaptability	 for	 applications	 of	 various	 reagents	 including	 small	molecule	

inhibitors	and	proteins	to	the	culture	media.	Furthermore,	 this	protocol	can	be	

used	 in	 conjunction	 of	 various	 assays	 for	 cell	 migration	 and	 gene	 expression,	
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making	it	an	adaptable	and	powerful	tool	for	studying	mechanisms	of	nonfibrotic	

wound	healing.	
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Chapter 7 

Conclusions and Future Directions 

The	development	of	the	eye	requires	carefully	regulated	and	highly	intricate	

signaling	 networks	 for	 the	 proper	 formation	 of	 its	 various	 structures.	 The	 results	

presented	 in	 this	 thesis	 offers	 some	 new	 understanding	 of	 the	 signaling	 involved	

during	corneal	and	retinal	formation,	as	well	as	signaling	involved	in	the	patterning	

of	the	periocular	neurovasculature.	The	expression,	function,	and	regulation	of	these	

signaling	pathways	will	provide	valuable	insight	to	produce	better	treatments	for	not	

only	ocular	diseases,	but	also	for	the	better	engineering	of	artificial	corneas	and	more	

effective	 therapeutics	 for	 neurovascular	 diseases.	 However,	 our	 current	

understanding	of	ocular	development	is	still	incomplete.		

Although	we	demonstrated	that	the	CXCL12-CXCR4	signaling	axis	is	required	

for	 the	 proper	 formation	 of	 the	 early	 TG	 as	 well	 as	 the	 proper	 patterning	 of	 the	

periocular	 vasculature,	 our	 investigations	 only	 examined	 these	 functions	 using	

CXCL12	knockdown	in	avian	models	and	Cxcr4	knockout	mice.	While	our	retroviral	

construct	proved	to	be	effective	at	knocking	down	CXCL12	in	vivo,	ideally	we	would	
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also	 investigate	 this	 signaling	axis	by	disrupting	 the	CXCR4	 receptor	expression	 to	

further	 confirm	 that	 it	 is	 indeed	 the	 CXCL12-CXCR4	 signaling	 axis	 which	 is	

responsible	 for	 these	 functions.	A	more	effective	method	would	be	 to	use	CRISPR-

Cas9	to	knockdown	both	CXCL12	and	CXCR4	in	our	avian	models	to	study	the	effects	

of	either	the	full	knockout	or	tissue-specific	knockout	of	these	genes.	For	example,	

blood	vessel	targeted	CRISPR	knockout	of	CXCR4	would	tell	us	more	definitively	if	the	

neural	patterning	defects	we	observe	in	the	CXCL12	knockdown	in	the	neural	crest	

targeted	embryos	are	due	to	a	direct	effect	of	 the	CXCL12	signal	on	the	trigeminal	

nerves,	or	if	the	defects	are	secondary	to	defects	of	the	periocular	vasculature.		

In	chapter	5,	I	discuss	the	expression	of	two	heparin	binding	growth	factors,	

MDK	 and	PTN,	 in	 the	 context	of	 ocular	development.	Although	 the	presented	data	

implicate	a	variety	of	roles	for	MDK	and	PTN	during	both	anterior	and	posterior	eye	

development,	 the	 functions	 of	 these	 secreted	 proteins	 cannot	 be	 explored	 fully	

without	 investigating	 the	 phenotypes	 of	 functional	 knockdown	 embryos.	 Previous	

descriptions	of	the	Mdk	and	Ptn	knockout	mice	were	not	focused	on	the	eye,	so	we	do	

not	know	how	the	ocular	structures	 look	 in	either	 the	single	or	double	knockouts.	

Unfortunately,	these	knockout	mice	are	not	easily	accessible	so	we	were	unable	to	do	

the	characterization.		Should	the	single	or	double	knockout	mice	become	available,	I	

suggest	the	following	experiments	for	the	further	exploration	of	the	functions	of	MDK	

and	 PTN.	 First,	 an	 inspection	 of	 the	 ocular	 structures	 in	 the	 single	 and	 double	

knockout	mice	would	give	valuable	insight	for	the	function	of	MDK	and	PTN	in	neural	

crest	migration,	 corneal	 layer	 formation,	 and	 retinal	 differentiation.	 Because	 both	
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MDK	and	PTN	were	expressed	during	pNC	migration,	I	expect	to	see	some	defects	in	

the	 cornea	 and	 iris,	 particularly	with	 corneal	 thinning.	 In	 addition,	MDK	 and	PTN	

expression	correlated	with	retinal	cell	differentiation	and	corneal	innervation	in	the	

chick,	so	I	would	also	perform	TUJ1	staining	as	well	as	staining	for	retinal	cell	markers	

in	these	knockout	mice	to	determine	if	there	are	defects	in	these	processes.	Specific	

knockout	of	MDK	or	PTN	 in	the	neural	ectoderm,	non-neural	ectoderm,	and	neural	

crest	 would	 also	 allow	 us	 to	 distinguish	 functions	 of	 MDK	 and	 PTN	 in	 those	 cell	

populations.	PTN	knockout	in	the	neural	ectoderm	may	result	in	defects	of	the	central	

nervous	system	as	well	as	neural	guidance	through	the	ocular	mesenchyme,	while	

MDK	knockout	in	the	non-neural	ectoderm	is	expected	to	cause	defects	of	innervation	

of	 epithelial	 tissues,	 not	 only	 in	 the	 eye	 but	 also	 in	 other	 sensory	 organs.	 Finally,	

analysis	of	MDK/PTN	receptor	knockout	mice	would	provide	better	understanding	of	

the	specific	signaling	axes.	Specifically,	I	would	be	interested	in	assessing	the	function	

of	 RPTPZ	 and	 ITGb1	 in	 the	 TG	 to	 determine	 the	 function	 of	MDK	 and	 PTN	 in	 the	

trigeminal	neurons	in	relation	to	the	receptor-expressing	support	cells.	

	The	previously	described	works	offer	some	insight	to	the	complex	signaling	

required	for	the	development	of	the	transparent,	innervated,	and	avascular	cornea.	

Improved	approaches	and	techniques	can	provide	us	with	the	tools	needed	to	create	

treatments	for	ocular	conditions	and	diseases	without	surgery,	and	in	turn	preserve	

vision	and	improve	quality	of	life	for	patients	worldwide.		
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