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1 	 | 	 INTRODUCTION

Photoreceptor	 cells	 in	 the	 mammalian	 retina	 detect	 and	
absorb	photons	of	light	enabling	vision.	This	light	absorp-
tion	 takes	place	on	 the	membrane	of	 the	apical	segments	

or	‘discs’	of	photoreceptors	and	is	mediated	by	retinal	in	co-
valent	 linkage	with	 the	apoprotein	opsin.	One	adaptation	
of	the	photoreceptor	is	the	recruitment	of	a	flippase	trans-
porter	on	the	membrane	to	clear	accumulated	retinal	from	
the	lumenal	space	within	these	discs	to	the	photoreceptor	
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Abstract
Dysfunction	of	 the	ATPase-	binding	Cassette	Transporter	protein	 (ABCA4)	can	
lead	to	early	onset	macular	degeneration,	 in	particular	to	Stargardt	disease.	To	
enable	 translational	 research	 into	 this	 form	 of	 blindness,	 we	 evaluated	 the	 ef-
fect	of	Cas9-	induced	disruptions	of	the	ABCA4	gene	to	potentially	generate	new	
transgenic	 rat	 models	 of	 the	 disease.	 We	 show	 that	 deletion	 of	 the	 short	 exon	
preceding	the	second	nucleotide-	binding	domain	is	sufficient	to	drastically	knock	
down	protein	levels	and	results	in	accumulation	of	retinoid	dimers	similar	to	that	
associated	with	Stargardt	disease.	Overexpression	of	 the	retinol	dehydrogenase	
enzymes	RDH8	and	RDH12	can	to	a	limited	extent	offset	the	increase	in	the	bis-
retinoid	levels	in	the	Abca4Ex42- /- 	KO	rats	possibly	by	restricting	the	time	window	
in	which	retinal	can	dimerize	before	being	reduced	to	retinol.	However,	in	vivo	
imaging	 shows	 that	 overexpression	 of	 RDH8	 can	 induce	 retinal	 degeneration.	
This	may	be	due	to	the	depletion	in	the	outer	segment	of	the	cofactor	NADPH,	
needed	for	RDH	function.	The	translational	potential	of	RDH	therapy	as	well	as	
other	Stargardt	disease	therapies	can	be	tested	using	the	Abca4	knockdown	rat	
model.
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cytosolic	 space	 where	 it	 can	 safely	 be	 incorporated	 into	
the	 retinoid	 metabolic	 cycle.	The	 gene	 encoding	 this	 flip-
pase,	 the	 ATPase-	binding	 Cassette	 Transporter	 (ABCA4),	
has	 been	 fully	 characterized	 by	 the	 accumulated	 work	 of	
a	 few	 research	 groups.1-	4	 Despite	 a	 modest	 role	 in	 vision,	
the	consequences	of	ABCA4	dysfunction	are	profound	and	
can	lead	to	Stargardt	disease	(STGD1)	and	some	forms	of	
cone-	rod	dystrophy	for	which	effective	treatments	are	not	
yet	currently	available.4–	7	These	pathologies	stem	from	the	
high	reactivity	of	retinal,	which	is	necessary	to	trigger	the	
photochemical	reaction	that	facilitates	vision	but	also	poses	
a	 potential	 hazard	 for	 the	 photoreceptor	 cell.	 Retinal,	 in	
addition	to	 forming	a	Schiff	base	on	rhodopsin,	can	react	
with	any	primary	amine,	of	which	there	are	an	abundance	
in	 the	 phospholipid-	rich	 photoreceptor	 membranes.8	 The	
intermediates	 that	 result	 can	 react	 with	 another	 retinal	
leading	to	dimers,	termed	bisretinoids,	of	differing	isomers	
whose	toxicity	to	the	mammalian	cell	has	been	extensively	
described.9–	15	When	not	sequestered	with	opsin	to	mediate	
vision,	retinal	must	therefore	be	reduced	to	a	less	reactive	
form.	This	occurs	early	 in	 the	visual	cycle,	a	series	of	en-
zymatic	 reactions	 that	 recycle	 retinal	 from	 the	 ‘bleached’	
trans	isomer	all-	trans	retinal	(atRal)	to	a	‘receptive’	cis	iso-
mer	(11cisRAL)	for	continued	photon	absorption.16–	18	The	
reduction	of	atRal	to	the	less	reactive	alcohol	form	retinol	
(atRol)	 is	 carried	 out	 by	 the	 retinol	 dehydrogenase	 en-
zyme	 RDH8	 and	 supported	 by	 RDH12.19–	21	 However,	 an	
estimated	24%	of	atRal	escapes	this	reduction	reaction	and	
reversibly	 reacts	 with	 phosphatidylethanolamine	 (PE)	 in	
disc	membranes	to	form	N-	retinylidene-	PE.22	This	is	partic-
ularly	 likely	 to	occur	with	 the	passive	diffusion	of	atRAL	
into	the	lumen	of	the	photoreceptor	disc	where	RDH	is	size-	
excluded.	ABCA4	plays	an	essential	role	in	minimizing	di-
merization	of	atRAL.	It	achieves	this	by	catalyzing	the	‘flip’	
of	retinal	and	N-	retinylidene-	PE	from	the	lumen	of	the	mul-
tiple	stacked	photoreceptor	discs	to	the	cytosol	where	it	is	
released	by	ATP	and	can	be	reduced	by	the	RDH8	enzyme.

The	pathophysiology	of	STGD1	has	been	unraveled	over	
the	past	two	decades	using	pigmented	and	non-	pigmented	
STGD1	 mouse	 models.	 This,	 despite	 the	 fact	 that	 rodents	
lack	a	macula	and	ABCA4	dysfunction	is	found	to	have	little	
impact	on	functional	rodent	vision.22	In	these	rodent	mod-
els	 for	 instance,	 progressive	 lipofuscinogenesis,	 known	 in	
patients	to	precede	retinal	cell	death,	is	shown	to	be	driven	
by	 the	 accumulation	 of	 a	 heterogeneous	 bisretinoid	 mix,	
for	which	A2E	is	best	characterized.11,15	Reversing	this	bio-
chemical	signature	has	been	a	goal	for	initial	screening	of	
STGD1	 therapies.	 These	 therapeutic	 strategies	 need	 to	 be	
innovative	as	ABCA4	 is	 too	 large	 for	 the	most	commonly	
used	 recombinant	 Adeno-	Associated	 Virus-	derived	 vector	
systems	(rAAV)	complicating	efforts	to	directly	replace	the	
gene.	It	also	has	over	1000	causal	mutations	limiting	the	ben-
efits	 of	 a	 targeted	 gene	 correction.	 However,	 considerable	

recent	progress	has	been	made	to	 treat	STGD1	using	dual	
AAV	vectors	expressing	ABCA4	as	well	as	using	visual	cycle	
modulators	to	reduce	these	bisretinoid	biomarkers.23–	27	To	
further	 facilitate	 such	 early-	stage	 biomedical	 research,	 we	
are	developing	rat	Abca4	mutant	models	through	targeted	
mutations	in	the	Abca4	gene	using	a	Cas9-	based	platform.	
There	are	advantages	to	developing	rat	STGD1	models	for	
small	animal	modeling	in	retinal	diseases.	Firstly,	subretinal	
injections	in	the	mouse	eye	offer	limited	control	over	how	
much	of	the	injected	fluid	is	retained	in	the	subretinal	space	
without	leaking	to	the	vitreous	or	choroid.	In	the	rat,	the	oc-
ular	membranes	are	more	resistant	allowing	greater	control	
using	a	stereotactic	apparatus	and	reducing	the	risk	of	leak	
in	the	hour	proceeding	injection.	Secondly,	complications	of	
prolonged	in vivo	retinal	imaging	arise	in	the	anaesthetized	
mouse	where	opacity	of	 the	 lens	can	develop	quickly	and	
compromise	a	full	fundus	imaging	protocol,	particularly	in	
the	 immature	 animal.	This	 effect	 caused	 by	 drying	 of	 the	
cornea	as	well	as	pseudo-	cataract	formation	under	anesthe-
sia	is	present	in	most	mouse	models	but	does	not	arise	in	our	
experience	with	the	rat.

To	 aid	 our	 early-	stage	 testing	 of	 STGD1	 therapeutic	
tools,	we	have	developed	and	phenotyped	STGD1	rat	mod-
els	 using	 CrispR-	Cas9	 and	 single-	stranded	 oligodinucle-
otides	 (ssODNs),	 as	 described	 by	 Remy	 and	 colleagues.28	
Rat	 zygotes	 that	 did	 not	 receive	 a	 ssODN	 showed	 NHEJ	
events	 in	 the	 Abca4	 gene	 that	 in	 some	 cases	 resulted	 in	
non-	translation	of	stable	protein.	In	this	report	we	describe	
the	phenotype	of	one	such	ABCA4	knockdown	rat	model	
and	its	similarity	to	STGD1	mouse	models	using	the	tem-
plate	proposed	by	Wilner	in	which	the	validity	of	an	ani-
mal	model	for	a	disease	is	assessed	by	three	criteria:	Face,	
Construct	and	Predictive	validity.29	We	also	wished	to	ex-
amine	whether	overexpression	of	photoreceptor	RDH	en-
zymes	may	delay	bisretinoid	accumulation.	The	reduction	
step	 is	a	potential	bottleneck	 in	 the	visual	cycle	so	 it	was	
of	 interest	 to	 see	 the	 effect	 of	 exogenous	 rAAV-	mediated	
expression	 of	 RDH	 transgenes	 in	 these	 retinas.30	 We	 re-
port	 that	while	 this	 strategy	can	 reduce	bisretinoid	 levels	
in	 this	 rat	model,	 the	retinal	 tissue	overexpressing	RDH8	
transgene	shows	signs	of	degeneration	while	being	less	im-
pacted	by	RDH12	transgene.	While	RDH	supplementation	
may	have	limited	therapeutic	potential	the	predictive	valid-
ity	of	this	new	rat	model	for	therapeutic	testing	is	shown.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Animals

The	Transgenic	Rat	Platform	at	the	University	of	Nantes	
(INSERM	 UMR	 1064)	 generated	 the	 rats	 used	 in	 this	
study.	 The	 sgRNAs	 targeting	 exon	 41	 of	 the	 rat	 Abca4	
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gene	 were	 initially	 screened	 in	 rat	 C6	 glioma	 cells	 be-
fore	 the	 following	 sgRNA	 sequence	 was	 selected,	
CCTCCAGTCCAGCAGTAGAT.	 Animals	 were	 main-
tained	at	the	Boisbonne	Centre	(ONIRIS,	Nantes-	Atlantic	
College	 of	 Veterinary	 Medicine,	 Food	 Science	 and	
Engineering,	Nantes,	France)	under	a	12/12-	h	light/dark	
cycle.	All	experiments	involving	animals	were	conducted	
in	accordance	with	the	Association	for	Research	in	Vision	
and	 Ophthalmology	 statement	 for	 the	 use	 of	 animals	
in	 ophthalmic	 and	 vision	 research.	 Colony	 production	
and	 treatment	 protocols	 were	 approved	 by	 the	 Animal	
Experimentation	Ethics	Committee	of	 the	Pays	de	Loire	
(France)	and	the	Ministère	de	l'Enseignement	Supérieur	
et	 de	 la	 Recherche	 (APAFIS	 permit	 numbers	 9639	 and	
16586).	Genotyping	is	described	in	Supplementary	meth-
ods.	 For	 all	 experiments	 rats	 were	 euthanized	 by	 intra-
cardiac	 injection	 of	 sodium	 pentobarbital	 (Vealtoquinol,	
Lure,	France)	following	inhalation	of	isofluorane	gas.

2.2	 |	 Electroretinography and FO- OCT

After	overnight	dark-	adaptation,	rats	were	sedated	by	gas	
anesthesia	followed	by	ketamine	intramuscular	injection	
(Rompun®	2%	−	Imalgène	1000)	and	maintained	by	inha-
lation	 of	 isofluorane	 gas.	 Electroretinogram	 (ERG)	 were	
recorded	bilaterally	with	contact	lens	electrodes	following	
pupil	dilation	(Tropicamide,	Novartis)	and	local	anesthe-
sia	(Chlorhydrate	oxybuprocaine,	Théa,	France).	Up	to	10	
stimulations	were	carried	out	at	each	intensity	of	flash	to	
obtain	 the	 stabilized	 measure.	 In	 vivo	 imaging	 was	 per-
formed	one	week	before	each	ERG	using	 the	Spectralis®	
HRA	 +	 optical	 coherence	 tomography	 (OCT)	 imaging	
system	 (Heidelberg	 Engineering	 Inc.)	 which	 combines	
simultaneous	reflectance	fundus	imaging	with	OCT,	and	
allows	repeatable	scanning	at	the	same	retinal	region	dur-
ing	 follow-	up	 studies.	 Contact	 lenses	 were	 not	 used	 for	
this	imaging	and	the	camera	did	not	have	an	internal	cali-
brator	for	fundus	acquisition.	Animals	were	placed	on	an	
adjustable	platform,	and	the	camera	aligned	perpendicu-
lar	to	the	animal	directly	in	front	of	the	eye.	The	NIR	re-
flectance	mode	in	fundus	imaging	using	the	820 nm	laser	
was	used	for	alignment	and	to	ensure	equivalent	illumina-
tion	over	the	55°	acquisition	field	for	each	animal.	Images	
were	recorded	in	automatic	real	 time	mode.	A	quantita-
tive	gray-	level	analysis	of	the	fundus	scans	was	performed	
using	Fiji	software	as	described	previously.31	With	the	ex-
ception	of	 injected	retinas,	 imaging	was	carried	out	 in	a	
mid-	peripheral	region	superior	to	the	optic	disc.	The	gray	
value	on	unprocessed	images	was	determined	in	this	re-
gion	of	 interest	(ROI)	using	a	plot	profile	on	the	thresh-
olded	image	with	subtraction	of	values	for	 images	taken	
without	laser	acquisition.	The	same	area	and	pixel-	radius,	

accessed	from	Fijis	ROI	manager,	was	used	for	each	image.	
For	 OCT	 once	 the	 optic	 disc	 was	 centered	 and	 in	 focus	
using	infrared	imaging,	the	retina	was	covered	by	30°	hor-
izontal	B-	scans	with	an	average	of	25	line	scans	using	the	
high-	resolution	mode.	For	phenotyping,	scans	were	made	
through	the	optic	nerve	head	in	the	central	superior	ret-
ina.	By	contrast,	for	pre-		and	post-	injection	comparisons	a	
fixed	location	in	the	peripheral	superior	retina	where	the	
injection	is	localized	was	scanned.	During	recordings,	the	
cornea	was	kept	lubricated;	and	during	acquisition,	image	
quality	was	determined	by	the	quality	signal	index	of	the	
Spectralis	software	as	well	as	the	subjective	assessment	of	
the	examiner.

2.3	 |	 Mass spectrometry analyses

All	 solvents	 were	 LC-	MS	 grade	 and	 purchased	 from	
Biosolve	 (Valkenswaard,	 Netherlands)	 unless	 otherwise	
specified.	Rats	were	euthanized	under	dim	red	light	and	
eye	cups	extracted	 in	 the	dark,	snap	 frozen	 in	 light-	safe	
eppendorfs	 and	 stored	 at	 −80°C	 for	 further	 processing.	
A	 2:1	 methanol/chloroform	 mix	 was	 added	 to	 the	 fro-
zen	eyecups	with	retinyl	acetate	as	an	internal	standard.	
Two	 sterile	 metal	 beads	 were	 added	 to	 each	 tube	 and	
the	 sample	 homogenised	 for	 2  min	 using	 a	 tissuelyser	
(Qiagen,	 Hilden,	 Germany).	 The	 mouse	 eyes	 used	 as	
reference	 control	 were	 handled	 similarly	 with	 two	 eye-	
cups	 analyzed	 per	 sample.	 Following	 10-	min	 centrifu-
gation	 at	 20  000  g	 the	 supernatants	 were	 transferred	 to	
screw-	top	 glass	 vials	 and	 all	 solvent	 removed	 under	 a	
gentle	stream	of	nitrogen.	The	dried	samples	were	solu-
bilized	 in	 a	 mixture	 of	 isopropanol/acetonitrile/water	
(50:25:25,	v:v:v,	100	µl)	prior	mass	spectrometry	analyses.	
Liquid	 chromatography-	high	 resolution	 mass	 spectrom-
etry	(LC-	HRMS)	analyses	were	performed	on	a	SynaptTM	
G2	 HRMS	 Q-	TOF	 mass	 spectrometer	 equipped	 with	 an	
electrospray	ionization	interface	operating	in	the	positive	
mode	 and	 an	 Acquity	 H-	Class®	 UPLCTM	 device	 (Waters	
Corporation,	Milford,	MA,	USA).	Samples	were	injected	
(10	µl)	onto	an	Acquity®	Charge	Surface	Hybrid	C18	col-
umn	 (2.1  mm	 ×	 100  mm,	 1.7  µm;	 Waters	 Corporation)	
held	at	55°C.	The	mobile	phase	was	composed	of	an	ace-
tonitrile/water	 (60:40,	 v:v)	 mixture	 as	 solvent	 A	 and	 an	
isopropanol/acetonitrile	(90:10,	v:v)	mixture	as	solvent	B,	
each	containing	10 mmol/L	ammonium	acetate	and	0.1%	
formic	acid.	The	elution	was	carried	out	using	a	multistep	
gradient	of	solvent	B	in	solvent	A	over	22 min	at	a	con-
stant	flow	rate	of	400	µl/min.	The	elution	started	at	40%	
solvent	B,	followed	by	a	linear	gradient	up	to	43%	solvent	
B	over	2 min.	Solvent	B	was	immediately	increased	up	to	
50%,	 and	 ramped	 up	 to	 54%	 over	 10  min.	 Next,	 solvent	
B	was	increased	to	70%,	then	ramped	to	99%	over	6 min,	



4 of 17 |   CRONIN et al.

and	 maintained	 at	 99%	 for	 2  min.	 The	 eluent	 composi-
tion	returned	to	the	initial	conditions,	and	the	LC	column	
was	equilibrated	 for	2 min	prior	 the	next	 injection.	The	
full-	HRMS	 mode	 was	 applied	 for	 detection	 (mass-	to-	
charge	 ratio	 [m/z]	 range	 50–	1200)	 at	 a	 mass	 resolution	
of	 30  000	 full-	widths	 at	 half	 maximum.	 The	 ionization	
settings	 were	 as	 follows:	 capillary	 voltage,	 +2  kV;	 cone	
voltage,	30 V;	desolvation	gas	(N2)	flow	rate,	900	L/h;	de-
solvation	 gas/source	 temperatures,	 550/120°C.	 Leucine	
enkephalin	 solution	 (2  µg/ml,	 50%	 acetonitrile)	 was	 in-
fused	 at	 a	 constant	 flow	 rate	 of	 10	 µl/min	 in	 the	 lock-
spray	 channel,	 allowing	 for	 correction	 of	 the	 measured	
m/z	 throughout	 the	 batch	 (theoretical	 m/z	 556.2771	 in	
positive	 mode).	 Data	 acquisition	 and	 processing	 were	
achieved	using	MassLynx®	and	TargetLynx®	software	(ver-
sion	4.1,	Waters	Corporation).	Biomarkers	were	extracted	
from	the	detected	variables	using	their	exact	mass	meas-
ured	 ±5  ppm,	 elemental	 compositions,	 retention	 times	
in	 comparison	 to	 reference	 standards,	 fragmentation	
patterns.	 Extracted	 ion	 chromatograms	 were	 obtained	
at	 m/z	 ratio	 of	 592.4618,	 746.4550,	 551.4253,	 836.5225,	
792.5538,	740.5225	and	329.2481	for	A2E,	A2GPE,	atRAL	
PE	(22:6/22:6),	PE	(18:0/22:6),	PE	(18:2/18:2)	and	retinyl	
acetate,	 respectively.	 Chromatographic	 peaks	 were	 then	
integrated	and	normalized	with	that	of	internal	standard.	
For	Figure 3H	the	absolute	levels	of	A2E	were	determined	
from	 standard	 curve	 for	 synthetic	 A2E	 resuspended	 in	
methanol.	 The	 purity	 of	 the	 final	 compound,	 generated	
by	Atlanchim	Pharma	was	92.3%	as	determined	by	HPLC.

2.4	 |	 Recombinant AAV vectors and 
subretinal injections

Expression	cassettes	included	in	the	plasmid	vectors	used	
for	 the	 production	 of	 the	 rAAV2/5	 vector	 were	 cloned	
using	 synthesized	 gene	 fragments	 (Integrated	 DNA	
Technologies,	 Belgium)	 containing	 the	 coding	 sequence	
for	NM_015725.4	and	NM_152443.3.	The	rAAV2	vectors	
were	 produced	 as	 previously	 described	 (Rabinowitz	 and	
Rolling,	2002)	at	the	Vector	Core	facility	of	the	University	
of	Nantes	(CPV-	vector	core,	https://umr10	89.univ-	nantes.
fr/facil	ities	-	cores/).	 The	 titer	 of	 rAAVs	 were	 determined	
using	 dot-	blot	 and	 by	 transgene	 qPCR.	 For	 subretinal	
injections,	 rats	 were	 anaesthetised	 by	 inhalation	 of	 5%	
isofluorane	 gas	 followed	 by	 IM	 injection	 of	 ketamine/
xylazine	 (Imalgène1000/Rompun2%).	 Under	 an	 operat-
ing	 microscope,	 a	 transcleral/transchoroidal	 tunnel	 was	
carried	out	using	surgical	nylon	suture	(Ethilon	10/0)	and	
the	 rAAV	 was	 delivered	 to	 the	 subretinal	 space	 using	 a	
33G	 needle	 on	 a	 5  ml	 Hamilton	 syringe.	 The	 stereotac-
tic	 injection	 was	 performed	 at	 a	 rate	 of	 2  μl/min.	 Up	 to	
2.5 μl	volume	was	injected	with	1/1000	of	fluorescein	dye	

to	monitor	the	bleb	size.	The	relative	success	of	the	injec-
tion	was	evaluated	by	the	size	of	bleb	determined	by	OCT	
imaging	immediately	after	injection.

2.5	 |	 Western blot and 
immunohistochemistry

2.5.1	 |	 Western	blot

Samples	 (retinas)	 for	 Western	 blot	 analysis	 were	 lysed	
in	SIE	buffer	(250 mM	sucrose,	3 mM	imidazole	pH	7.4,	
1%	ethanol,	and	1%	NP-	40,	protease	 inhibitor)	 to	extract	
ABCA4	protein.	After	 lysis,	ABCA4	samples	were	dena-
tured	at	37°C	for	15 min	in	1×	Laemli	sample	buffer	sup-
plemented	 with	 4  M	 urea.	 For	 The	 antibodies	 used	 for	
immuno-	blotting	are	as	follows:	monoclonal	anti-	ABCA4	
3F4	(1:500,	RRID:AB_1118540),	monoclonal	anti-	ABCA4	
5B4	 (1:500,	 MABN2440,	 Sigma	 Aldrich),	 monoclonal	
anti-	β-	actin	(1:2000,	RRID:AB_476744),	monoclonal	anti-	
GAPDH	 (1/1000,	 RRID:AB_1078991).	 For	 membrane	
separation,	 the	Mem-	Per	Plus	kit	was	used	according	 to	
manufacturers	instructions	(Thermofisher,	89842).

2.5.2	 |	 Immunohistochemistry

After	 euthanasia	 rat	 eyes	 were	 immediately	 enucleated	
and	fixed	for	5 h	in	Bouin's	solution,	dehydrated	for	5 days	
and	embedded	in	paraffin.	Retinas	were	cut	into	5-	μm	sec-
tions	 that	 were	 then	 deparaffinized	 and	 rehydrated	 for	
staining.	Morphological	analysis	was	performed	after	he-
matoxylin	and	eosin	staining.	Nuclei	were	counterstained	
with	 Mayer's	 hemalun	 solution	 and	 the	 slides	 were	
mounted	 and	 examined	 using	 a	 laser	 scanning	 confocal	
microscope	(Nikon	A1RSi).	For	flat-	mount	retinas,	a	mix-
ture	 of	 anti	 Red/Green	 opsin	 (1/300,	 RRID:AB_177456)	
and	 Blue	 opsin	 (1/300,	 RRID:AB_177456)	 followed	 by	
546-	conjugated	anti-	rabbit	IgG	antibody	(1/300;	A.11010,	
Life	 Technologies)	 and	 draq5	 (1/500,	 Biostatus	 Cat#	
DR50050,	RRID:AB_2314341)	counterstaining	was	used.	
Images	were	processed	using	Fiji	(http://fiji.sc).

2.6	 |	 qPCR expression

Most	 gene	 expression	 analyses	 were	 carried	 out	 using	
individual	 primers	 and	 Sybr	 green	 assays	 (Applied	
Biosystems)	 from	 which	 relative	 quantity	 (RQ)	 of	 tran-
script	 was	 determined.	 The	 RQ	 (2−ΔΔCT)	 was	 obtained	
in	 the	 test	 sample	 relative	 to	 the	 calibrator	 sample	 by	
normalizing	CT	values	for	the	gene	of	interest	to	the	CTs	
for	the	two	house-	keeping	genes,	Hprt	and	Tbp.	Relative	

https://umr1089.univ-nantes.fr/facilities-cores/
https://umr1089.univ-nantes.fr/facilities-cores/
info:x-wiley/rrid/RRID
info:x-wiley/rrid/:A
info:x-wiley/rrid/B_1118540
info:x-wiley/rrid/RRID
info:x-wiley/rrid/:A
info:x-wiley/rrid/B_476744
info:x-wiley/rrid/RRID
info:x-wiley/rrid/:A
info:x-wiley/rrid/B_1078991
info:x-wiley/rrid/RRID
info:x-wiley/rrid/:A
info:x-wiley/rrid/B_177456
info:x-wiley/rrid/RRID
info:x-wiley/rrid/:A
info:x-wiley/rrid/B_177456
info:x-wiley/rrid/RRID
info:x-wiley/rrid/:A
info:x-wiley/rrid/B_2314341
http://fiji.sc
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expression	levels	for	rat	glycolytic	genes	were	determined	
using	 a	 custom-	designed	 panel	 for	 PCR	 prime	 assay	
(https://www.bio-	rad.com/en-	us/prime	-	pcr-	assay	s/selec	
t-	plate	-	template)	on	a	Biorad	CFX96	machine.	The	array	
was	designed	on	the	Biorad	website	by	modifying	a	prede-
signed	array	for	glyocolysis/gluconeogenesis	pathway	for	
mouse	 (https://www.bio-	rad.com/fr-	fr/prime	-	pcr-	assay	s/
prede	signe	d-	plate/	sybr-	green	-	glyco	lysis	-	gluco	neoge	nesis	
-	m96).	 For	 those	 primer	 pairs	 not	 selected	 from	 Biorad	
PrimePCR	validated	list,	the	efficiencies	were	determined	
by	 a	 6-	point	 standard	 curve	 and	 incorporated	 into	 the	
analyses	according	to	the	template	described	by	Pfaffl.32

2.7	 |	 Statistical methods

Statistical	analyses	were	performed	using	GraphPad	Prism	
version	8.0.0	 (GraphPad	Software,	San	Diego,	California	
USA).	For	most	figures	the	data	were	passed	for	normal-
ity	(Shapiro–	Wilk)	before	analysis.	An	exception	was	the	
RT-	qPCR	data	of	Figure 1C	and	outer	nuclear	layer	(ONL)	
counts	 of	 Figure  2B,	 which	 had	 too	 low	 a	 sample	 num-
ber	(n = 3)	for	accurate	normality	distribution	testing	and	
were	analyzed	by	Wilcoxon	signed-	rank	test.	ANOVA	and	
regression	analysis	was	used	to	compare	ERG	amplitude	
and	OCT	differences	in	genotypes	with	age.	All	other	data	
were	analyzed	by	Kruskal-	Wallis	test	of	variance	or	a	two-	
tailed	unpaired	t-	test.	p value	<.05	was	considered	statisti-
cally	significant.

3 	 | 	 RESULTS

3.1	 |	 Maintenance of function with 
retinal thinning in the Abca4Ex42−/− 
transgenic rat

The	rat	Abca4	gene	was	targeted	for	disruption	by	SpCas9	
RNP	microinjection	into	the	pronucleus	of	 intact	rat	zy-
gotes	 and	 screened	 for	 NHEJ	 events	 on	 the	 gene.	 The	
sgRNA	 was	 designed	 to	 guide	 the	 nuclease	 to	 exon	 41	
of	 Abca4	 where	 end-	joining	 led	 to	 sequence	 deletion	
(Figure 1A).	This	region	was	targeted	to	induce	changes	
in	 or	 close	 to	 the	 nucleotide-	binding	 domain	 2	 (NBD2)	
domain,	 where	 frequent	 mutations	 arise	 in	 STGD1	 pa-
tients.33	Two	albino	Sprague-	Dawley	rat	transgenic	lines,	
carrying	 85	 and	 133-	bp	 gene	 deletions	 were	 analyzed.	
Sequencing	 of	 cDNA	 for	 both	 lines	 shows	 the	 deletions	
resulted	in	the	same	splicing-	mediated	loss	of	a	conserved	
region	for	ABC	transporters	at	the	start	of	NBD2.	The	in-
correct	splicing	of	a	donor	site	from	intron	41	to	a	splice-	
acceptor	 site	 from	 intron	 42	 resulted	 in	 loss	 of	 exon	 42	
while	maintaining	the	correct	reading	frame.	Despite	the	

loss	of	exon	42	the	levels	of	rAbca4	transcript	are	not	sig-
nificantly	altered	as	determined	by	RT-	qPCR	on	the	reti-
nal	RNA	(Figure 1B).	However,	unexpectedly,	the	loss	of	
the	21	amino	acids	of	exon	42	 is	sufficient	 to	result	 in	a	
significant	knockdown	of	ABCA4	protein	as	observed	 in	
retinal	 lysates	 from	 the	 mutant	 rat	 retinas	 probed	 with	
monoclonal	antibodies	against	the	N-		and	C-	terminals	of	
the	protein	(Figure 1C).	Both	the	5B4	and	3F4	clones	do	
not	 detect	 protein	 after	 1  min	 of	 exposure	 (top	 and	 sec-
ond	western	blot	strips)	with	the	protein	in	the	WT	sam-
ple	banding	as	a	doublet	between	238	and	268 kDa.	When	
the	blots	are	left	to	over-	expose	for	15 min,	protein	in	the	
mutant	lysates	is	picked	up,	though	only	by	the	3F4	clone	
(third	western	blot	strip	of	1C).	This	suggests	that	residual	
protein	 is	present	albeit	at	much	diminished	levels	such	
that	 the	 WT	 protein	 saturates	 at	 the	 exposure	 lengths	
needed	to	reveal	the	mutant	band	(the	original	blots	are	
shown	in	Figure S1).	Quantification	of	the	level	of	protein	
in	Figure 1D	is	based	on	the	15-	min	exposure	signal	from	
the	3F4	antibody.	It	shows	the	model	to	be	a	hypomorphic	
rather	 than	 a	 true	 knockout	 with	 88%	 reduction	 in	 the	
level	of	protein.	As	the	protein	was	only	weakly	detected	
by	western	blot,	 the	model	 is	 referred	 to	 from	herein	as	
Abca4Ex42−/−.	To	further	investigate	the	residual	protein	in	
the	mutant	rat	retinas	the	protein	extraction	was	carried	
out	 so	 as	 to	 separate	 membrane	 and	 cytosolic	 fractions.	
From	this	it	is	clear	that	much	of	the	residual	protein	in	
the	 mutant	 retinas	 is	 aberrantly	 localized	 to	 the	 cytosol	
while	only	an	estimated	4%–	6%	of	the	WT	protein	remains	
in	the	cytosol	(Figure 1E,F).	The	persistence	of	Abca4	gene	
transcripts	(Figure 1B)	suggests	protein	is	lost	through	a	
post-	translational	degradation	with	some	protein	escaping	
in	the	cytosol,	as	has	been	similarly	described	in	a	recent	
Abca4	mutant	mouse	model.34	The	loss	of	Abca4	protein	
does	not	cause	imbalance	in	the	expression	of	other	visual	
cycle	genes	(Figure S2).	Non-	invasive	in	vivo	imaging	by	
OCT	was	carried	out	at	spaced	time-	points	to	see	how	the	
retinal	structure	changed	with	age.	These	analyses	show	a	
28%	reduction	in	the	rat	AbcaEx42−/−	ONL	by	12 months	of	
age	(Figure 2A).	The	difference	is	confirmed	upon	paraf-
fin	embedding	of	the	retinas	at	the	end	of	the	study	and	
counting	the	nuclei	across	5	evenly	spaced	sections	where	
a	30%	reduction	in	cell	number	for	the	ONL	is	determined	
in	 the	 Abca4Ex42−/−	 eyes	 compared	 to	 WT	 (Figure  2B).	
However,	 L/M	 and	 S-	opsin	 counts	 in	 the	 flat-	mounted	
retinas	are	unchanged	at	12 months	of	age	showing	cones	
to	be	unimpacted	in	this	rat	model	(Figure S2).

The	 ERG,	 measuring	 the	 amplitude	 of	 the	 voltage	 re-
sponse	across	the	cornea	to	flashes	of	defined	light	intensity	is	
a	commonly	used	measure	of	retinal	function.	In	transgenic	
rats,	the	follow-	up	was	repeated	over	several	time-	points	as	
the	 rats	 age	 using	 flashes	 of	 incrementally	 increasing	 in-
tensity	on	the	dark-	adapted	retina.	Amplitude	responses	to	

https://www.bio-rad.com/en-us/prime-pcr-assays/select-plate-template
https://www.bio-rad.com/en-us/prime-pcr-assays/select-plate-template
https://www.bio-rad.com/fr-fr/prime-pcr-assays/predesigned-plate/sybr-green-glycolysis-gluconeogenesis-m96
https://www.bio-rad.com/fr-fr/prime-pcr-assays/predesigned-plate/sybr-green-glycolysis-gluconeogenesis-m96
https://www.bio-rad.com/fr-fr/prime-pcr-assays/predesigned-plate/sybr-green-glycolysis-gluconeogenesis-m96
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flashes	that	stimulate	only-	rod	photoreceptors	rod-	cone	mix	
and	 only-	cones	 are	 not	 significantly	 changed	 at	 each	 age	
group	compared	to	WT	with	5	rats	also	followed	over	time	
(Figure 2C–	E).	We	also	note	no	difference	in	the	kinetics	of	
rod	recovery	following	saturating	flash	in	the	rats	tested	at	
6 months	of	age	(Figure 2F)	as	distinct	from	that	described	
for	the	well-	described	Abca4KO	mouse	ERG.35,36	A	possible	
consequence	of	the	ONL	thinning	at	12 months	of	age	may	
be	reflected	by	the	drop	in	the	amplitude	responses	 in	the	
mixed	rod-	cone	ERG,	however	we	note	that	the	amplitudes	
at	these	later	ages	do	show	more	variability	(Figure 2D).	As	
well	as	cell	 loss,	ONL	thinning	may	arise	with	remodeling	
of	the	retina,	a	phenomenon	described	for	a	number	of	RD	
models.37	 While	 such	 remodeling	 is	 typically	 considered	
maladaptive,	recent	studies	have	shown	that	it	may	aid	the	
degenerating	retina	to	maintain	normal	overall	retinal	func-
tion	even	as	photoreceptor	input	is	impacted.38,39	This	reor-
ganization	supports	signal	compensation	at	the	first	synapse	
so	as	to	maximize	bipolar	cell	output	relative	to	photorecep-
tor	input.	We	find	in	this	rat	model	that	a	shift	occurs	when	
the	log	of	bipolar	cell	amplitude	responses	(log	b-	wave)	are	
plotted	as	a	function	of	photoreceptor	amplitude	responses	
(a-	wave)	with	maximal	bipolar	cell	responses	being	achieved	
at	lower	photoreceptor	amplitudes	(Figure S3).	Irrespective	
of	ONL	thinning,	the	retinal	ERG	function	in	the	AbcaEx42−/−	
rats	is	minimally	impacted	by	the	loss	of	ABCA4.

3.2	 |	 Increase in bisretinoid levels in the 
Abca4Ex42−/− transgenic rat

In	the	case	of	dysfunction	of	ABCA4	protein,	N-	all-	trans-		
and	 N-	11cis-	retinylidene-	PE	 molecules	 accumulate	 in	

the	 lumen	 of	 the	 photoreceptor	 outer	 segment	 (POS).	
Dimerization	will	lead	to	the	formation	of	N-	Retinylidene-	
N-	Retinyl-	Phosphatidylethanolamine	 (A2PE)	 that	 will	 be	
further	 processed	 in	 the	 RPE	 phagosomes	 following	 POS	
engulfment	 by	 the	 Retinal	 Pigment	 Epithelium	 (RPE).40	
A2PE	 is	 then	 hydrolyzed	 to	 A2E,	 a	 major	 toxic	 compo-
nent	 and	 photosensitizer	 of	 RPE	 lipofuscin	 that	 is	 in-
creased	 in	 Abca4	 KO	 mouse	 model.11,22	 LC-	HRMS	 offers	
the	most	effective	approach	for	retinoid	detection	in	terms	
of	 sensitivity,	 specificity,	 and	 definite	 mass	 identification	
(Figure 3A).41	To	further	verify	this	approach	we	measured	
in	parallel	the	bisretinoid	levels	in	eye-	cups	taken	from	the	
Abca4KO	mouse	model	at	ten	weeks	of	age	and	find	a	3-	
fold	increase	relative	to	the	wild-	type	controls	in	agreement	
with	 that	described	 to	date	 (Figure S5).	The	Abca4Ex42−/−	
rat	shows	a	3.5-	fold	relative	 increase	 in	A2E	at	3 months	
(Figure  3B)	 a	 differential	 increase	 that	 is	 maintained	 at	
15 months	of	age	(Figure 3E).	While	A2E	accumulates	in	
the	RPE,	at	least	20	bisretinoids	emerge	earlier	in	the	syn-
thetic	cascade	and	within	the	POS;	while	many	have	been	
characterized	 there	are	countless	more	potential	configu-
rations	and	 transformations.	We	 find	a	6-	fold	 increase	 in	
the	level	of	one	such	early	precursor	A2GPE	(Figure 3C,F),	
a	difference	that	remains	stable	as	the	rats	age.	While	the	
most	abundant	primary	amine	in	the	retina	is	PE,	retinal	
can	technically	dimerize	upon	any	primary	amine	with	the	
rate-	limiting	 step	 simply	 being	 the	 rearrangement	 of	 the	
Schiff	 base	 to	 a	 nucleophillic	 reactive	 intermediate.42	 In	
particular,	dimerization	upon	lysine	residues	of	opsin	has	
been	described	with	deamination	of	the	neutral	dimer	from	
this	reaction	resulting	in	the	atRAL	dimer	(dATR).43,44	The	
level	 of	 dATR	 is	 found	 in	 excess	 in	 the	 AbcaEx42−/−	 eyes	
(Figure 3D).	Unlike	A2E	and	A2GPE	the	difference	in	the	

F I G U R E  1  Generation	of	two	Abca4	knockout	transgenic	rat	lines.	(A)	A	gRNA	targeting	exon	42	at	the	start	of	the	second	nucleotide	
binding	domain	of	the	rat	Abca4	gene	was	used	to	disrupt	the	Abca4	coding	sequence	leading	to	two	NHEJ	products:	one	containing	a	85 bp	
deletion	and	a	second	containing	a	133 bp	deletion.	Both	genome	deletions	led	to	the	same	Abca4	transcript	product	with	exon	42	removed	
in	the	rat	mRNA	as	shown	by	sequencing	of	RT-	PCR	products	‘WT	cDNA’	and	‘Exon42KO	cDNA’	in	this	region.	(B)	RT-	qPCR	on	retinal	
RNA	from	the	mutant	rats	shows	the	deletion	of	exon	42	does	not	impact	the	RNA	expression	level	of	Abca4	with	a	non-	significant	increase	
of	expression	in	the	retina	and	a	low	level	of	expression	in	the	RPE,	n = 3.	(C)	Retinal	lysates	from	Abca4- Ex42δ85/δ85	and	Abca4- Ex42δ133/δ133	
rats	and	WT	non-	affected	siblings,	n = 3,	were	tested	by	western	blot	using	monoclonal	antibodies	to	epitopes	in	the	N-	terminal	domain	(5B4)	
and	C-	terminal	domain	(3F4).	Both	antibodies	show	absence	of	the	target	protein	after	1 min	of	exposure	time	(first	and	second	strips	of	the	
western	blot).	However,	where	the	C-	terminal	3F4	blot	was	left	to	expose	for	15–	18 min	a	band	appears	at	the	expected	268 kDa	size	of	ABCA4	
(third	strip).	This	suggests	a	residual	amount	of	protein	is	present	for	both	deletion	strains.	No	additional	protein	products	were	identified	as	
shown	in	the	uncropped	image	of	the	western	blot	membrane	(Figure S1).	(D)	The	targeted	disruption	results	in	an	estimated	88%	knock-	down	
on	ABCA4	total	protein	level,	n = 3,	as	measured	by	densitometry	from	the	15-	min	exposed	bands.	(E)	Protein	extracts	were	prepared	with	the	
separation	of	membrane	and	cytosolic	fractions	and	the	lysates	probed	with	the	3F4	antibody	(two	separate	extraction	experiments	on	n = 4	
rats).	Blots	were	left	to	overexpose	for	15 min	showing	the	residual	ABCA4	protein	in	the	rats	with	the	exon-	42	deletion	to	be	retained	in	the	
cytosol.	With	high	resolution	gels,	the	3F4	antibody	reveals	a	doublet	banding	between	220	and	268 kDa.	In	the	cytosolic	fraction	the	upper	
molecular	weight	band	(between	250	and	268 kDa)	predominates	over	the	lower	molecular	weight	band	(between	220	and	250 kDa).	(F)	The	
ratio	of	the	intensity	of	membrane/cytosolic	protein	bands	was	determined	showing	20-	fold	increased	concentration	of	ABCA4	protein	at	
the	membrane	compared	to	protein	trapped	in	the	cytosol	in	the	WT	retinas.	By	contrast,	only	a	fraction	of	the	residual	protein	in	the	retinas	
carrying	exon-	42	deletion	reaches	the	cytosol.	GCL,	ganglion	cell	layer;	gRNA,	guide	RNA;	INL,	inner	nuclear	layer,	NHEJ,	non	homologous	
end-	joining;	ONL,	outer	nuclear	layer;	POS,	photoreceptor	outer	segment;	RQ,	relative	quantity
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levels	 increases	 further	 as	 the	 rats	 age,	 remaining	 highly	
significant	 despite	 inter-	individual	 variation	 (Figure  3G).	
We	used	a	standard	curve	generated	with	a	stock	of	 syn-
thetic	purified	A2E	to	determine	the	absolute	amounts	of	
A2E	in	the	rat	eyes	(Figure S3).	We	find	24	pmoles	of	A2E	
per	eye	in	the	WT	while	it	reaches	81	pmoles/eye	in	the	KO	
at	3 months	of	age	(Figure 3H).	A2E	is	an	important	toxic	
component	of	the	‘flecks’	of	lipofuscin	seen	in	the	STGD1	
fundus.	 Such	 flecks	 are	 evident	 as	 increased	 Fundus	 au-
tofluorescence	 (FAF)	 in	 patients	 and	 in	 animal	 models	
of	 macular	 degeneration.	 The	 level	 of	 FAF	 is	 not	 easily	
quantifiable	requiring	quantification	targets	and	an	inter-
nal	calibrator	for	accurate	assessment.31	To	assess	the	level	
of	 autofluoresence	 and	 how	 it	 correlates	 with	 bisretinoid	
measures	we	adapted	a	simplified	approach	as	used	on	the	
Abca4KO	mouse	by	taking	the	gray	 level	pixel	value	 in	a	
segmented	midperipheral	region	flanking	the	optic	nerve.	
All	rats	born	in	the	colony	during	the	study	were	passed	by	
this	analysis.	From	this	we	find	an	absolute	increase	in	FAF	
of	24%	across	the	retinas	of	the	AbcaEx42−/−	rat	at	3 months	
of	age	(Figure 3H).

3.3	 |	 Effect of overexpression of 
retinol dehydrogenase enzymes on 
Abca4Ex42−/− retinas

Limiting	 the	 window	 in	 which	 unbound	 retinal	 remains	
reactive	 may	 reduce	 the	 level	 of	 bisretinoids	 and	 their	
detrimental	 effect	 on	 the	 retina.	 The	 retinally	 expressed	
RDH8	and	RDH12	retinol	dehydrogenase	enzymes	reduce	
retinal	 to	 the	 less	reactive	retinol.	We	tested	 the	effects	of	
AAV-	mediated	 gene	 expression	 of	 RDH	 enzymes	 in	 the	
rat	 Abca4Ex42−/−	 retina	 to	 examine	 the	 impact	 on	 bisreti-
noid	 levels.	 RDH	 does	 not	 have	 access	 to	 the	 lumen	 of	
the	POS	where,	 in	the	absence	of	 the	ABCA4	transporter,	
dimers	of	atRal	can	form	in	abundance;	however	 increas-
ing	the	levels	of	RDH	in	the	cytosol	may	enhance	the	rate	
at	which	retinal	 is	 reduced	when	present	on	 the	cytosolic	
side	 before	 it	 can	 diffuse	 to	 the	 lumen	 and	 form	 reactive	

products.	RDH12	for	instance,	has	been	shown	to	be	protec-
tive	against	 light-	induced	degeneration	 in	mice.45	The	en-
zymatic	activities	of	RDH8	or	RDH12	may	be	illustrated	as	
in	Figure 4A	(adapted	from	the	fluorescent	 imaging	work	
of	Adler	and	colleagues).45	The	RDH8	construct	carries	an	
outer-	segment	targeting	motif	while	RDH12	is	localized	to	
the	 inner	 segment	and	cell	body	 (Figure 4B).	Both	RDH8	
and	RDH12	enzymes	rely	on	the	cofactor	NADPH	for	func-
tionality	creating	a	distinct	NADPH	concentration	gradient	
with	highest	levels	at	the	cell	body	and	inner	segment	where	
it	can	serve	as	cofactor	for	RDH12	while	the	lowest	 levels	
are	at	the	tips	of	the	POS.46	As	RDH	is	a	small	gene,	it	fits	
readily	 between	 the	 ITRs	 of	 AAV	 allowing	 for	 expression	
of	RDH8	and	RDH12	cDNAs	when	cloned	in	an	AAV	cas-
sette	with	the	rod-	specific	Rhodopsin	kinase	(RK)	promoter	
(Figure  4B).	 An	 AAV5	 carrying	 the	 RK	 promoter	 but	 not	
expressing	any	protein	(AAV-	Ctrl)	 serves	as	an	additional	
control.	The	AAVs	were	subretinally	injected	into	one	eye	of	
each	animal	at	approximately	4	×	109	total	vector	genomes	
per	eye.	The	high	expression	of	the	human	RDH	transgenes	
in	the	eyes	does	not	change	the	expression	levels	of	endog-
enous	rat	Rdh8	and	Rdh12	(Figure 4C).	A	snapshot	by	mass	
spectrometry	of	the	retinal	profile	in	the	eyes	injected	with	
AAV-	hRDH12	show	a	2-	fold	increase	in	the	ratio	of	retinol	
to	retinal	in	the	RPE	suggesting	that	the	excess	RDH	in	one	
eye	is	reducing	the	relative	level	of	atRAL	that	accumulates	
in	the	RPE	relative	to	the	contralateral	eye	(Figure 4D).

The	Abca42−/−	rats	were	injected	for	each	construct	in	
two	series	of	injections.	From	the	first	series,	7	rats	were	
injected	at	3 months	of	age	and	assigned	for	mass	spec-
trometry	analysis.	In	a	second	series	5	rats	were	injected	
at	6 months	of	age	and	the	retinas	used	for	imaging	and	
in	qPCR	analysis.	Only	rats	that	showed	a	normal	fun-
dus	prior	to	injection	were	used	for	the	experiments	and	
all	were	sacrificed	at	3 months	after	injection.	Eye-	cups	
from	rats	injected	with	AAV-	Ctrl,	AAV-	hRDH8	or	AAV-	
hRDH12	were	analysed	by	LC-	HRMS	to	obtain	a	quan-
titative	measure	of	the	autofluorescent	bisretinoids.	The	
relative	 levels	of	A2E	were	shown	to	be	unchanged	by	
subretinal	injection	of	AAV-	Ctrl	or	of	saline	(Figure 5A).	

F I G U R E  2  Reduced	ONL	thickness	in	ABCA4	knockout	rats	with	no	change	in	ERG.	(A)	OCT	measurements	of	retinal	thickness	with	
age	were	taken	of	segmented	mid-	peripheral	regions	at	a	fixed	distance	from	the	optic	nerve	as	shown	in	the	fundus/OCT	image	on	the	
right.	A	28%	thinning	of	the	ONL	thinning	for	the	Abca4Ex42−/−	retinas	is	measured	by	12 months	of	age	with	statistical	significance	assessed	
by	repeated	measures	ANOVA	(*p < .05),	n = 5.	(B)	ONL	thinning	is	confirmed	by	nuclei	counting	of	counter-	stained	paraffin-	embedded	
retinal	sections	from	rats	at	12 months	of	age,	scale	bar,	50 µm	n = 3.	(C)	Amplitude	responses	to	flash	ERG	were	recorded	between	
Abca4+/+	WT	(ο)	and	AbcaEx42−/−	KO	(Δ)	rats	as	they	aged.	Rod	a-	wave	and	b-	wave	amplitudes	show	no	significant	loss	in	rod	sensitivity	
with	age	in	response	to	−2.0	Log	cd s/m2	flash,	n = 5	(data	presented	as	mean	values	±	SD).	(D)	The	mixed	rod-	cone	a-	wave	and	b-	wave	
amplitudes	of	Abca4Ex42−/−	rats	drop	significantly	with	age	compared	to	Abca4+/+.	Fitting	a	regression	line	on	the	data	sets	show	significant	
deviation	from	0	only	for	the	Abca4Ex42−/−	slope,	(*p < .05)	n = 5.	(E)	The	cone	ERG	as	determined	by	photopic	flash	show	no	significant	
differences	in	the	age-	related	decline	of	amplitude,	n = 5	(data	presented	as	mean	values	±	SD).	(F)	Dark	adaptation	kinetics	show	no	
differences	in	dark	adaptation	response	times	between	Abca4+/+	and	Abca4Ex42−/−	at	6 months	of	age,	n = 3.	ERG,	electroretinogram;	GCL;	
ganglion	cell	layer;	INL,	inner	nuclear	layer;	OCT,	optical	coherence	tomography;	ONL,	outer	nuclear	layer;	POS,	photoreceptor	outer	
segment
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By	contrast,	the	levels	of	A2E	and	A2GPE	were	reduced	
by	32%	compared	to	the	contralateral	eye	for	RDH8	vec-
tor	 injection	 (Figure 5B,E)	while	 the	 levels	 for	RDH12	
were	determined	to	be	42%	reduced	(Figure 5C,F).	This	

drop	 between	 the	 injected	 and	 contralateral	 eyes	 was	
only	significant	for	the	RDH12	group.	However,	ANOVA	
analysis	between	the	groups	shows	the	percentage	drop	
across	all	the	treated	eyes	is	not	significant	(Figure 5D).	

A2GPE : RT (min) 4.96,  m/z 746.455

A2E : RT (min) 5.36,  m/z 592.4518 

ATR : RT (min) 3.88,  m/z 285.2218

dATR : RT (min) 8.19,  m/z 551.4253

Internal calibrator: RT (min) 4.78,  m/z 329.2481
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It	is	concluded	that	the	overexpression	of	RDH	enzymes	
is	not	having	a	consistent	effect	in	reducing	the	bisreti-
noid	levels	when	unilaterally	injected.

3.4	 |	 RDH overexpression and 
retinal thinning

In	 the	 first	 series	 of	 injections	 ERGs	 were	 recorded	
from	 injected	 Abca4Ex42−/−	 rats	 1  week	 before	 injec-
tion	when	the	rats	were	3 months	of	age	and	3 months	
post-	injection	 just	 prior	 to	 sacrifice.	 These	 measure-
ments	do	not	show	significant	changes	in	wave	ampli-
tude	of	the	scotopic	(rod)	ERG,	mesopic	(rod-	cone)	and	
photopic	 (cone)	 conditions	 recorded	 post-	injection	 for	
either	 groups	 compared	 to	 the	 control	 injected	 group	
(Figure 6A).	A	second	series	of	injections	was	also	car-
ried	out	in	older	animals	at	6 months	of	age	to	evaluate	
any	 transgene-	related	 toxicity	 that	 could	 result	 in	 loss	
of	 retinal	 tissue.	 The	 retinal	 thickness	 was	 quantified	
in	vivo	at	1 week	prior	 to	 injection	and	approximately	
3 months	post-	injection	by	OCT	scanning	over	the	su-
perior	 peripheral	 retina	 where	 the	 injection	 is	 carried	
out	(Figure 6B).	The	retinal	location	at	a	fixed	inferior	
angle	 to	 the	 injection	 site	 was	 scanned	 pre-		 and	 post-	
injection.	 The	 baseline	 we	 expect	 for	 thinning	 of	 the	
entire	retina	during	this	three	month	period	is	no	more	
than	 7%	 (as	 shown	 in	 the	 control	 of	 Figures  2A	 and	
6D).	We	find	a	2.5-	fold	increase	in	thinning	for	hRDH8-	
injected	 AbcaEx42−/−	 rats	 compared	 to	 controls	 (unin-
jected	 and	 injected	 with	 an	 AAV5	 not	 expressing	 any	
protein,	AAV-	Ctrl)	(Figure 6D).	Vitreous	immune	infil-
trates	were	not	detected	in	the	OCT	scans,	though	such	
immune	cells	may	already	have	been	cleared	out	by	this	
3  month	 time-	point.	 Despite	 overall	 thinning,	 retinal	
structure	 in	paraffin-	embedded	sections	 is	 found	to	be	
conserved	(Figure 6D).	Maeda	et	al.	have	proposed	that	
the	kinetics	of	the	reduction	of	atRal	to	atRol	is	limited	

by	 the	availability	of	NADPH	rather	 than	by	 the	RDH	
enzyme	itself.46,47	If	RDH8	overexpression	depletes	the	
available	NADPH	in	the	POS	than	it	may	result	in	POS	
collapse	and	RPE	atrophy.	RDH12	on	the	other	hand	is	
expected	to	deplete	levels	of	NADPH	to	a	lesser	degree	
as	 its	slower	kinetics	and	the	abundance	of	mitochon-
dria	in	the	cell	body	ensure	greater	local	availability	of	
NADPH.

For	 some	 preliminary	 insight	 into	 these	 effects	 we	
looked	at	the	differential	expression	of	key	genes	that	reg-
ulate	the	ready	supply	of	NADPH	in	the	oxidative	branch	
of	 the	pentose	phosphate	pathway.48	By	examining	gene	
expression	from	retinal	RNA	of	rats	injected	with	4	×	109	
total	 vector	 genomes	 of	 AAV-	RDH	 we	 find	 an	 upregu-
lation	 of	 Pfkm1,	 Taldo1	 and	 Tkt	 in	 AAV-	RDH12	 retinas	
but	not	 in	AAV-	RDH8	retinas	 (Figure S6).	Adapting	 the	
transcriptional	program	to	meet	metabolic	demands	may	
help	 the	retina	meet	 the	demands	of	 the	dehydrogenase	
enzyme.	 NADPH	 depletion	 may	 nonetheless	 contribute	
to	 the	 retinal	 degeneration	 observed	 in	 RDH8-	injected	
Abca4Ex42−/−	retinas.

4 	 | 	 DISCUSSION

The	 suddenness	 of	 vision	 loss	 often	 in	 the	 teenage	 years	
makes	STGD1	a	particularly	devastating	form	of	blindness	
and	has	been	a	high	priority	for	biomedical	research	in	reti-
nal	 dystrophy.	 It	 has	 been	 demonstrated	 that	 the	 level	 of	
vitamin	A	dimerization	in	the	retina	predicts	the	progres-
sion	of	the	disease.	As	such,	despite	the	limited	number	of	
informative	functional	models,	the	testing	of	potential	ther-
apeutics	has	been	feasible	in	the	Abca4−/−	mouse	by	using	
retinoid	biochemistry	as	a	biomarker.24,26,27,49	The	need	for	
additional	models	to	test	STGD1	therapies	led	us	to	develop	
rat	models	of	STGD1	that	are	more	amenable	to	stereotactic	
injection,	long-	term	imaging	and	immunogenicity	studies.	
In	the	model	described	here	the	deletion	of	one	small	exon	

F I G U R E  3  Fundus	imaging	(FO)	and	bisretinoid	levels	measured	by	LC-	HRMS	analysis	of	eye-	cups	of	Abca4Ex42−/−	rats	compared	
to	age-	matched	sibling	controls.	(A)	The	retention	times	and	mass/charge	ratios	of	the	analyte	peaks	that	are	described	for	this	model	are	
shown.	This	includes	A2E,	A2GPE,	ATR	(atRAL),	dimers	of	ATR	(atRAL)	and	the	retinyl	acetate	used	as	internal	standard	(IS)	to	normalize	
for	the	extraction	procedure	between	samples.	(B)	A2E	shows	a	3-	fold	increase	in	Abca4Ex42−/−	rats	at	3 months,	(****p < .0001)	n = 5.	(C)	
A2GPE	is	increased	6-	fold	at	3 months,	(****p < .0001)	n = 5.	(D)	The	ratio	of	atRal	dimer	(dATR)	to	atRal	monomers	(ATR)	is	increased	
1.8-	fold	at	3 months,	(****p < .0001)	n = 5.	(E)	A2E	is	3-	fold	increased	in	Abca4Ex42−/−	rats	at	15 months	(***p < .001),	n = 6.	(F)	A2GPE	
levels	are	increased	11-	fold	at	15 months	(***p < .001),	n = 6.	(G)	The	ratio	of	atRal	dimer	(dATR)	to	atRal	monomers	(ATR)	is	increased	
10-	fold	at	15 months,	(**p < .001)	n = 6.	(H)	The	absolute	levels	of	A2E	in	the	rat	eye-	cups	at	3 months	of	age	was	determined	according	to	
the	standard	curve	for	synthetic	A2E,	and	shows	on	average	24	pmole	per	eye	for	WT	and	81	pmole	per	eye	for	Abca4Ex42−/−	rats,	n = 5.	(I)	
Representative	unprocessed	fundus	(FO)	retinal	images	used	for	quantification	with	the	region	of	interest	(ROI)	for	quantification	boxed	in	
yellow.	Further	selection	of	two	regions	at	pixel	windows	of	approximately	100–	300	and	800–	1000	microns	around	the	optic	nerve	allow	for	
quantification	of	gray	levels	in	each	mid-	peripheral	region.	A	histogram	of	this	profile	plot	for	the	ROI	is	shown	below	this	fundus	image.	
Retinal	autofluorescence	is	24%	increased	in	the	Abca4Ex42−/−	group	at	3 months	of	age.	Data	were	analyzed	using	Student's	t-	distribution	
test	(***p < .001)	n = 18.	A2E,	N-	retinylidene-	N-	retinylethanolamine;	A2GPE,	A2-	glycerophosphoetahnolamine;	ATR,	all-	trans	retinal;	
dATR,	dimers	all-	trans	retinal;	FO,	fundus;	IS,	Internal	Standard
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preceding	 the	NBD2	region	of	 the	 Abca4	 gene	 led	 to	 loss	
of	protein	with	a	subsequent	impact	on	the	visual	cycle.	It	
was	a	surprise	that	this	small	deletion	should	lead	to	such	
dramatic	reduction	in	protein.	Common	human	mutations	
in	this	region,	such	as	G1961E	and	L1971R	are	associated	
with	 mild	 to	 moderate	 forms	 of	 macular	 degeneration.50	
However,	mutations	within	 the	NBD2	domain	of	a	num-
ber	of	ABCA	transporters	have	been	shown	to	drastically	
reduce	protein	levels	when	expressed	in	Cos7	cells	with	cal-
nexin	staining	showing	that	these	mutants	are	highly	mis-
folded	and	retained	in	the	ER.	This	may	also	be	the	case	for	
the	Abca4	knockdown	model	described	here	as	the	residual	
protein	 in	 the	 mutant	 rat	 retina	 is	 largely	 retained	 in	 the	
cytosol.34,51	In	phenotyping,	we	use	the	template	proposed	

by	Wilner	in	1984	in	which	the	validity	of	an	animal	model	
for	a	disease	 is	assessed	by	 three	criteria:	Face,	Construct	
and	Predictive	validity.29	This	rat	model	does	not	meet	the	
criterion	 of	 face	 validity,	 meaning	 representation	 of	 the	
symptoms	described	in	patients,	as	a	functional	phenotype	
is	 not	 manifest	 in	 the	 rat	 (a	 limitation	 likely	 true	 for	 any	
model	lacking	a	macula).	The	criterion	of	construct	valid-
ity,	 reflecting	pathophysiology,	 is	 valid,	 as	 the	changes	 in	
the	bisretinoid	profile	of	this	rat	model	are	indicative	of	the	
pathophysiological	 change	 that	 occurs	 in	 STGD1	 disease.	
The	predictive	validity	of	 this	model	was	 finally	 tested	by	
examining	 the	 effects	 of	 enhanced	 expression	 of	 retinol	
dehydrogenase	 enzymes	 on	 the	 level	 of	 bisretinoids.	 It	
was	previously	shown	that	knocking	out	both	ABCA4	and	

F I G U R E  4  RDH	expression	following	subretinal	injection	of	hRDH	transgenes	in	Abca4Ex42- /- 	KO	rats.	(A)	Schema	of	the	visual	cycle	
with	the	position	of	rat	Retinol	Dehydrogenase	(rRDH)	represented	by	a	black	arrow	and	the	transgenic	expression	of	human	RDH	(AAV-	
hRDH8	and	AAV-	hRDH12)	represented	by	blue	and	red	arrows.	In	theory,	by	supplementing	the	enzymatic	capacity	for	the	reduction	step,	
the	excess	atRal	that	accumulates	in	the	absence	of	ABCA4	may	be	more	rapidly	processed	before	getting	trapped	in	the	outer	segment	
lumen.	The	shaded	triangle	to	the	right	shows	the	NADPH	concentration	gradient	with	decreasing	levels	from	the	cell	body	to	the	outer	
segment	of	photoreceptors	(adapted	from	Adler	et	al.46).	Overexpression	of	RDH8	may	be	expected	to	cause	NADPH	levels	to	be	more	
depleted	in	the	outer	segment	where	RDH8	activity	is	post-	translationally	directed.	Overexpression	of	RDH12	may	be	expected	to	cause	
NADPH	levels	throughout	the	photoreceptor	to	be	partially	depleted.	(B)	AAV5-	based	constructs	used	to	express	hRDH8	(AAV-	hRDH8)	and	
hRDH12	(AAV-		hRDH12),	as	well	as	a	non-	expressing	AAV5	control	(AAV-	Ctrl)	that	were	injected	subretinally	into	Abca4Ex42−/−	rats	in	
this	study.	(C)	Levels	of	expression	from	the	AAVs	are	evaluated	by	RT-	qPCR	on	retinal	lysate	RNA	from	subretinally	injected	Abca4Ex42−/−	
rats	compared	to	uninjected	rat	retinas,	n = 3.	(D)	The	levels	of	atRal	and	atRol	between	retina	and	RPE	were	evaluated	by	LC-	HRMS	
analysis	from	Abca4Ex42−/−	rats	injected	with	AAV-	hRDH12,	and	the	ratio	atROL/atRAL	evaluated	for	injected	versus	the	non-	injected	
contralateral	eye,	(*p < .05)	n = 3.	A2E,	N-	retinylidene-	N-	retinylethanolamine;	atRAL,	all-	trans	retinal;	atROL,	all-	trans	retinol;	LE,	left	eye;	
m.p.i.,	months	post-	injection;	NI,	not	injected;	RDH,	retinol	dehydrogenase;	RE,	right	eye;	RK,	rhodopsin	kinase

(A)

(C) (D)

(B)
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RDH8	in	the	mouse	retina	produces	severe	retinal	toxicity	
and	 the	 loss	of	either	results	 in	an	 increase	 in	bisretinoid	
levels	in	mice.46	With	this	in	mind	we	examined	whether	
accelerating	 the	 reduction	 of	 retinal	 to	 retinol	 by	 supple-
menting	RDH	levels	might	maintain	the	level	of	vitamin	A	
dimer	below	a	threshold	of	toxicity.

While	the	RDH	enzyme	is	reliant	on	the	ABCA4	flip-
pase	to	relocate	its	substrate	atRAL(-	PE)	to	the	cytosolic	
side	 for	 reduction54	 the	 retinal	 will	 itself	 naturally	 dif-
fuse	 in	and	out	of	 the	segments	and	 it	can	be	randomly	

relocated	 by	 both	 opsin	 as	 well	 as	 the	 PE	 phospholipid	
which	has	its	own	basal	rate	of	flipping.	This	offers	a	win-
dow	of	opportunity	for	RDH	to	reduce	retinal	even	in	the	
absence	of	the	active	retinal	relocation	by	ABCA4.	RDH8	
overcomes	steric	volume	exclusion	in	the	disc	membranes	
by	having	a	C-	terminal	POS	localizing	signal	that	actively	
directs	 it	 to	 the	 outer	 segment.55,56	 This	 domain	 is	 not	
present	in	RDH12	meaning	that	this	enzyme	remains	in	
the	 inner	segment	and	cell	body.	In	the	Abca4Ex42−/−	 rat	
model	 we	 find	 that	 RDH8	 supplementation	 can	 reduce	

F I G U R E  5  Subretinal	unilateral	injection	of	hRDH	transgenes	alters	bisretinoid	levels	in	eyes	of	ABCA4	knockout	rats.	(A)	
Abca4Ex42−/−	rats	at	3 months	of	age	were	injected	in	one	eye	with	an	AAV5-	RK-	Control	plasmid	(AAV-	Ctrl)	carrying	a	non-	coding	
transgene	under	the	rhodopsin	kinase	promoter.	The	level	of	A2E	was	measured	in	these	eyes	compared	to	non-	injected	contralateral	eyes	
at	3 m.p.i.	No	significant	difference	was	found	between	the	eyes	(n = 3).	(B)	Abca4Ex42−/−	rats	injected	with	4	×	109	total	vector	genomes	
of	AAV5-	RK.hRDH8	show	a	32%	average	decrease	in	levels	of	A2E	at	3 m.p.i.	compared	with	sham-	injected	contralateral	eyes,	n = 7.	(C)	
Abca4Ex42−/−	rats	injected	with	4	×	109	total	vector	genomes	of	AAV5-	RK.hRDH12	show	a	42%	average	decrease	in	levels	of	A2E	at	3 m.p.i.	
compared	with	sham-	injected	contralateral	eyes,	(*p < .05	by	paired	two-	tailed	t	test)	n = 7.	(D)	The	percentage	drop	of	A2E	in	the	injected	
eyes	of	the	rats	is	determined	for	each	group.	Variance	across	the	groups	is	not	significant.	(E)	Abca4Ex42−/−	rats	injected	with	4	×	109	total	
vector	genomes	of	AAV5-	RK.hRDH8	show	a	34%	average	decrease	in	levels	of	A2GPE	at	3 m.p.i.	compared	with	sham-	injected	contralateral	
eyes,	n = 7.	(F)	Abca4Ex42−/−	rats	injected	with	4	×	109	total	vector	genomes	of	AAV5-	RK.hRDH12	show	a	41%	average	decrease	in	levels	
of	A2GPE	at	3 m.p.i.	compared	with	sham-	injected	contralateral	eyes,	(*p < .05	by	paired	two-	tailed	t	test)	n = 7.	A2E,	N-	retinylidene-	N-	
retinylethanolamine;	A2GPE,	A2-	glycerophosphoetahnolamine;	atRAL,	all-	trans	retinal;	atROL,	all-	trans	retinol;	ctrl,	control;	LE,	left	eye;	
m.p.i.,	months	post-	injection;	NI,	not	injected;	RDH,	retinol	dehydrogenase;	RE,	right	eye;	RK,	rhodopsin	kinase
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A2E	 levels	 by	 32%	 while	 RDH12	 causes	 a	 42%	 aver-
age	 drop	 between	 injected	 and	 contralateral	 uninjected	
eyes.	At	 the	 same	 time	signs	of	 retinal	degeneration	are	
evident	 by	 fundus	 imaging	 at	 3  months	 post-	injection,	
specifically	 in	 the	 RDH8-	injected	 retinas.	 No	 fundus	
changes	were	observed	 in	rats	subretinally	 injected	with	
equivalent	volume	and	serotype	of	AAV	carrying	the	RK	
promoter	 and	 a	 null-	expressing	 transgene	 (AAV-	Ctrl).	
However,	an	alternative	control	vector	carrying	a	mutant	
non-	expressing	RDH	transgene	would	be	more	suited	to	
determine	whether	ONL	degeneration	is	due	to	RDH	en-
zymatic	activity	and	not	simply	sequence-	specific	effects	
of	the	vector.	The	rate	kinetics	of	the	RDH8-	mediated	re-
duction	of	atRal	is	significantly	higher	than	the	RDH12-	
mediated	reduction	and	is	estimated	to	account	for	70%	of	
the	total	enzyme	activity	generating	atRAL	in	mouse	rod	
photoreceptors.47,52,53	Cellular	degeneration	as	suggested	
by	fundus	and	OCT	analysis	of	RDH8-	injected	retinas	is	
potentially	due	to	the	active	RDH	enzyme	depleting	stocks	
of	outer	segment	NADPH	levels.	NADPH	is	essential	for	
a	number	of	reductive	biosynthetic	reactions	in	the	pho-
toreceptor	cell,	including	the	ribonucleotide	and	fatty	acid	
biosynthesis	needed	for	membrane	turnover	so	it	may	be	
expected	 that	NADPH	 loss	 in	 the	POS	would	ultimately	
cause	 outer	 segment	 collapse	 and	 subsequent	 cell	 loss.	
From	this	study	we	cannot	ascertain	whether	the	reduc-
tion	of	bisretinoid	levels	in	RDH8-	injected	eyes	is	simply	
a	consequence	of	overall	outer	segment	loss	due	to	degen-
eration	or	is	really	due	to	changes	in	retinoid	cycling.	For	
RDH12	on	the	other	hand	OCT	imaging	as	well	as	ERG	
suggests	 these	 retinas	 remain	 healthy.	 The	 reduction	 in	
bisretinoid	 levels	 warrants	 further	 investigation	 of	 RDH	
enzymes	to	modulate	the	Stargardt	phenotype	as	has	been	
proposed	by	others.57	However,	we	cannot	conclude	effi-
cacy	from	this	study	and	have	recorded	the	potential	for	
toxicity	when	RDH8	is	over-	expressed.

With	much	of	its	pathophysiology	unraveled,	research	
into	 STGD1	 has	 of	 late	 been	 more	 actively	 focused	 on	

therapy.	As	it	is	a	macular	disease	there	is	little	availability	
of	 suitable	 animal	 models	 containing	 sufficiently	 dense	
cone-	rich	area	in	which	to	test	functional	rescue.	Recently	
a	Labrador	retriever	disease	model	carrying	a	premature	
stop	 codon	 in	 exon	 28	 of	 the	 canine	 ABCA4	 gene	 and	
showing	some	cone	dysfunction	was	described	and	may	
support	large	animal	studies.58	In	the	meantime,	therapies	
can	be	efficiently	screened	in	rodent	models	such	as	the	
new	rat	model	described	here	using	bisretinoid	biomark-
ers	as	the	criteria	for	evaluation	of	therapeutic	directions.
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injected	retinas	are	shown	with	the	measured	ONL	highlighted	between	yellow	lines.	(C)	Representative	fundus	images	of	injected	rats	are	
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increase	in	thinning	across	the	span	of	the	retina	is	found	for	hRDH8	injected	rats	compared	to	uninjected	or	hRDH12-	injected	rats,	n = 5	
(p < .05).	To	the	right	of	the	fundus	scanned	image	are	paraffin-	embedded,	HNE	counter-	stained	retinal	sections	showing	that	despite	
thinning	overall	retinal	structure	is	conserved	in	the	injected	rats
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