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ABSTRACT		

									Diabetic	retinopathy	(DR)	affects	approximately	93	million	people	worldwide	(Yau	et	

al.,	2012)	and	is	a	leading	cause	of	blindness	among	adults	aged	20-74	years	in	the	United	

States	(Fong	et	al.,	2004).	DR	is	a	complication	of	diabetes	that	occurs	when	the	integrity	of	

the	blood	vessels	in	the	retina	slowly	become	damaged	due	to	many	long-term	factors	

including	hyperglycemia	(Morgan	et	al.,	2016).	Although	pericyte	loss	is	commonly	

observed	as	one	of	the	earliest	morphological	changes,	the	timeframe	and	mechanisms	

leading	to	the	development	of	DR	are	not	yet	fully	understood.	Treatment	for	DR	remains	

limited	and	is	unable	to	reverse	early	damage	or	vision	loss.	The	density	of	pericytes	within	

all	three	retinal	vascular	layers	has	not	been	extensively	investigated	at	a	time	when	

deficits	in	retinal	neuronal	pathways	have	been	previously	observed.	To	determine	if	

pericyte	cells	exhibit	caspase-3,	a	marker	of	apoptosis,	and	the	density	of	pericyte	coverage	

among	the	retinal	vascular	layers,	whole-mounted-retinas	from	6-weeks-post-STZ-treated	

and	control	mice	were	imaged.	The	average	number	of	pericytes	per	micron	length	of	

vessel	is	significantly	reduced	in	diabetes,	however	there	is	no	statistically	significant	

difference	in	expression	of	caspase-3	to	suggest	that	this	is	due	to	apoptosis.		

		

	

	

	

	

	

	



INTRODUCTION		

									As	a	complication	of	diabetes,	diabetic	retinopathy	is	a	leading	cause	of	blindness	

among	diabetic	adults	that	affects	both	the	retinal	vasculature	as	well	as	neuronal	cells.	

Despite	years	of	research,	treatment	for	diabetic	retinopathy	remains	limited	and	no	cure	

exists.	Typical	treatment	targets	neovascular	lesions	and	macular	edema	and	includes	

surgery	or	intravitreal	injection	of	vascular	endothelial	growth	factor	(VEGF)-neutralizing	

therapies,	both	of	which	are	invasive	and	can	be	cost	prohibitive	(Morgan	et	al.,	2016).	

With	proper	treatment	blindness	can	be	prevented,	however	earlier	interventions	

targeting	neurodegeneration	and	vasoregression	may	be	less	invasive	and	prevent	earlier	

visual	impairment.	Projected	increases	in	the	number	of	Americans	living	with	diabetes	

will	likely	lead	to	significant	increases	in	the	number	of	those	affected	by	diabetic	

retinopathy	thus	the	development	of	early	interventions	will	become	increasingly	

imperative	and	necessitate	increased	health	care	resources	(Saaddine,	Honeycutt,	&	

Narayan,	2008).	Research	that	seeks	to	improve	the	understanding	of	the	earliest	changes	

that	occur	leading	to	the	development	of	diabetic	retinopathy	is	required	to	help	guide	

targeted	interventions.		

								Diabetic	retinopathy	develops	slowly	over	many	years	in	diabetics	due	to	the	interplay	

of	multiple	factors	including	hyperglycemia,	dyslipidemia,	inflammation,	ischemia,	and	

metabolic	dysfunction	(Morgan	et	al.,	2016).	As	the	retinal	blood	vessels	become	damaged	

they	can	leak,	swell,	close,	and	begin	to	grow	abnormally.	The	breakdown	of	the	blood-

retinal	barrier	leads	to	leakage,	which	is	a	clinical	hallmark	of	diabetic	retinopathy	(Roy	et	

al.,	2017).	The	vessel	leakage	observed	in	diabetic	retinopathy	may	lead	to	macular	edema,	

which	is	the	leading	cause	of	vision	loss	in	diabetic	retinopathy	(Joussen	et	al.,	2004;	



Morgan	et	al.,	2016;	Roy	et	al.,	2017;	Shin,	Sorenson,	and	Sheibani,	2014).	Diabetic	

retinopathy	in	general	is	characterized	diagnostically	as	either	non-proliferative	diabetic	

retinopathy	or	advanced	proliferative	diabetic	retinopathy.	In	non-proliferative	diabetic	

retinopathy	visual	function	is	impaired	as	a	result	of	neurodegeneration,	capillary	loss,	

impaired	vascular	regrowth,	glial	activation,	and	increased	vascular	permeability	(Morgan	

et	al.,	2016).	An	important	feature	of	non-proliferative	diabetic	retinopathy	is	macular	

edema,	as	blood	and	fluid	leakage,	as	well	as	exudate	deposits	lead	to	fluid	build-up	and	

swelling	in	the	macula.	Macular	edema	can	result	in	impaired	and	blurred	vision.	In	

advanced	proliferative	diabetic	retinopathy	neovascularization	is	observed	due	to	ischemia	

and	can	lead	to	bleeding	and	tractional	retinal	detachment	(Morgan	et	al.,	2016).	If	left	

untreated	advanced	proliferative	diabetic	retinopathy	can	result	in	permanent	blindness.		

										The	clinical	signs	of	diabetic	retinopathy	are	well	documented	and	the	gold	standard	

treatment	includes	laser	photocoagulation	(Lu,	Jiang,	Jaganathan,	&	Hao,	2018).	Other	

common	treatments	for	diabetic	retinopathy	and	diabetic	macular	edema	include	the	direct	

injection	of	intravitreal	anti-inflammatory	and	anti-angiogenic	agents	(Lu	et	al.,	2018).	

Although,	intravitreal	corticosteroids	and	anti-angiogenics	are	effective	at	preventing	

inflammation	and	abnormal	vessel	growth,	they	can	lead	to	severe	side	effects,	do	not	

reverse	damage	already	acquired,	and	do	not	provide	long-lasting	effects.	The	period	of	

time	between	initial	diagnosis	of	diabetes	and	detection	of	diabetic	retinopathy	averages	

10	years	(Eshaq,	Aldalati,	Alexander,	&	Harris,	2017),	over	this	time	many	irreversible	

biochemical	and	physiological	changes	occur	and	current	treatment	options	are	unable	to	

reverse	this	early	retinal	diabetic	damage	or	resulting	vision	loss.	Longer-term	treatment	

that	has	been	effective	in	preventing	further	vision	loss	in	the	late	stages	of	diabetic	



retinopathy	is	laser	pan-retinal	photocoagulation	(Lu	et	al.,	2018).	Nonetheless,	with	these	

treatments	comes	the	risk	of	cataract	and	increased	intraocular	pressure	(Lu	et	al.,	2018).	

While	laser	pan-retinal	photocoagulation	is	effective	in	reducing	retinal	neovascularization,	

it	is	associated	with	the	release	of	cytokines	such	as	vascular	endothelial	growth	factor	

(VEGF),	which	may	be	related	to	the	adverse	effect	of	macular	edema	(Mcdonald	&	Schatz,	

1985)	and	result	in	short-term	or	permanent	decline	in	visual	acuity	(Mason,	Yunker,	Vail,	

&	Mcgwin,	2008)	as	well	as	contrast	sensitivity	(Preti	et	al.,	2013).	There	are	no	curative	

treatments	and	no	treatment	targets	the	earliest	stages	of	diabetic	retinopathy.	After	the	

onset	of	type	1	diabetes	mellitus	in	a	study	of	187	children	after	a	20-year	follow-up	55.5%	

of	the	patients	developed	diabetic	retinopathy	(Bolotskaya	et	al.,	2017).	As	evidence	of	

early	neuronal	and	microvascular	changes	have	been	characterized	at	the	preclinical	stage	

of	diabetic	retinopathy,	an	improved	understanding	of	the	earliest	changes	that	occur	in	the	

development	to	diabetic	retinopathy	will	help	improve	detection	time,	and	prevent	or	

extend	the	time	of	progression	to	diabetic	retinopathy	and	resulting	vision	loss.	This	will	be	

especially	impactful	to	the	type	1	diabetic	population,	which	most	often	develops	in	young	

people,	and	as	the	prevalence	and	frequency	of	children	with	type	2	diabetes	in	the	United	

States	and	around	the	world	over	the	past	two	decades	has	increased	(Dabelea	et	al.,	2014;	

Panagiotopoulos,	Hadjiyannakis,	&	Henderson,	2018).		

									One	theory	suggests	that	impairment	to	retinal	neuron	function	develops	prior	to	

abnormal	vascular	changes	within	the	diabetic	metabolic	state.	In	a	study	of	Pigmented	

Long	Evans	rats	induced	with	diabetes	by	STZ	these	early	changes	included	reduced	visual	

function	and	delayed	electroretinogram	(ERG)	responses	beginning	4-weeks	post-STZ	

injection	(Aung,	Kim,	Olson,	Thule,	&	Pardue,	2013).	In	another	study	of	C57BL/6J	mice	



induced	with	diabetes	by	STZ	injections	it	was	determined	that	at	6	weeks	after	the	first	

STZ	injection,	deficits	in	the	rod	pathway	resulting	in	decreased	light-evoked	rod	bipolar	

cell	inhibition	by	amacrine	cells	and	increased	rod	output	are	present	without	the	loss	of	

retinal	neurons	(Moore-Dotson	et	al.,	2016).	Studies	in	humans	have	also	revealed	that	

diabetic	patients	without	clinically	detectable	diabetic	retinopathy	show	electroretinogram	

abnormalities	as	well	as	compromised	color	discrimination	(Gualtieri,	Feitosa-Santana,	

Lago,	Nishi,	&	Ventura,	2013).	In	this	case,	the	early	stages	of	diabetes	are	considered	to	be	

six	weeks	after	the	first	STZ	injection	as	reduced	visual	acuity	and	contrast	sensitivity	has	

been	first	observed	at	4-weeks	post	STZ	injection	(Aung	et	al.,	2013).	

									In	the	retina	three	distinct	vascular	layers	are	observed,	superficial,	intermediate,	and	

deep	vascular	layers	(Figure	1;	Kornfield	&	Newman,	2014).	At	the	optic	disc	a	central	

retinal	artery	and	vein	branch	to	form	arterioles	and	venules.	These	arterioles	and	venules	

lie	on	the	retinal	surface	adjacent	to	the	vitreous	humor.	Branches	and	arterioles	form	the	

superficial	vascular	layer	and	the	majority	of	the	vasculature	in	the	superficial	layer	

descends	into	the	retina	to	form	the	intermediate	vascular	layer,	which	is	located	at	the	

border	of	the	inner	nuclear	and	inner	plexiform	layers	(Kornfield	&	Newman,	2014).	The	

intermediate	layer	vasculature	eventually	descends	deeper	into	the	retina	to	form	the	deep	

vascular	layer,	which	is	located	at	the	border	of	the	inner	nuclear	and	outer	plexiform	

layers	and	connects	to	tiny	draining	venules	that	move	back	up	through	the	retinal	tissue	to	

connect	with	larger	venules	(Kornfield	&	Newman,	2014).	Compared	to	the	vasculature	in	

other	body	areas,	retinal	vasculature	has	the	highest	density	of	pericyte	cells	with	most	

located	at	capillary	branch	points		(Berger	&	Song,	2005;	Warmke	et	al.,	2016).	Pericytes	

are	referred	to	as	mural	cells	or	as	vascular	smooth	muscle	cells	(vSMCs)	because	they	



contain	contractile	fibers	(Bergers	&	Song,	2005;	Trost	et	al.,	2016).		Pericytes	are	located	

at	the	abluminal	surface	of	capillary	blood	vessels	and	are	embedded	within	the	basement	

membrane	(Bergers	&	Song,	2005;	Trost	et	al.,	2016).	With	a	prominent	nucleus	and	many	

long	processes	that	wrap	around	the	abluminal	endothelium	wall	they	are	multi-functional	

playing	a	role	in	angiogenesis,	vessel	stabilization,	and	blood	flow	regulation	(Trost	et	al.,	

2016).	Pericyte	cells	also	participate	in	tissue	repair	and	regeneration,	and	as	constituents	

of	the	blood-retina-barrier	(Trost	et	al.,	2016)	the	loss	of	pericyte	cells	is	an	early	

morphological	change	observed	in	the	progression	to	the	leaky	vascular	state	associated	

with	diabetic	retinopathy	(Warmke,	Griffin,	&	Cubbon,	2016;	Trost	et	al.,	2016).	

		

Figure	1.	Schematic	of	the	three	distinct	retinal	vascular	layers;	superficial	retinal	vessels	
(SRV),	intermediate	retinal	vessels	(IRV),	and	deep	retinal	vessels	(DRV)	(A	schematic	
illustration	of	the	ocular	vasculature,	n.d.).	

									Pericyte	loss	in	retinal	vasculature	within	the	diabetic	state	was	first	described	in	the	

1960s	(Warmke	et	al.,	2016).		When	pericytes	are	lost	from	blood	vessels,	the	vessels	

become	hyper-dilated	and	hemorrhagic	leading	to	diabetic	retinopathy	(Berger	&	Song,	

2005).	Endothelial	loss	is	believed	to	follow	pericyte	loss	due	to	a	decline	in	pericyte-

derived	pro-survival	and	quiescence	signals,	leading	to	acellular	vessels	with	no	blood	flow	



and	local	ischemia	(Warmke	et	al.,	2016).		In	rats	4-weeks	after	being	induced	with	

diabetes	although	no	difference	was	determined	to	exist	in	shape,	density,	branches,	or	

pericyte	distribution	in	the	vasculature,	acellular	stands	were	observed	(Mitsuhashi	et	al.,	

2013).	These	acellular	strands	are	believed	to	be	the	consequence	of	previously	lost	

pericytes	and	regressed	blood	vessels.	In	C57BL/6	male	mice	at	least	1	month	after	a	last	

STZ	injection	to	induce	diabetes,	both	pericyte	density	and	sensitivity	to	stimuli	were	

reduced	in	the	superficial	vascular	plexus	(Ivanova,	Kovacs-Oller,	&	Sagdullaev,	2017).	

Pericyte	loss	by	apoptosis	has	been	proposed	to	account	for	pericyte	cell	death	(Trost	et	al.,	

2016;	Warmke	et	al.,	2016).	Pericyte	loss	with	or	without	apoptosis	may	alter	the	

microenvironment	required	for	proper	retinal	neuron	pathways.	The	goal	of	this	study	is	to	

access	whether	or	not	pericyte	density	declines	in	the	retinal	vasculature	of	diabetic	mice	

6-weeks	post	STZ	injection,	when	deficits	in	retinal	neuronal	pathways	have	been	

previously	observed,	and	to	determine	if	pericyte	cells	exhibit	caspase-3,	a	marker	of	

apoptosis.			

METHODS	

Animals	

									The	University	of	Arizona	Institutional	Animal	Care	and	Use	Committee	approved	all	

animal	protocols.	C57BL/6J	male	mice	(Jackson	Laboratories,	Bar	Harbor,	ME,	USA)	used	

for	these	experiments	were	housed	in	the	University	of	Arizona	animal	facility	and	

provided	the	National	Institutes	of	Health-31	rodent	food	and	water	ad	libitum.	Over	three	

consecutive	days	five-week	old	mice	were	intraperitoneally	injected	with	STZ	(Sigma-

Aldrich	Corp.,	St.	Louise,	MO,	USA;	75	mg/kg	body	weight)	dissolved	in	0.01	M	pH	4.5-



citrate	buffer	after	a	four	hour	fast.	Control	group	mice	were	intraperitoneally	injected	with	

only	citrate	buffer.	Each	week	mice	body	weight	and	urine	glucose	was	monitored.	Six	

weeks	after	the	first	STZ	injection	mice	with	a	blood	glucose	>200	mg/dL	determined	after	

a	4	hour	fast	were	included	in	the	study	(OneTouch	UltraMini;	LifeScan,	Milpitas,	CA,	USA).	

Final	blood	glucose	and	weight	measurements	6-weeks	after	the	first	STZ-injection	and	

prior	to	euthanization	were	analyzed	to	ensure	the	STZ-injected	mice	were	diabetic	and	

control	mice	were	indeed	non-diabetic	(Graph	1-2).		Both	the	final	weight	and	blood	

glucose	of	mice	injected	with	STZ	compared	to	control	are	statistically	significant	based	on	

a	two-tailed	t-test	(Excel;	p=0.0112	and	p<0.05	respectively	for	weight	and	blood	glucose).		

	

Graph	1-2.	STZ	injections	induced	mice	with	type	1	diabetes	mellitus.	Mice	injected	with	
STZ	had	significantly	lower	weight	(p=0.0112)	and	significantly	higher	blood	glucose	
(p<0.05)	compared	to	control	mice.		
		

Dissection	and	Fixation		

									Mice	were	euthanized	with	carbon	dioxide	and	the	eyes	enucleated.	For	these	

experiments	the	left	eye	was	used	and	dissected	in	oxygenated	Ringer’s	solution	using	a	

Nikon	SMZ645	microscope.	A	fine	needle	was	used	to	create	a	small	puncture	through	the	
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cornea	and	scissors	were	then	used	to	remove	the	cornea.	The	iris,	lens	and	vitreous	were	

then	gently	removed	with	tweezers.	To	retain	positional	reference	a	small	notch	was	cut	

into	the	outer	ventral	edge	of	the	eyecup	prior	to	fixation.	The	eyecups	were	fixed	in	4%	

paraformaldehyde	(diluted	from	16%	stock	solution	in	PBS)	for	15	minutes	in	an	enclosed	

box	at	room	temperature.	Retinal	dissection	was	then	completed	in	0.1	M	phosphate-

buffered	saline	(1X	PBS;	pH	7.4)	by	removing	the	sclera	and	choroid	layer	from	the	retina.		

Four	radial	incisions	were	made	with	a	razor	blade	to	lay	the	retina	flat	and	to	mark	dorsal,	

ventral,	nasal,	and	temporal	leaflets.	The	retinas	were	washed	and	stored	in	0.1	M	

phosphate-buffered	saline	(1X	PBS;	pH	7.4).		

Immunostaining	of	Whole	Mounts		

								The	1X	PBS	was	removed	from	the	retinas	and	in	a	24-well	plate	each	retina	was	

incubated	in	Image-it	FX	signal	enhancer	(Thermo	Fisher	Scientific)	for	1	hour	at	room	

temperature	on	a	shaker.	To	permeabilize	and	block,	the	retinal	tissue	was	incubated	

overnight	at	room	temperature	on	a	shaker	with	1	mL	of	5%	ChemiBLOCKER	in	PBST.	The	

retinas	were	then	incubated	at	room	temperature	in	darkness	on	a	shaker	for	three	days	

with	rabbit	anti-NG2	chondroitin	sulfate	proteoglycan	conjugated	to	Cy3	(1:600)	to	label	

pericyte	cells,	anti-isolectin	IB4	conjugated	to	AF488	(1:100)	to	label	endothelial	cells,	and	

anti-cleaved-caspase-3	conjugated	to	AF647	(1:25)	to	label	caspase-3;	in	5%	

ChemiBLOCKER,	0.05%	sodium	azide	in	PBST	(0.5%	Triton-X).	In	microfuge	tubes	the	

antibody	solutions	were	spun	on	a	centrifuge	for	30-60	seconds	at	14,000	RPM	to	spin	

down	fluorophore	aggregates.	To	prevent	fluorophore	bleaching	the	24-well	plate	

containing	the	retinas	incubating	in	the	antibody	solution	was	covered	with	foil.	After	a	

three-day	antibody	incubation	period,	the	retinal	tissue	was	washed	three	times	with	1X	



PBS	for	an	hour,	for	a	total	of	three	hours,	on	a	shaker	at	room	temperature.		The	second	

wash	included	DAPI	(1:1000	DAPI	in	1X	PBS)	nuclear	stain	(Life	Technologies,	Carlsbad,	

CA,	USA).	The	retinas	were	whole-mounted	on	microscope	slides	on	filter	paper	in	

Slowfade	(Life	Technologies,	Carlsbad,	CA,	USA).	The	coverslip	slides	were	sealed	with	

clear	fingernail	polish	and	the	prepared	slides	stored	in	the	refrigerator	until	confocal	

imaging.		

Imaging	

										The	Zeiss	(Oberkochen,	Germany)	LSM880	inverted	confocal	microscope	with	a	20X	

objective	was	used	to	image	the	retinal	whole-mounts.	Retinal	Z-stack	images	(1μm	

sections)	were	collected.	Images	were	taken	from	each	retinal	leaflet	600	μm	from	the	optic	

nerve	head	(425.10	μm	x	425.10	μm)	(Figure	2).	The	anti-NG2-Cy3	signal	was	detected	

using	the	561	nm	laser	at	22%	power;	the	anti-isolectin-AF488	signal	was	detected	using	

the	488	nm	laser	at	3%	laser	power;	the	anti-cleaved-caspase-3-AF647	signal	was	detected	

using	the	633	nm	laser	at	20%	laser	power;	and	the	DAPI	signal	was	detected	using	the	405	

nm	laser	at	1%	laser	power.	For	all	lasers	gain	was	set	at	650	and	pinhole	size	at	47.1.		



	

Figure	2.	Methods	schematic.	Four	slits	were	made	to	lay	the	retina	flat	on	the	slide.	
Images	were	taken	from	each	leaflet	600	μm	from	the	optic	nerve	head.		
	
Analysis	

									ImageJ/Fiji	open	source	software	provided	by	the	National	Institutes	of	Health	

(Bethesda,	MD,	USA)	was	used	to	analyze	all	images.	Individual	image	stacks	were	

uploaded	to	ImageJ/Fiji	using	the	Bio-Formats	Importer	option	and	a	maximum	projection	

Z-stack	created	for	each	vascular	layer.	The	same	start	and	stop	slices	for	each	vascular	

layer	were	used	for	all	image	processing.		

Vascular	Length		

The	ImageJ	plugin	BranchAnalysis2D/3D	(Srinivasan,	et	al.,	2018)	was	used	for	

measurement	of	the	total	vascular	length.	Endothelial	staining	images	were	each	

preprocessed	using	despeckle,	remove	outliers,	and	enhance	contrast	ImageJ	options,	and	

converted	to	a	binary	as	suggested	in	the	BranchAnalysis2D/3D	plugin	supporting	

425.10	μm
	

425.10	μm	



documents.	The	binary	was	then	inputted	for	processing	by	the	BranchAnalysis2D/3D	

plugin.		

Vascular	Area	and	Pericyte	Coverage		

To	determine	the	total	vascular	area	stained	by	isolectin-AF488	and	the	area	of	pericyte	

coverage	stained	by	anti-NG2-Cy3,	ImageJ	image	preprocessing	and	mask	measurements	

were	performed.	For	each	Z-stack	project	showing	composite	staining	the	channels	were	

split	and	endothelial	and	pericyte	staining	images	were	each	preprocessed	using	the	

despeckle,	remove	outliers,	and	enhance	contrast	ImageJ	options,	and	converted	to	a	

binary.	The	endothelial	binary	image	was	then	added	to	the	ImageJ	manager	and	a	mask	

created.	The	pericyte	staining	binary	was	added	to	the	ImageJ	manager	and	the	image	

calculator	option	was	used	to	multiply	the	endothelial-staining	mask	with	the	pericyte	

staining	binary	to	create	a	resulting	mask	showing	pericyte	coverage	of	the	vasculature.	

This	was	also	added	to	the	ImageJ	manager	for	measurement.	This	process	was	performed	

for	all	leaflets	and	vascular	layers	of	each	retina.		



	

Figure	3.	SRV.	Control.	Example	area	image	processing.	A,	Endothelial	staining.		B,	Binary	
of	endothelial	staining.	C,	Mask	of	endothelial	staining.	D,	Pericyte	staining.	E,	Binary	of	
pericyte	staining.	F,	Resulting	mask	from	multipication	of	endothelial	mask	with	pericyte	
binary	(pericyte	coverage	on	vessel).	20μm	scale	bar. 

	

A.	Isolectin	 B.	Isolectin	Binary	 C.	Isolectin	Mask	

D.	NG2	 E.	NG2	Binary	 F.	Result	of	Mask	



	

Figure	4.	IRV.	Control.	Example	area	image	processing.	A,	Endothelial	staining.		B,	Binary	
of	endothelial	staining.	C,	Mask	of	endothelial	staining.	D,	Pericyte	staining.	E,	Binary	of	
pericyte	staining.	F,	Resulting	mask	from	multipication	of	endothelial	mask	with	pericyte	
binary	(pericyte	coverage	on	vessel).	20μm	scale	bar. 

A.	Isolectin	 B.	Isolectin	Binary	 C.	Isolectin	Mask	

D.	NG2	 E.	NG2	Binary	 F.	Result	of	Mask	



	

Figure	5.	DRV.	Control.	Example	area	image	processing.	A,	Endothelial	staing.		B,	Binary	of	
endothelial	staining.	C,	Mask	of	endothelial	staining.	D,	Pericyte	staining.	E,	Binary	of	
pericyte	staining.	F,	Resulting	mask	from	multipication	of	endothelial	mask	with	pericyte	
binary	(pericyte	coverage	on	vessel).	20μm	scale	bar. 

.

A.	Isolectin	 B.	Isolectin	Binary	 C.	Isolectin	Mask	

D.	NG2	 E.	NG2	Binary	 F.	Result	of	Mask	



	

Figure	6.	SRV.	STZ.	Example	area	image	processing.	A,	Endothelial	staing.		B,	Binary	of	
endothelial	staining.	C,	Mask	of	endothelial	staining.	D,	Pericyte	staining.	E,	Binary	of	
pericyte	staining.	F,	Resulting	mask	from	multipication	of	endothelial	mask	with	pericyte	
binary	(pericyte	coverage	on	vessel).	20μm	scale	bar. 

A.	Isolectin	 B.	Isolectin	Binary	 C.	Isolectin	Mask	

D.	NG2	 E.	NG2	Binary	 F.	Result	of	Mask	



	

Figure	7.	IRV.	STZ.	Example	area	image	processing.	A,	Endothelial	staing.		B,	Binary	of	
endothelial	staining.	C,	Mask	of	endothelial	staining.	D,	Pericyte	staining.	E,	Binary	of	
pericyte	staining.	F,	Resulting	mask	from	multipication	of	endothelial	mask	with	pericyte	
binary	(pericyte	coverage	on	vessel).	20μm	scale	bar. 

	

A.	Isolectin	 B.	Isolectin	Binary	 C.	Isolectin	Mask	

D.	NG2	 E.	NG2	Binary	 F.	Result	of	Mask	



	

Figure	8.	DRV.	STZ.	Example	area	image	processing.	A,	Endothelial	staing.		B,	Binary	of	
endothelial	staining.	C,	Mask	of	endothelial	staining.	D,	Pericyte	staining.	E,	Binary	of	
pericyte	staining.	F,	Resulting	mask	from	multipication	of	endothelial	mask	with	pericyte	
binary	(pericyte	coverage	on	vessel).	20μm	scale	bar. 

Pericyte	Cell	Count		

The	Z-stack	projections	were	adjusted	to	view	only	pericyte	and	endothelial	staining.	The	

brightness	was	adjusted	as	needed	for	best	viewing.	The	multi-point	tool	plugin	was	used	

to	mark	and	record	the	number	of	pericyte	cells.		

Pericyte-Pericyte	Distance		

A.	Isolectin	 B.	Isolectin	Binary	 C.	Isolectin	Mask	

D.	NG2	 E.	NG2	Binary	 F.	Result	of	Mask	



To	determine	the	average	distance	between	pericyte	cells	along	the	vessel	length	the	

freehand	line	selection	tool	was	used	and	each	line	trace	was	measured	and	overlaid.		

Figure	9.	Example	pericyte	count	and	pericyte-pericyte	distance	image	annnotations.	
20μm	scale	bar.	

Caspase-3	Quantification		

The	Z-stack	projections	were	adjusted	to	view	only	pericyte	and	caspase-3	staining.	The	

brightness	was	adjusted	as	needed	for	best	viewing,	near	maximum	brightness	for	caspase-

3	staining.	The	channel	showing	pericyte	staining	was	selected	and	deselected	to	better	

A.	SRV	(Control)	 B.	IRV	(Control)	 C.	DRV	(Control)	

D.	SRV	(STZ)	 E.	IRV	(STZ)	 F.	DRV	(STZ)	



view	concentrated	caspase-3	dotted	areas	and	to	determine	which	of	these	spots	overlap	

with	pericyte	stain.	The	multi-point	tool	plugin	was	used	to	mark	and	record	the	number	of	

caspase-3	dots	that	overlap	with	pericyte	staining.			

	

	

Figure	10.	Example	caspase-3	and	pericyte	staining	merged	images	for	quanittificaiton.	
20μm	scale	bar.	

Statistics		

A.	SRV	(Control)	 B.	IRV	(Control)	 C.	DRV	(Control)	

D.	SRV	(STZ)	 E.	IRV	(STZ)	 F.	DRV	(STZ)	



All	error	bars	represent	standard	error.	Two-way	ANOVAs	(SigmaPlot)	were	used	to	

determine	significance	between	control	and	STZ	if	p<0.05.	The	Student-Newman-Keuls	

method	was	used	for	pairwise	multiple	comparisons.		

RESULTS	

Pericyte	Number	per	Micron	Vessel	Length		

										Pericyte	number	per	micron	vessel	length	was	determined	using	total	pericyte	cell	

count	and	total	vessel	length	measures.	There	is	a	statistically	significant	difference	in	

average	pericyte	number	per	micron	length	of	vessel	with	respect	to	control	(n=5)	and	STZ	

(n=4)	(p<0.001).	When	comparing	pericyte	number	per	micron	vessel	length	between	

control	and	STZ	with	respect	to	individual	vessel	layers	there	is	a	statistically	significant	

difference	in	the	superficial	retinal	vessels	(p=0.002,	*p<0.05),	however	no	significant	

difference	in	the	intermediate	retinal	vessels	(p=0.133)	or	deep	retinal	vessels	(p=0.103).	



	

Graph	3.	Average	pericyte	number	per	micron	length	of	vessel	in	control	(n=5)	and	STZ	
(n=4);	SRV	(p=0.002,	*p<0.05),	IRV	(p=0.133),	and	DRV	(p=0.103).		

There	is	a	significant	difference	between	pericyte	number	per	micron	vessel	length	in	the	

intermediate	retinal	vessels	and	superficial	retinal	vessels	in	both	the	control	and	STZ	

(p<0.001	in	both	instances).	There	are	also	significant	differences	between	pericyte	

number	per	micron	vessel	length	in	the	superficial	retinal	vessels	and	deep	retinal	vessels	

in	both	the	control	and	STZ	(p<0.001	in	both	instances).		

Average	Area	per	Pericyte		

										The	average	area	per	pericyte	was	determined	using	total	pericyte	cell	count	and	total	

area	of	pericyte	vessel	coverage.	There	is	not	a	statistically	significant	difference	in	average	

area	per	pericyte	with	respect	to	control	(n=5)	and	STZ	(n=4)	(p=0.107).	When	comparing	

average	area	per	pericyte	between	control	and	STZ	with	respect	to	individual	vessel	layers	

there	is	no	statistically	significant	difference	(p=0.770,	0.413,	0.088	for	the	superficial,	

Control	vs.	STZ:	p<0.001	
*	



intermediate	and	deep	retinal	vessel	layers,	respectively).		

	

Graph	4.	Average	area	per	pericyte	cell	in	control	(n=5)	and	STZ	(n=4);	SRV	(p=0.770),	IRV	
(p=0.413),	and	DRV	(p=0.088).		

Percent	Vessel	Covered	by	Pericyte	

										The	percent	of	vessel	covered	by	pericyte	was	determined	using	the	total	area	of	the	

endothelial	cell	staining	vasculature	and	total	area	of	pericyte	coverage	on	vessels.	There	is	

not	a	statistically	significant	difference	in	the	percentage	of	vessel	covered	by	pericyte	with	

respect	to	control	(n=5)	and	STZ	(n=4)	(p=0.723).	When	comparing	the	percent	of	vessel	

covered	by	pericyte	between	control	and	STZ	with	respect	to	individual	vessel	layers	there	

is	no	statistically	significant	difference	(p=0950,	0.532,	0.960	for	the	superficial,	

intermediate	and	deep	retinal	vessel	layers,	respectively).		

Control	vs.	STZ:	p=0.107	



	

Graph	5.	Percent	vessel	area	covered	by	pericyte	in	control	(n=5)	and	STZ	(n=4);	SRV	
(p=0.950),	IRV	(p=0.532),	DRV	(p=0.960).		

Average	Distance	Between	Pericytes	

										To	determine	the	average	distance	between	pericytes	freehand	lines	were	drawn	

between	nearby	neighboring	pericyte	cells	along	the	vasculature	(as	shown	in	Figure	9b-c	

&	e-f).	There	is	no	statistically	significant	difference	in	average	distance	between	pericytes	

with	respect	to	control	(n=5)	and	STZ	(n=4)	(p=0.343).	When	comparing	the	average	

distance	between	pericytes	among	control	and	STZ	with	respect	to	individual	vessel	layers	

there	is	a	statistically	significant	difference	in	the	intermediate	retinal	vessels	(p=0.045,	

*p<0.05),	however	there	is	no	significant	difference	in	the	superficial	retinal	vessels	

(p=0.306)	or	deep	retinal	vessels	(p=0.558).	

Control	vs.	STZ:	p=0.723	



	

Graph	6.	Average	distance	marked	between	pericytes	along	vessels	in	in	control	(n=5)	and	
STZ	(n=4);	SRV	(p=0.306),	IRV	(p=0.045,	*p<0.05),	DRV	(p=0.558).		

There	is	a	significant	difference	between	the	average	distance	between	pericytes	in	the	

intermediate	retinal	vessels	and	superficial	retinal	vessels	in	both	the	control	and	STZ	

(p<0.001	in	both	instances).	There	are	also	significant	differences	between	the	average	

distance	between	pericytes	in	the	intermediate	retinal	vessels	and	deep	retinal	vessels	in	

both	the	control	(p=0.001)	and	STZ	(p<0.001).	Additionally,	there	are	significant	

differences	between	the	average	distance	between	pericytes	in	the	deep	retinal	vessels	and	

superficial	retinal	vessels	in	both	the	control	and	STZ	(p<0.001	in	both	instances).		

Number	of	Pericyte	

										There	is	a	statistically	significant	difference	in	the	average	number	of	pericyte	cells	

counted	with	respect	to	control	(n=5)	and	STZ	(n=4)	(p=0.042).	However,	when	comparing	

the	average	number	of	pericyte	cells	counted	between	the	control	and	STZ	with	respect	to	

Control	vs.	STZ:	p=0.343	
*	



individual	vessel	layers	there	is	no	statistically	significant	difference	(p=0.163,	0.330,	0.206	

for	the	superficial,	intermediate	and	deep	retinal	vessel	layers,	respectively).		

	

Graph	7.	Total	average	pericyte	cell	count	in	control	(n=5)	and	STZ	(n=4);	SRV	(p=0.163),	
IRV	(p=0.330),	DRV	(p=0.206).		

Vessel	Length	

										There	is	no	statistically	significant	difference	in	the	total	average	vessel	length	with	

respect	to	control	(n=5)	and	STZ	(n=4)	(p=0.098).	However,	when	comparing	the	total	

average	vessel	length	between	the	control	and	STZ	with	respect	to	individual	vessel	layers	

there	is	a	statistically	significant	difference	in	the	deep	retinal	vessels	(p=0.033,	*p<0.05)	

and	no	statistical	significance	in	the	superficial	(p=0.714)	or	intermediate	retinal	vessels	

(p=0.735).		

Control	vs.	STZ:	p=0.042	



	

Graph	8.	Total	average	vessel	length	per	425.10	x	425.10	μm	field	of	view	images	in	
control	(n=5)	and	STZ	(n=4);	SRV	(p=0.714),	IRV	(p=0.735),	DRV	(p=0.033,	*p<0.05).		

There	are	statistically	significant	differences	in	total	average	vessel	length	in	the	deep	

retinal	vessels	and	superficial	retinal	vessels	in	both	the	control	(p=0.003)	and	STZ-treated	

conditions	(p<0.001).	There	are	also	significant	differences	in	total	average	vessel	length	in	

the	deep	retinal	vessels	and	intermediate	retinal	vessels	in	both	the	control	(p=0.015)	and	

STZ	(p<0.001).		

Caspase-3	

									There	is	no	statistically	significant	difference	in	the	total	average	number	of	caspase-3	

dot	stains	with	respect	to	control	(n=3)	and	STZ	(n=3)	(p=0.525).	There	is	also	no	

statistically	significant	difference	in	the	total	average	number	of	caspase-3	dot	stains	per	

pericyte	stained	vessel	area	with	respect	to	control	(n=3)	and	STZ	(n=3)	(p=0.536).	When	

Control	vs.	STZ:	p=0.098	 *	



comparing	total	average	number	of	caspase-3	dot	stains	between	the	control	and	STZ	with	

respect	to	individual	vessel	layers	there	is	no	statistically	significant	difference	(p=	0.185,	

0.406,	0.556	for	the	superficial,	intermediate	and	deep	retinal	vessel	layers,	respectively).	

When	comparing	the	total	average	number	of	caspase-3	dot	stains	per	pericyte	stained	

vessel	area	between	the	control	and	STZ	with	respect	to	individual	vessel	layers	there	is	no	

statistically	significant	difference	(p=	0.130,	0.382,	0.703	for	the	superficial,	intermediate	

and	deep	retinal	vessel	layers,	respectively).		

	

Graph	9.	Total	average	number	of	caspase-3	dot	stains	that	overlap	with	pericyte	stained	
vessel	area	in	control	(n=3)	and	STZ	(n=3);	SRV	(p=0.185),	IRV	(p=0.406),	DRV	(p=0.556).		

	

Control	vs.	STZ:	p=0.525	



	

Graph	10.	Total	average	number	of	caspase-3	dot	stains	per	pericyte	stained	vessel	area	in	
control	(n=3)	and	STZ	(n=3);	SRV	(p=0.130),	IRV	(p=0.382),	DRV	(p=0.703).		

DISCUSSION			

										These	results	overall	are	indicative	of	changes	in	pericyte	density	which	is	in	

agreement	with	a	recent	study	that	showed	that	pericyte	density	and	pericyte	stimulation	

sensitivity	are	reduced	(Ivanova	et	al.,	2017),	however	pericyte	coverage	was	not	

investigated	across	all	three	vascular	layers.	When	comparing	pericyte	number	per	micron	

vessel	length	between	control	and	STZ	with	respect	to	individual	vessel	layers	there	is	a	

statistically	significant	difference	in	the	superficial	retinal	vessels,	but	not	in	the	

intermediate	or	deep	retinal	vessels.	As	such	the	pericytes	found	in	the	superficial	retinal	

vessels	nearest	the	ganglion	cells	may	be	first	impacted.	Although	there	is	a	statistically	

significant	difference	in	the	number	of	pericyte	per	micron	length	of	vessel	overall	between	

control	and	STZ,	there	is	not	a	statistically	significant	difference	in	the	percent	of	vessel	

covered	by	pericyte.	This	suggests	that	the	pericytes	that	do	exist	in	the	STZ	state	must	

Control	vs.	STZ:	p=0.536	



occupy	more	area	to	account	for	the	comparable	percent	pericyte	coverage.	In	one	study,	

compared	to	the	control,	in	streptozotocin-induced	diabetic	Wistar	albino	rats,	between	7-

12	months	old,	a	significant	increase	in	the	number	of	larger	pericytes	in	the	retinal	

vasculature	was	observed	(Fisher,	1980).	An	explanation	for	the	initial	increase	in	pericyte	

size	is	to	compensate	for	a	weakening	capillary	wall	and	increased	flexibility	of	the	

basement	membrane.	Although	an	initial	increase	in	individual	pericyte	cell	size	may	occur,	

at	the	6-weeks	post-induced	diabetes	timeframe	investigated	there	is	not	a	statistically	

significant	difference	in	the	average	area	per	pericyte	between	the	control	and	STZ.	

Additionally,	there	is	a	statistically	significant	difference	in	the	average	number	of	pericyte	

cells	counted	with	respect	to	control	and	STZ	overall,	but	when	comparing	the	average	

number	of	pericyte	cells	counted	between	the	control	and	STZ	with	respect	to	individual	

vessel	layers	there	is	no	statistically	significant	difference.	These	results	can	be	attributed	

to	the	early	6-week	timeframe	of	diabetes.	By	12-weeks	post-induced	diabetes,	pericytes	

may	significantly	decline	between	all	three	individual	vessel	layers	and	the	average	area	

determined	per	pericyte	between	the	control	and	STZ	state	may	become	significantly	

different.	Alternatively,	the	control	and	STZ	sample	size	could	be	increased.	Nonetheless,	

changes	in	pericyte	coverage	do	exist	at	6-weeks	post-STZ	injection,	however	other	

changes	also	lead	to	the	visual	deficits	seen	in	early	diabetes.	As	previously	researched	in	

the	Eggers	lab,	at	the	same	6-weeks	post-STZ-injection	timeframe,	deficits	in	the	rod	

pathway	resulting	in	decreased	light-evoked	rod	bipolar	cell	inhibition	by	amacrine	cells	

and	increased	rod	output	are	present	(Moore-Dotson	et	al.,	2016).		

										The	three	retinal	vessel	layers	are	unique	and	this	is	supported	by	the	statistically	

significant	difference	in	vessel	length	between	the	deep	and	superficial	retinal	vessels	in	



both	control	and	STZ	as	well	as	the	statistically	significant	difference	in	vessel	length	

between	the	deep	and	intermediate	retinal	vessels	in	both	control	and	STZ.	Compared	to	

the	superficial	and	intermediate	retinal	vessels,	the	deep	retinal	vessels	on	average	

comprise	a	greater	total	length	and	these	vessels	are	closest	to	the	photoreceptor	rod	and	

cone	cells,	which	are	the	most	metabolically	demanding	(Wong-Riley,	2010).	The	number	

of	pericyte	per	micron	of	vessel	length	is	significantly	greater	in	the	superficial	retinal	

vessels	compared	to	the	intermediate	retinal	vessels	as	well	as	when	compared	to	the	deep	

retinal	vessels	in	both	the	control	and	STZ.	The	greater	number	of	pericyte	per	length	of	

vessel	in	the	superficial	retinal	vessels	suggests	that	the	integrity	of	the	blood-retinal	

barrier	function	is	more	robust	(Pfister,	Feng,	&	Hammes,	2008).	The	overall	significant	

decline	in	pericyte	number	per	micron	vessel	length	in	the	STZ	compared	to	the	control	is	

congruent	with	the	breakdown	of	the	blood-retinal	barrier	that	occurs	in	diabetic	

retinopathy.		

									In	addition	to	increasing	the	timeframe	from	6-weeks	to	12-weeks	post-STZ	injection,	

further	investigation	of	caspase-3	staining	for	apoptosis	along	with	other	modes	of	pericyte	

loss	should	be	studied.	In	this	study	apoptosis	of	pericytes	as	a	result	of	diabetes	was	

determined	to	not	be	occurring	at	6-weeks;	however,	this	does	not	prove	that	pericyte	cells	

are	not	lost	through	the	mechanism	of	apoptosis.	After	an	extended	period	of	time	post	

STZ-induced	diabetes,	such	as	at	12-weeks	rather	than	6-weeks,	apoptosis	may	begin	to	

play	a	larger	role.	Future	studies	could	also	investigate	other	mechanisms	of	pericyte	cell	

loss	such	as	necrosis.	In	diabetic	retinopathy,	while	endothelial	cells	mainly	undergo	

apoptosis,	pericyte	cells	may	be	lost	by	both	apoptosis	and	necrosis	(Feenstra,	Yego,	&	

Mohr,	2013).		Pericyte	loss	in	diabetic	retinopathy	may	also	be	attributed	to	migration	



(Pfister	et	al.,	2008)	and	this	could	explain	pericyte	cells	that	appear	to	connect	between	

two	parallel	vessels.	Alternatively	stringy	pericyte	and	vessel	structures	may	be	acellular	

stands	resulting	from	previously	regressed	vessels	as	has	been	observed	in	rats	4-weeks	

post	induced	diabetes	(Mitsuhashi	et	al.,	2013).	The	underlying	mechanism	of	pericyte	cell	

loss	in	diabetic	retinopathy	remains	controversial	(Pfister	et	al.,	2008)	and	more	research	

will	help	clarify	the	timeframe	and	process	of	pericyte	loss	in	relation	to	signaling	changes	

and	early	visual	deficits.	As	the	understanding	of	the	earliest	changes	that	occur	in	the	

diabetic	retina	expands,	these	alterations	can	be	targeted	in	order	to	prevent	or	reverse	the	

visual	deficits	suffered.		

	

	

	

	

	

	

	

	

	

	



REFERENCES		

A	schematic	illustration	of	the	ocular	vasculature	[Digital	image].	(n.d.).	Retrieved	from	

http://www.childrenshospital.org/research/labs/chen-lab		

Aung,	M.	H.,	Kim,	M.	K.,	Olson,	D.	E.,	Thule,	P.	M.,	&	Pardue,	M.	T.	(2013).	Early	Visual	Deficits	

in	Streptozotocin-Induced	Diabetic	Long	Evans	Rats.	Investigative	Ophthalmology	&	

Visual	Science,	54(2),	1370–1377.	http://doi.org/10.1167/iovs.12-10927	

Bergers,	G.,	&	Song,	S.	(2005).	The	role	of	pericytes	in	blood-vessel	formation	and	

maintenance.	Neuro-Oncology,7(4),	452-464.	doi:10.1215/s1152851705000232	

Bolotskaya,	L.	L.,	Bessmertnaya,	E.	G.,	Shestakova,	M.	V.,	Shamkhalova,	M.	S.,	Nikankina,	L.	

V.,	Ilyin,	A.	V.,	.	.	.	Dedov,	I.	I.	(2017).	A	20-year	prospective	follow-up	study	to	

evaluate	the	development	of	retinopathy	and	nephropathy	after	the	onset	of	type	1	

diabetes	mellitus:	Contribution	of	glycemic	control	and	metabolic	memory.	

Terapevticheskii	Arkhiv,	89(10),	17.	doi:10.17116/terarkh2017891017-21	

Dabelea,	D.,	Mayer-Davis,	E.,	…Saydah,	S.	(2014).	Prevalence	of	Type	1	and	Type	2	Diabetes	

Among	Children	and	Adolescents	From	2001	to	2009.	JAMA.	311(17),	1778–1786.	

doi:10.1001/jama.2014.3201		

Eshaq,	R.	S.,	Aldalati,	A.	M.,	Alexander,	J.	S.,	&	Harris,	N.	R.	(2017).	Diabetic	retinopathy:	

Breaking	the	barrier.	Pathophysiology,	24(4),	229-241.	

doi:10.1016/j.pathophys.2017.07.001	

Feenstra,	D.	J.,	Yego,	E.	C.,	&	Mohr,	S.	(2013).	Modes	of	Retinal	Cell	Death	in	Diabetic	



Retinopathy.	Journal	of	Clinical	&	Experimental	Ophthalmology,	04(05).	

doi:10.4172/2155-9570.1000298	

Fisher,	R.	F.	(1980).	Comparison	of	the	size	of	pericytes	of	the	retinal	capillaries	in	the	

normal	and	diabetic	state.	Transactions	of	the	Ophthalmological	Societies	of	the	

United	Kingdom,	100,	90-95.	Retrieved	from	

https://www.ncbi.nlm.nih.gov/pubmed?otool=azuatuclib.		

Fong,	D.	S.,	Aiello,	L.,	Gardener,	T.	W.,	King,	G.	L.,	Blankenship,	G.,	Cavallerano,	J.	D.,	...Klein,	R.	

(2004,	January).	Retinopathy	in	diabetes.	Diabetes	Care,	27(1),	S84+.	Retrieved	from	

http://link.galegroup.com.ezproxy2.library.arizona.edu/apps/doc/A112312404/A

ONE?u=uarizona_main&sid=AONE&xid=01e7e935	

Gualtieri,	M.,	Feitosa-Santana,	C.,	Lago,	M.,	Nishi,	M.,	&	Ventura,	D.	F.	(2013).	Early	visual	

changes	in	diabetic	patients	with	no	retinopathy	measured	by	color	discrimination	

and	electroretinography.	Psychology	&	Neuroscience,	6(2),	227-234.	

doi:10.3922/j.psns.2013.2.11	

Ivanova,	E.,	Kovacs-Oller,	T.,	&	Sagdullaev,	B.	T.	(2017).	Vascular	pericyte	impairment	and	

connexin43	gap	junction	deficit	contribute	to	vasomotor	decline	in	diabetic	

retinopathy.	The	Journal	of	Neuroscience,	0187-17.	doi:10.1523/jneurosci.0187-	

17.2017		

Joussen,	A.	M.,	Poulaki,	V.,	Le,	M.	L.,	Koizumi,	K.,	Esser,	C.,	Janicki,	H.,	...	&	Kern,	T.	S.	(2004).	A	

central	role	for	inflammation	in	the	pathogenesis	of	diabetic	retinopathy.	The	FASEB	

journal,	18(12),	1450-1452.	



Kornfield,	T.	E.,	&	Newman,	E.	A.	(2014).	Regulation	of	Blood	Flow	in	the	Retinal	Trilaminar	

Vascular	Network.	Journal	of	Neuroscience,34(34),	11504-11513.	

doi:10.1523/jneurosci.1971-14.2014	

Lu,	L.,	Jiang,	Y.,	Jaganathan,	R.,	&	Hao,	Y.	(2018).	Current	Advances	in	Pharmacotherapy	and	

Technology	for	Diabetic	Retinopathy:	A	Systematic	Review.	Journal	of	

Ophthalmology,	2018,	1694187.	http://doi.org/10.1155/2018/1694187	

Mason,	J.	O.,	Yunker,	J.	J.,	Vail,	R.,	&	Mcgwin,	G.	(2008).	Intravitreal	Bevacizumab	(Avastin)	

Prevention	Of	Panretinal	Photocoagulation-Induced	Complications	In	Patients	With	

Severe	Proliferative	Diabetic	Retinopathy.	Retina,	28(9),	1319-1324.	

doi:10.1097/iae.0b013e31818356fb	

Mcdonald,	H.	R.,	&	Schatz,	H.	(1985).	Macular	Edema	Following	Panretinal	

Photocoagulation.	Retina,	5(1),	5-10.	doi:10.1097/00006982-198500510-00002	

Mitsuhashi,	J.,	Morikawa,	S.,	Shimizu,	K.,	Ezaki,	T.,	Yasuda,	Y.,	&	Hori,	S.	(2013).	Intravitreal	

injection	of	erythropoietin	protects	against	retinal	vascular	regression	at	the	early	

stage	of	diabetic	retinopathy	in	streptozotocin-induced	diabetic	rats.	Experimental	

Eye	Research,106,	64-73.	doi:10.1016/j.exer.2012.11.001	

Moore-Dotson,	J.	M.,	Beckman,	J.	J.,	Mazade,	R.	E.,	Hoon,	M.,	Bernstein,	A.	S.,	Romero-

Aleshire,	M.	J.,	…	Eggers,	E.	D.	(2016).	Early	Retinal	Neuronal	Dysfunction	in	Diabetic	

Mice:	Reduced	Light-Evoked	Inhibition	Increases	Rod	Pathway	Signaling.	

Investigative	Ophthalmology	&	Visual	Science,	57(3),	1418–1430.	

Morgan,	W.,	Wang,	Z.,	Chen,	J.,	Sapieha,	P.,	Smith,	L.	E.	H.,	and	Ma,	J.	(2016).	Neurovascular	



cross	talk	in	diabetic	retinopathy:	Pathophysiological	roles	and	therapeutic	

implications.	American	Journal	of	Physiology-Heart	and	Circulatory	Physiology.	

311(3).	doi:10.1152/ajpheart.00005.2016		

Panagiotopoulos,	C.,	Hadjiyannakis,	S.,	&	Henderson,	M.	(2018).	Type	2	Diabetes	in	Children	

and	Adolescents.	Canadian	Journal	of	Diabetes,	42(1),	S247-S254.	doi:https://doi-

org.ezproxy4.library.arizona.edu/10.1016/j.jcjd.2017.10.037	

Pfister	F.,	Feng	Y.,	Hammes	HP.	(2008)	Pericyte	Loss	in	the	Diabetic	Retina.	In:	Duh	E.J.	

(eds)	Diabetic	Retinopathy.	Contemporary	Diabetes.	Humana	Press.	doi:https://doi-

org.ezproxy3.library.arizona.edu/10.1007/978-1-59745-563-3_10	

Pfister,	F.,	Feng,	Y.,	Hagen,	F.	V.,	Hoffmann,	S.,	Molema,	G.,	Hillebrands,	J.,	.	.	.	Hammes,	H.	

(2008).	Pericyte	Migration:	A	Novel	Mechanism	of	Pericyte	Loss	in	Experimental	

Diabetic	Retinopathy.	Diabetes,	57(9),	2495-2502.	doi:10.2337/db08-0325	

Preti,	R.	C.,	Ramirez,	L.	M.,	Monteiro,	M.	L.,	Carra,	M.	K.,	Pelayes,	D.	E.,	&	Takahashi,	W.	Y.	

(2013).	Contrast	sensitivity	evaluation	in	high	risk	proliferative	diabetic	retinopathy	

treated	with	panretinal	photocoagulation	associated	or	not	with	intravitreal	

bevacizumab	injections:	A	randomised	clinical	trial.	British	Journal	of	

Ophthalmology,	97(7),	885-889.	doi:10.1136/bjophthalmol-2012-302675	

Roy,	S.,	Jiang,	J.	X.,	Li,	A.,	&	Kim,	D.	(2017).	Connexin	channel	and	its	role	in	diabetic	

retinopathy.	Progress	in	Retinal	and	Eye	Research.	Advance	online	publication.	

doi:10.1016/j.preteyeres.2017.06.001	

Saaddine,	J.	B.,	Honeycutt,	A.	A.,	&	Narayan,	V.	(2008).	Projection	of	Diabetic	Retinopathy	

and	Other	Major	Eye	Diseases	Among	People	With	Diabetes	Mellitus	United	States,	



2005-2050.	Archives	of	Ophthalmology,	126(12),	1740-1747.	

doi:10.1001/archopht.126.12.1740	

Shin,	E.	S.,	Sorenson,	C.	M.,	&	Sheibani,	N.	(2014).	Diabetes	and	Retinal	Vascular	

Dysfunction.	Journal	of	Ophthalmic	&	Vision	Research,	9(3),	362–373.	

http://doi.org/10.4103/2008-322X.143378	

Srinivasan,	A.,	Muñoz-Estrada,	J.,	Bourgeois,	J.	R.,	Nalwalk,	J.	W.,	Pumiglia,	K.	M.,	Sheen,	V.	L.,	

&	Ferland,	R.	J.	(2018).	BranchAnalysis2D/3D	automates	morphometry	analyses	of	

branching	structures.	Journal	of	Neuroscience	Methods,	294,	1-6.	

doi:10.1016/j.jneumeth.2017.10.017	

Trost,	A.,	Lange,	S.,	Schroedl,	F.,	Bruckner,	D.,	Motloch,	K.	A.,	Bogner,	B.,	…	Reitsamer,	H.	A.	

(2016).	Brain	and	Retinal	Pericytes:	Origin,	Function	and	Role.	Frontiers	in	Cellular	

Neuroscience,	10,	20.	http://doi.org/10.3389/fncel.2016.00020	

Warmke,	N.,	Griffin,	K.	J.,	&	Cubbon,	R.	M.	(2016).	Pericytes	in	diabetes-associated	vascular	

disease.	Journal	of	Diabetes	and	its	Complications,30(8),	1643-1650.	

doi:10.1016/j.jdiacomp.2016.08.005	

Wong-Riley,	M.	(2010).	Energy	metabolism	of	the	visual	system.	Eye	and	Brain,	2,	99-116.	

doi:10.2147/eb.s9078	

Yau,	J.	W.,	Rogers,	S.	L.,	Kawasaki,	R.,	Lamoureux,	E.	L.,	Kowalski,	J.	W.,	Bek,	T.,	.	.	.	Wong,	T.	Y.	

(2012).	Global	Prevalence	and	Major	Risk	Factors	of	Diabetic	Retinopathy.	Diabetes	

Care,	35(3),	556-564.	https://doi.org/10.2337/dc11-1909		


