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The eye is in the frontline of gene therapy development. As a relatively closed compart-
ment, it is on the one hand relatively isolated and immune-privileged from the rest of the 
body, yet at the same time well-accessible to surgical intervention and a broad range of 
clinical examinations of its structure and function. The eye is therefore an attractive target 
organ for the application of gene therapy. With more than 2000 clinical trials to date for a 
wide range of genetic diseases, ocular gene therapy offers a promising perspective for the 
more than currently known 250 retinal disease genes. A preferred delivery system are the 
adeno-associated viral (AAV) gene therapy vectors for gene augmentation, gene editing, 
and miRNA delivery, next to the antisense oligonucleotide delivery system. As in preclinical 
studies, ocular clinical gene therapy studies know their successes and disappointments. The 
first successful ocular clinical studies for the orphan drug AAV-RPE65 for Leber congenital 
amaurosis and retinitis pigmentosa were reported in the literature in 2008. More than a 
decade later, AAV-RPE65 retinal gene therapy approaches are evaluated in phase 3 clinical 
studies and reached market approval. Clinical development of retinal gene therapy is yet a 
time-consuming process for technological as well financial reasons, but many more suc-
cesses are expected in the coming decade for ocular gene augmentation, gene editing, 
miRNA delivery, as well as the antisense oligonucleotide delivery system.

This volume of Methods in Molecular Biology describes a spectrum of methods and pro-
tocols that can be used for the bench-to-bedside development and evaluation of retinal 
gene therapy. Methods for the successful delivery of these gene therapy vector systems to 
the retina are reviewed, as well as assays to test the efficacy in vitro in cell cultures; in vivo 
on rodents, pigs, and monkey retinas; and on human retinal explants as well as in human 
clinical studies. Chapters in this book are organized into three major parts: Part I elaborates 
on the production of retinal gene therapy vectors and testing these in biological assays 
in vitro. Part II describes assays for gene augmentation and gene editing in vivo on rodent, 
pig, and macaque retina. Part III highlights clinical protocols and retinal gene therapy vec-
tor testing on human retina. Written in the highly successful Methods in Molecular Biology 
series format, chapters include introductions to their respective topics, with step-by-step 
lists of the necessary materials and reagents, readily reproducible laboratory protocols, and 
tips on troubleshooting and how to avoid known pitfalls.

The preparation of AAVs is a relatively simple task for the ones skilled in molecular biol-
ogy, but robust protocols are needed to obtain high-quality high-titer stocks of AAV. In Part 
I, we have included three of such chapters, Chapters 1–3, describing detailed various tech-
niques to produce microscale and small-scale batches of AAVs with useful notes on the vari-
ous steps in the production. AAVs have a limited packaging capacity compared to lentiviral 
vectors, but vectors with multiple gene cassettes enabling cell-specific co-expression of 
microRNA (miRNA) and protein factors are of high interest. In Chapter 4, we have included 
such an example that may contribute to the development of combination therapies for vari-
ous ocular diseases. Other promising retinal gene therapy methods such as the use of anti-
sense oligonucleotides (AONs) to correct pre-mRNA splicing defects involved in inherited 
retinal dystrophies are described in Chapter 5. Bioavailability and bioactivity of retinal gene 
delivery system products can be tested in three-dimensional co-culture assays, and these 
methods and protocols are described in Chapter 6. To test new gene therapy AAV gene 
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augmentation vectors, there is a need for reliable and sensitive in vitro assays to determine 
the expression of delivered proteins, which is covered in Chapter 7. In Part II, we highlight 
assays for gene augmentation and editing in vivo on rodent, pig, and macaque retina. Chapter 
8 describes techniques to study the expression of gene therapy vectors upon in vivo electro-
poration of the developing mouse retina. Clustered Regularly Interspaced Short Palindromic 
Repeats (CRISPR)-associated protein or CRISPR/Cas gene editing of the adult retina is a 
powerful technique for correcting inherited ocular disease, and Chapters 9 and 13 describe 
methods to apply these techniques in preclinical models. Chapters 10 and 11 present proto-
cols to detect the expression of therapeutic protein by fluorescence immunohistochemistry, 
histological studies using ultrathin sections, and immuno-electron microscopy and confocal 
laser scanning microscopy. Application techniques to deliver AAV vectors either subretinally 
or intravitreally into the murine retinas are described in Chapters 9–13 and 15. Very large 
genes cannot be expressed in a single AAV vector, but some can be expressed using dual-
vector technology approaches as described in Chapter 11. Chapter 12 highlights methods 
for optogenetic retinal gene therapy to express light-sensitive G protein-coupled receptors 
(GPCRs) in retinal neurons, recording light responses in retinal explants in vitro by multi-
electrode array (MEA), recording cortical light responses in vivo by visually evoked response 
(VEP), and testing visually guided behavior in open field test and water maze task in treated 
mice. Noninvasive diagnostic methods to assess retinal function and morphology in vivo in 
rodents by electroretinography (ERG) and optical coherence tomography (OCT) are dis-
cussed in Chapters 9, 13, and 14. Neutralizing antibodies (NABs) to AAVs may limit the 
infection capacity when administered intravitreal to the retina, and therefore, Chapters 16 
and 17 are included to describe methods to screen rodent and nonhuman primate (NHP) 
serum for pre-existing NABs, providing useful tips and tricks. Chapters 11 and 18 focus on 
techniques for subretinal and intravitreal retinal injections in large animal models such as 
pigs and monkeys. Part III deals with clinical protocols and retinal gene therapy vector test-
ing on human retinal explants and in vivo evaluation of the human retina in the context of 
retinal gene therapy. Natural as well as recombinant AAVs need to be tested on human tissue 
for their infection and expression efficacy. Chapter 19 describes iPS-derived human retina 
production protocols as well as methods to infect retinal cell types with AAVs. Chapters 20 
and 21 highlight ex vivo validation on cultured retinal explants obtained from donor retina 
or from retinal surgery, respectively. Chapters 22–26 describe clinical protocols that can be 
used in retinal gene therapy studies such as visual acuity testing, electroretinography, visual 
field testing by Goldmann perimetry, central visual field sensitivity testing by fundus-driven 
perimetry also known as microperimetry, and spectral domain optical coherence tomogra-
phy (SD-OCT) and OCT angiography. Methods to test vector shedding have become 
increasingly important with the number of AAV gene therapy trials that have started, and 
Chapter 27 describes standard operating protocols for these.

Retinal gene therapy is a broad field of research using various methods and protocols. This 
book therefore provides a wide range of readers from students to research experts with useful 
information on ocular gene therapy vector technology, in vitro and in vivo biological assays, 
and clinical protocols. We hope that the book finds its way in the scientific community to pro-
mote further studies for the benefit of children and adults with inherited retinal disease.

We thank all of the contributors for their enthusiastic and valuable contributions, the series 
editor John Walker, and Springer Nature for their support that made this volume possible.

Leiden, The Netherlands� Camiel J.F. Boon 
� Jan Wijnholds 
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Chapter 1

Small Scale Production of Recombinant Adeno-Associated 
Viral Vectors for Gene Delivery to the Nervous System

Joost Verhaagen, Barbara Hobo, Erich M.E. Ehlert, Ruben Eggers, 
Joanna A. Korecka, Stefan A. Hoyng, Callan L. Attwell,  
Alan R. Harvey, and Matthew R.J. Mason

Abstract

Adeno-associated viral vectors have numerous applications in neuroscience, including the study of gene 
function in health and disease, targeting of light-sensitive proteins to anatomically distinct sets of neurons 
to manipulate neuronal activity (optogenetics), and the delivery of fluorescent protein to study anatomi-
cal connectivity in the brain. Moreover several phase I/II clinical trials for gene therapy of eye and brain 
diseases with adeno-associated viral vectors have shown that these vectors are well tolerated by human 
patients. In this chapter we describe a detailed protocol for the small scale production of recombinant 
adeno-associated viral vectors. This protocol can be executed by investigators with experience in cell 
culture and molecular biological techniques in any well-equipped molecular neurobiology laboratory. 
With this protocol we typically obtain research batches of 100–200 μL that range in titer from 5 × 1012 
to 2 × 1013 genomic copies/mL.

Key words Adeno-associated viral vector, Production, Purification, Serotype, Iodixanol, Amicon cen-
trifugation device

1  Introduction

Adeno-associated virus (AAV) is a nonpathogenic parvovirus 
belonging to the subfamily of dependoviruses. Dependoviruses 
cannot replicate autonomously but need a helper virus for their 
propagation. Adenovirus or herpesvirus can serve as helper virus 
for AAV. AAV is therefore a “replication defective” virus by nature. 
The genome of AAV consists of three open reading frames encod-
ing the rep and cap proteins and the assembly activator protein, 
flanked by inverted terminal repeats (ITRs). The cap genes encode 
the capsid proteins and the rep genes are required for DNA repli-
cation which only occurs in the presence of additional helper func-
tions provided by the helper virus [1].
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Over the last three decades protocols have been developed to 
generate and purify high titer stocks of recombinant adeno-associ-
ated viral vectors (rAAV). In early methods to produce rAAV an 
adenovirus was required as helper virus. As a result, batches of rAAV 
were contaminated with adenovirus. The identification of the ade-
noviral genes required for the propagation of rAAV vectors has 
allowed the creation of a rAAV production system that is entirely 
plasmid based [2–5]. Today the nine most commonly used rAAV 
serotypes are produced by dual or triple plasmid transfections in 
human embryonic kidney (HEK) 293T cells. In the dual plasmid 
production system the transfer plasmid contains the gene of interest 
under the control of a promoter flanked by the ITRs from AAV2 
and the helper plasmid harbors the AAV2 rep genes, the cap genes 
of a specific AAV serotype and the adenoviral helper functions [3]. 
In the triple plasmid production system the rep and cap genes and 
the adenoviral helper functions resent on two different plasmids 
[6]. Thus, for each rAAV serotype the helper plasmid harbors the 
specific cap genes of the desired serotype. Serotypes 1–6 are pro-
duced through the dual plasmid system and serotypes 7–9 by means 
of the triple plasmid system. Large scale production protocols for 
rAAV in either insect cells [7, 8] or mammalian cells [9] have also 
been developed. These production systems are mainly used to gen-
erate large amounts of rAAV for preclinical or clinical studies.
In this chapter a simple four stage production protocol is provided 
for the generation of relatively small quantities (100–200 μL) of 
rAAV with a titer typically ranging between 1 × 1012 and 2 × 1013 
genomic copies/mL. The first stage involves the production of 
rAAV by cotransfection of two or three plasmids (the transfer plas-
mids mixed with one or two helper plasmids depending on the 
rAAV serotype) in HEK293T cells. In the second stage rAAV is 
collected from the transfected cells and concentrated by iodixanol 
gradient ultracentrifugation. Thirdly, rAAV from the iodixanol 
gradient is concentrated and separated from cellular proteins by 
multiple washes and centrifugation in Amicon centrifugal filter 
devices. Fourth, the titer of the rAAV sample is determined by 
quantitative PCR (qPCR) on rAAV genomic DNA. This protocol 
is a modification and extension of original protocols developed 
earlier and can be completed in 7–8 working days [4, 5, 10, 11]. 
Finally, we describe our method to deliver rAAV to the brain [12–
15] and to the retina by intravitreal injection [16, 17].

2  Materials

	 1.	DMEM: Dulbecco’s Modified Earl’s medium supplemented 
with 10% fetal calf serum (FCS) and 1% v/v penicillin/strepto-
mycin (PS).

2.1  Reagents for Cell 
Culture and PEI-
Mediated Plasmid 
Transfection

Joost Verhaagen et al.
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	 2.	IMDM: Iscove’s Modified Dulbecco’s medium supplemented 
with 10% FCS/1% v/v PS/1% v/v glutamine (GLN).

	 3.	PEI solution: add 500 mg Polyethylenimine (PEI, 25 kDa, lin-
ear, powder) to 450 mL H2O and lower the pH to 2.0 with 
12  N HCl to dissolve the PEI.  Adjust the pH with 10  M 
NaOH to 7.0. Adjust the volume to 500 mL yielding a PEI 
solution of 1 mg/mL. The solution is stored in frozen aliquots 
after sterilization through a 0.2 μm filter.

	 4.	HEK293T cells: Human embryonic kidney-derived 293T 
cells.

	 5.	Plasmids: helper plasmids required for each serotype are speci-
fied in Table 1.

	 6.	15 cm tissue culture plate.

	 1.	Iodixanol: start with a 60% solution to generate the 15%, 25% 
and 40% solutions as follows:
15% iodixanol: dilute 60 mL 60% Iodixanol with 48 mL 5 M 

NaCl and 48 mL 5× PBS-MK (5× PBS with 5 mM MgCl2 
and 12.5 mM KCl), add water to a volume of 240 mL.

2.2  Reagents 
for rAAV Harvest 
and Iodixanol Gradient 
Centrifugation

Table 1 
Overview of helper plasmids used for production of rAAV serotypes 1–9

Serotype Helper plasmid References

AAV 1 helper plasmid: PVD20 Grimm et al. [3]

AAV 2 helper plasmid: pDG2 Grimm et al. [5]

AAV 3 helper plasmid: pXR3m1.m2 Grimm et al. [3]

AAV 4 helper plasmid: pXR4m1.m2 Grimm et al. [3]

AAV 5 helper plasmid: pDP5 Grimm et al. [3]

AAV 6 helper plasmid: pDP6 Grimm et al. [3]

AAV 7 helper plasmid 1: 
p5E18DV2/7

Gao et al. [6]

helper plasmid 2: pAdΔF6 Gao et al. [6]

AAV 8 helper plasmid 1: 
p5E18DV2/8

Gao et al. [6]

helper plasmid 2: pAdΔF6 Gao et al. [6]

AAV 9 helper plasmid 1: pAAV2/9 Vector Core 
University of 
Pennsylvania

helper plasmid 2: pAdΔF6 Gao et al. [6]

Small Scale Production of rAAV Vectors
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25% iodixanol, dilute 67  mL 60% Iodixanol with 32  mL 5× 
PBS-MK, add water to a volume of 160 mL.

40% iodixanol, dilute 160 mL 60% Iodixanol with 48 mL 5× 
PBS-MK, add water to a volume of 240 mL.

	 2.	DNaseI: 10 mg DNaseI/mL PBS.
	 3.	D-PBS: Dulbecco’s phosphate buffered saline (Gibco).
	 4.	Alternative lysis buffer: 50 mM Tris pH 8.5, 150 mM NaCl, 

0.1% Triton X-100, 2 mM MgCl2.

	 1.	D-PBS.
	 2.	D-PBS with 5% sucrose: 5 g sucrose in 100 mL D-PBS, store 

aliquots at −20 °C.

	 1.	Titration DNaseI solution: 250 μg/mL DNAase I in D-PBS 
supplemented with 3 mM MgCl2.

	 2.	1 M NaOH for alkaline lysis.
	 3.	Neutralization solution: mix 1 part 1 M Tris pH 8 and 4 parts 

1.25 M HCl.
	 4.	Master mix: SYBRgreen solution (Applied Biosystems).
	 5.	Primers: designed against your sequence of interest (see 

Note 1).
	 6.	qPCR plate (MicroAmp optical 96-well reaction plate).
	 7.	PCR thermocycler with heated lid.

	 1.	Cell Scraper with a length of 28 cm (Greiner Bio-One).
	 2.	Amicon ultra-15 centrifugal filters 100  k (Merck Millipore 

UFC910024).
	 3.	Vortex.
	 4.	Ultracentrifuge: a Beckman L-80 ultracentrifuge or equivalent 

ultracentrifuge.
	 5.	Tabletop centrifuge with inserts for 50  mL tubes, e.g., 

Eppendorf 5810R centrifuge, and inserts for qPCR plates.
	 6.	70Ti Beckman rotor.
	 7.	PCR system with heated lid, e.g., Bio-Rad T100.
	 8.	qPCR system, e.g., a 7300 real time PCR system of Applied 

Biosystems.
	 9.	19 G needle.
	10.	30 G needle.
	11.	Pasteur pipette.
	12.	Ultracentrifuge Quick-Seal polypropylene tube (Beckman).
	13.	Biohazard hood.

2.3  Reagents 
for Amicon Filter 
Centrifugation 
Concentration

2.4  Reagents 
for rAAV Titering

2.5  Specialist 
Devices 
and Equipment 
for rAAV Production

Joost Verhaagen et al.
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	14.	Metal clamp.
	15.	Latex or nitrile gloves.
	16.	Screw-top 1.5 mL tube.
	17.	Serological pipettes.

	 1.	Sterilized surgical equipment, including a scalpel handle, for-
ceps, fine scissors (fine science tools), a dental drill, cotton 
swabs, eye ointment, and different size sutures.

	 2.	50 μL Hamilton for injection of AAV into the vitreal chamber 
of the eye.

	 3.	Automated microinjection device; Harvard apparatus or 
Nanojet.

	 4.	Stereotactic apparatus (Kopf).
	 5.	Custom pulled glass capillaries 1.5 mm OD × 0.86 mm ID 

(#30-0053, Harvard apparatus) with an 80 μm tip diameter.
	 6.	Polyethylene tubing 0.61  mm OD  ×  0.28  mm ID 

(#800/100/100 Portex, Smiths medical).
	 7.	Two component epoxy resin (combi rapide, Bison).
	 8.	Mineral oil when using a glass micropipette attached to a 

Hamilton syringe via polyethylene tubing.
	 9.	Heating pad.
	10.	Isoflurane equipment, lidocaine (local anesthetics), sterile 

water (fill needle system), Fynadine (2.5 mg/kg s.c. flunixin).
	11.	Inhalation anesthesia using a mixture of (0.2 L/min) O2 and 

(0.4 L/min) medicinal air containing 1.6% isoflurane.
	12.	70% ethanol.
	13.	PTFE Luer Lock and a cannula with appropriate size to fit the 

inner diameter of the polyethylene tubing.

3  Methods

Day 1.

	 1.	Plate 1–1.25  ×  107 HEK293T cells (passage number not 
higher than 20) per 15 cm tissue culture plate in DMEM in a 
tissue culture incubator at 37 °C and in 5% CO2. Prepare eight 
plates for a typical batch of rAAV (see Note 2).

Day 2.

	 2.	Check HEK293T cells around 3 PM. The cells should have 
grown to 70–80% confluency. The transfection efficiency drops 
significantly when cells are too confluent.

2.6  Equipment 
and Reagents 
for Delivery of rAAV 
to the Brain 
and Retina

3.1  Cell Culture 
and PEI Transfection

Small Scale Production of rAAV Vectors
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	 3.	Prewarm IMDM in a water bath to 37 °C. Per 15 cm plate you 
will need 20 mL of IMDM.

	 4.	Replace DMEM with IMDM 2 h before the transfection.
	 5.	Thaw the PEI solution (A) and prepare the plasmid solution 

(B) for transfection according to Table 2. For AAV 1–6 a two 
plasmid system is used. For AAV 7–9 a three plasmid system is 
used (Table 1).

	 6.	Mix A and B (1:1) and vortex immediately. Incubate for 
15 min at RT.

	 7.	Add the mixture to the HEK293T cells in IMDM. Per plate 
add 2 mL of solution in a dropwise fashion. Ensure that the 
solution is equally distributed over the cells.

	 8.	The plates are returned to the tissue culture incubator and 
transfected cell are cultured until the next morning (16–18 h 
after the transfection).

Day 3.

	 9.	Prewarm IMDM in a water bath to 37 °C.
	10.	Replace IMDM with fresh IMDM, 20 mL per plate. Process 

one plate at a time to prevent cells from drying out.
	11.	If the transfer plasmid contains a fluorophore (e.g., GFP) it is 

possible to check the transfection efficiency under an inverse 
fluorescence microscope. At this point in time around 30% of 
the cells should express detectable GFP.

Day 4.

	12.	Check the condition of the cells under the inverse micro-
scope. Cells should appear viable and the proportion of 
transfected cells has increased to approximately 60–80% 
(see Note 3). For rAAV serotypes 1–6, 8 and 9 rAAV is har-
vested on day 5. However, for AAV7 we consistently 
observed that the transfected cells start to detach from the 
cell culture dish on day 5 and with this serotype we there-
fore start the rAAV harvest on day 4.

Day 5.

	 1.	Aspirate medium from the cell culture plates. Two plates at 
a time.

	 2.	Add 3 mL D-PBS to the first plate. Scape the cells from the 
first plate with a cell scraper. Aspirate the harvested cells and 
add this mixture to the second medium free plate and remove 
the cells by cell scraping. Collect the cell mixture in a 50 mL 
tube. Repeat this until cells from all plates have been harvested. 
Total volume of the cell harvest of eight plates should not 

3.2  Harvest of rAAV 
and Iodixanol Gradient 
Ultracentrifugation

Joost Verhaagen et al.
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exceed 17.5 mL because otherwise it cannot be applied on the 
iodixanol gradient.

	 3.	Freeze-thaw cells three times by freezing in dry ice-cooled 
ethanol and thawing in a 37 °C water bath until completely 
thawed.

	 4.	After each freeze/thaw cycle check for large cell clumps in the 
solution. If these occur vortex the solution to break up cells clumps.

	 5.	Alternative method: Scrape in alternative lysis buffer. Use 
16 mL total. This is quicker for harvesting but the detergent 
can cause bubble formation during the iodixanol gradient step.

	 6.	Add 25 μL DNAseI, incubate for 1 h at 37 °C in a water bath 
(see Note 4).

	 7.	Store the cell lysate at −20 °C. Continue with the iodixanol 
density ultracentrifugation the next day.

Day 6.

	 1.	Defrost the cell lysate in a 37 °C water bath.
	 2.	Centrifuge lysate for 30 min at 3220 × g in a table centrifuge.

3.3  Iodixanol 
Gradient 
Centrifugation

Table 2 
Preparation of PEI transfection solutions

Per 15 cm plate 8 plates

Two plasmid system (AAV serotypes 1–6)

Solution (A)

 � PEI 150 μL 1200 μL

 � NaCl To 1.5 mL To 12 mL

Solution (B)

 � Helper plasmid 37.5 μg 300 μg

 � Transfer plasmid 12.5 μg 100 μg

 � NaCl To 1.5 mL To 12 mL

Three plasmid system) (AAV serotypes 7–9)

Solution (A)

 � PEI 150 μL 1200 μL

 � NaCl To 1.5 mL To 12 mL

Solution (B)

 � Helper plasmid 1
 � Helper plasmid 2

25 μg
25 μg

200 μg
200 μg

 � Transfer plasmid 12.5 μg 100 μg

 � NaCl To 1.5 mL To 12 mL

Small Scale Production of rAAV Vectors
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	 3.	Apply a maximum of 17.5 mL of cell lysate to the bottom of a 
Beckman ultracentrifuge Quick-Seal polypropylene tube with 
a Pasteur pipet (see Note 5).

	 4.	Replace the Pasteur pipette with a new one. This pipette will 
be used to underlayer the iodixanol gradient solutions (Fig. 1).

	 5.	Gently infuse 9 mL of the 15% iodixanol solution under the 
cell lysate and continue with 5 mL of the 25% and 40% iodixa-
nol solution and finally 3 mL of the 60% iodixanol solution 
(Fig. 1; see Note 6 [11]).

	 6.	Fill the tube with D-PBS to the bottom of the neck (but not 
into the neck) to remove any remaining air bubbles. A 1 mL 
syringe with a 19 G needle can be used for this (see Note 7).

	 7.	Seal the tube using the electrical tube topper. Ensure that the 
neck of the Beckman tube is dry because the tube will not seal 
properly if the neck is wet. Carefully squeeze the sealed 
Beckman tube to make sure that the tube is indeed fully sealed 
and not leaking.

	 8.	Centrifuge in Beckman centrifuge in a 70Ti fixed angle rotor 
for 70 min at 69,000 rpm at 16 °C.

	 9.	After centrifugation open the rotor in the biohazard hood and 
assemble the first Beckman tube in a metal clamp (see Note 8).

	10.	Puncture a small hole in the top of the tube with a 30 G nee-
dle. Leave the needle in place.

	11.	Puncture a hole in the bottom of the tube with a 19 G needle. 
First gently remove the 19 G needle, subsequently remove the 
30 G needle and close the hole with your gloved finger. To 
collect the iodixanol fractions in steps 12 and 13 slowly allow 
air into the centrifuge tube via the hole punctured with the top 
30 G needle.

	12.	Collect the first 2 mL of iodixanol (60% iodixanol) in a 15 mL 
tube and discard.

	13.	Collect the next 3 mL of iodixanol (1 mL of 60% and 2 mL of 
40% iodixanol). This fraction contains your rAAV.

	 1.	Dilute the 3  mL iodixanol solution that contains the rAAV 
(Subheading 3.3, step 13) with 12 mL D-PBS. Mix well.

	 2.	Apply this solution to an Amicon ultra 15 device.
	 3.	Concentrate by centrifugation at 3220 × g for 15 min at RT to 

reduce the volume to approximately 500 μL. Additional cen-
trifuging time may be necessary.

	 4.	Discard the flow through.
	 5.	Add 15  mL of D-PBS plus 5% sucrose to the concentrated 

rAAV solution.

3.4  Amicon Filter 
Centrifugation  
of rAAV, Washing 
and Concentration

Joost Verhaagen et al.
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	 6.	Centrifuge at 3220  ×  g for 10  min at RT to approximately 
500 μL.

	 7.	Repeat this at least three times (see Note 9).
	 8.	In the last Amicon wash and concentration step centrifuge 

until the volume of your rAAV solution is between 150 and 
200 μL. Additional centrifuging may be necessary to reduce 
the volume to this.

	 9.	Transfer your rAAV to a screw-top 1.5 mL tube and store at 
−80 °C (see Note 10).

Day 7.

	 1.	Add 2.2 μL of rAAV stock to 85.8 μL of Titration DNAseI 
solution. Mix well by pipetting and divide in two aliquots of 
40 μL in PCR tubes (this is a 1:40 dilution).

	 2.	If necessary spin the samples a few second at 200 × g in 
the microcentrifuge to collect the sample at the bottom 
of the tube.

	 3.	Incubate 30 min at 37  °C in the PCR thermocycler with 
heated lid.

3.5  rAAV Titration

17,5 ml Crude lysate

---------------------------------

9,0 ml  15% iodixanol

--------------------------------

5,0 ml  25% iodixanol

-------------------------------

5,0 ml 40 % iodixanol

----------------------------------

3,0 ml 60 % iodixanol

Fig. 1 Illustration of a Beckman Quick seal ultracentrifuge tube and the Pasteur 
pipet lowered through the neck of the tube to generate the graded iodixanol 
gradient. We refer to Subheading 3.3 of the protocol for a more detailed descrip-
tion of the procedure to load the crude lysate and create the gradient

Small Scale Production of rAAV Vectors
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	 4.	Incubate 3 min at 12 °C in the PCR thermocycler with heated lid.
	 5.	Spin down for a few second at 200 × g in the table centrifuge 

to collect the sample at the bottom of the tube.
	 6.	Add 40 μL of 1 M NaOH and vortex briefly (see Note 11).
	 7.	Spin the samples a few second at 200 × g in a tabletop centri-

fuge to collect the sample at the bottom of the tube.
	 8.	Incubate 15 min at 50 °C in the PCR thermocycler with heated 

lid.
	 9.	Add around 40  μL neutralization solution (exact volume 

determined previously, see Note 11) to each sample. Vortex 
and spin down at 200 × g.

	10.	From each sample take 20 μL and dilute in 180 μL H2O (1:10 
dilution). Keep the samples on ice and continue with step 11 
or freeze at −20 °C and continue later.

	11.	Prepare a standard curve for the qPCR using a reference plasmid.
	12.	First make a solution of 1010 molecules/mL. For example, 

using pTR-CGW (FW 3496  kDa), this is 58.4  pg/μL. 
16.7 μL of pTR-CGW (1 μg/μL) is diluted in 5 mL H2O 
resulting in a 4 ng/μL stock solution. 5895 μL of H2O is 
added to 105 μL of the 4 ng/μL stock giving 58.4 pg/
μL, or 1010 plasmid molecules per mL. Make 1:10 serial 
dilutions to a final dilution of 103 plasmid molecules per 
mL.  These serial dilutions can be stored and used for a 
number of standard curves in the future. Vortex thor-
oughly before each use.

	13.	Prepare reaction mix for the qPCR in qPCR plate. Total vol-
ume per reaction is 25  μL.  For each reaction: 12.5  μL 
SYBRgreen master mix, 0.75 μL primer mix (10 μM of for-
ward and reverse primer, see Note 1), 10 μL rAAV DNA (step 
11) or 10 μL from the serial dilutions of the standard curve, 
and finally 1.75 μL H2O. Spin the qPCR plate at 200 × g for a 
few second.

	14.	Place qPCR plate in the qPCR machine and start the cycling: 
First cycle: 2 min 50 °C, 10 min 95 °C; 40 cycles: 15 s 95 °C, 
1 min 60 °C; Dissociation stage: 15 s 95 °C, 1 min 60 °C, 15 s 
95 °C, 15 s 60 °C, cool down to RT.

	15.	Calculate titers from the cycle threshold values using the stan-
dard curve, taking into account the dilution steps in the 
procedure (an initial 1:40 dilution, the 1:3 dilution during 
alkaline lysis and neutralization and the last 1:10 dilution, giv-
ing a final dilution of 1:1200).

Joost Verhaagen et al.
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In some jurisdictions, this procedure needs to be performed in a 
suitable biosafety cabinet.

	 1.	Tubing is connected to the glass needle by application of the 
two component resin. The opposite side is mounted onto the 
Hamilton syringe needle, after which the system is back-filled 
using demi water.

	 2.	The rat is deeply anesthetized with inhalation anesthesia using 
a mixture of O2 (0.2 L/min) and medicinal air (0.4 L/min) 
containing 1.6% isoflurane.

	 3.	The fur on the skull is shaved and the skin surface is cleaned 
with 70% ethanol.

	 4.	The animal is placed in a stereotactic frame and fixed by ear 
and tooth bars.

	 5.	A skin incision is made and lidocaine is topically applied to 
obtain additional local anesthesia.

	 6.	Stereotactic coordinates for intraparenchymal injection are 
obtained from Paxinos and Watson (see Note 12).

	 7.	A dental drill is used to drill a small hole in the skull at the 
intended coordinates.

	 8.	Prior to the injection of the vectors the meninges are punc-
tured with a sharp 30 G needle in order to prevent brain con-
tusion during lowing of the injection needle in the brain 
parenchyma.

	 9.	A pressure injection of 1 μL rAAV is performed by lowering a 
glass needle connected to an automatic microinjection device 
through the hole in the skull to the appropriate depth. The 
microinjection device is turned on and the vector is injected at 
a speed of 0.1–0.2 μL/min.

	10.	After the injection the needle is left in place for 3 min to pre-
vent back-flow of the viral vector solution.

	11.	Subsequently the needle is gently retracted and the skin is 
sutured. Per-operative, the animal is kept on a heating pad and 
an injection of fynadine is administered to obtain adequate 
analgesia during recovery.

	12.	If an injectable anesthetic is used the animal should be left on 
a heating pad for 2–3 h to recover.

In some jurisdictions, this procedure needs to be performed in a 
suitable biosafety cabinet.

	 1.	A sterile pulled glass micropipette (with a relatively shallow 
profile, tip about 200–300 μm) of known internal diameter (to 
readily establish volume of injection) is attached via mineral oil 

3.6  Stereotactic 
Delivery of rAAV 
to the Brain

3.7  Delivery of rAAV 
to the Retina: 
Intravitreal Injections

Small Scale Production of rAAV Vectors
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filled polyethylene tubing to a 50 μL Hamilton syringe (prefer-
ably via PTFE Luer Lock and a cannula with appropriate size 
to fit the inner diameter of the polyethylene tubing).

	 2.	Mark the micropipette at the point where the inner total vol-
ume from the tip equals the desired volume to be injected. 
Then aspirate up the rAAV to the mark on the pipette.

	 3.	Under gas/injectable anesthesia, the micropipette is inserted 
in the peripheral part of an animals’ eye (usually via a lower 
temporal approach), immediately adjacent to the ora serrata. 
The tip should be angled toward the vitreous humor and 
back of the eye, taking care to avoid any damage to the retina 
or lens. For one injection in adult rat, the volume is usually 
4 μL, in mice the volume is lower (1–1.5 μL). Occasionally 
multiple injections into the vitreal chamber are made (e.g., a 
volume 1.5 μL for each of three injections), to increase the 
area of transduction but also if different color reporter pro-
teins are used in an attempt to examine the visual topography 
of retinal projections (see Note 13) [18]. Inject the AAV vec-
tor into the vitreal chamber as slowly as possible.

	 4.	Remove the micropipette from the eye and apply eye ointment 
with antibiotics as preventive care.

	 5.	Subretinal injections of AAV are also used when there is a need 
to target outer retina (e.g., photoreceptors). The reader is 
directed to Qi et al. and Muhlfriedel et al. for further informa-
tion and useful guidelines [19, 20].

4  Notes

	 1.	Primers for the transgene or the promoter can be used. In 
most of our rAAV vectors the Woodchuck Hepatitis Virus 
Posttranscriptional Regulatory Element (WPRE) is present 
and we therefore often use primers against the WPRE, which 
allows for reliable intra- and inter-experimental comparison of 
titers of different stocks.

	 2.	We typically use 8 plates for a single batch of rAAV and this 
usually results in a batch with a titer between 5  ×  1012 and 
2 × 1013. We also have successfully prepared batches of rAAV 
with similar titers starting with 4 or 12 plates.

	 3.	The viability of the HEK293T cells at the start of the experi-
ment and following the transfection is critical to get high titer 
stocks. HEK293T cells should be evenly spread across the 
plate, and without visible cell clumps, for good transfection. 
This can be achieved by gentle, but thorough, pipetting of the 
cell suspension prior to plating. The cells should be growing 

Joost Verhaagen et al.
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well (typically requiring 1:10 splits every 3 days). If growth has 
slowed a new batch of cells should be started.

	 4.	Mix by inversion. DNaseI is somewhat fragile and should not 
be vortexed.

	 5.	The Pasteur pipette is placed through the neck of the tube and 
rests on the bottom. The cell lysate and iodixanol layers are 
then added sequentially from the bottom of the tube.

	 6.	Arrange the tubes of iodixanol with lids off for quick 
access, in ascending order of concentration. After the 
first iodixanol solution has been added (15%) the next 
one should be applied to the top of the Pasteur pipette 
just as the last of the previous solution enters the neck 
of the pipette, to minimize the possibility of air enter-
ing between the two solutions as they pass through. It 
often happens that some air is also transferred, result-
ing in small bubbles. In theory these may disturb the 
gradient but in practice it appears fairly robust to such 
disturbances. However there is limited time to load the 
next solution in the serological pipette. It is advisable 
therefore not to change the serological pipette between 
solutions.

	 7.	A few small bubbles invariably remain. This should not cause 
problems.

	 8.	Experienced virus purifiers may prefer to hold the Beckman 
tube in one hand and insert the needles with the other rather 
than using a stand and clamp.

	 9.	DPBS can be used instead of DPBS-sucrose for the first three 
washes.

	10.	In general AAV particles are robust to freeze-thawing and we 
prefer not to make more than 2–3 aliquots. It is advisable not 
to make small aliquots as this can reduce titer.

	11.	The final pH is important for the subsequent qPCR and 
should be ideally around 8. We recommend preparing addi-
tional tubes with only D-PBS and 1  M NaOH and then 
checking the exact volume of neutralization solution required 
to return the pH to 7–8.5. Check with pH paper or indicator 
solution. Use the same pipette as you will for the samples.

	12.	Optimization of the stereotactic coordinates to be used for a 
particular brain structure includes the injection of a dye, e.g., 
fast green or methylene blue, and serial sectioning of the brain 
through the injection area [15].

	13.	Some researchers remove a small volume of vitreous just prior 
to the intravitreal AAV injection.

Small Scale Production of rAAV Vectors
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Chapter 2

Small and Micro-Scale Recombinant Adeno-Associated 
Virus Production and Purification for Ocular  
Gene Therapy Applications

Christopher A. Reid and Daniel M. Lipinski

Abstract

Over the past two decades recombinant adeno-associated virus (rAAV) vectors have emerged as the gold 
standard for transferring genetic material to cells of the retina. The ability to effectively produce small 
batches of rAAV vector at high enough purity for in vitro and in vivo applications in a cost-effective manner 
is paramount. This is particularly the case when conducting preclinical experiments to screen novel sero-
types, promoters or transgenes, where production of numerous vector batches is required. Current vector 
production methods often produce large quantities of vector, limiting the cost-effectiveness and practical-
ity of such screening experiments, which often require only small volumes of vector to carry out. Herein, 
we describe a method to produce high titer (1012–1013 vector genomes (vg)/mL) rAAV vector on small 
(~100 μL) or micro (~15 μL) scale for in vitro and in vivo applications.

Key words AAV, Manufacture, Purification, Virus vector, Gene therapy, Retina

1  Introduction

Recombinant vectors based upon adeno-associated virus (rAAV), 
a small, nonpathogenic dependovirus, have demonstrated to be 
highly effective in transducing cells of the retina in numerous pre-
clinical and clinical studies [1, 2]. Numerous methods have been 
developed for generating rAAV [3–5], with the most common 
approach involving triple transfection of adherent HEK293T cells 
with an adenovirus-derived helper plasmid, a plasmid encoding 
the AAV rep and cap genes, and a plasmid containing the trans-
gene cassette flanked by inverted terminal repeats (ITR) [6–8]. 
Typically, rAAV production protocols produce large vector vol-
umes (~300–500  μl) of high titer (1012–1013  vg/mL) vector, 
which are appropriate for systemic administration or injection in 
large animal models, but are excessive for in vitro tissue culture 
experiments or intraocular administration in rodents. Furthermore, 
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when conducting screening experiments to establish the tropism 
or specificity of novel vector serotypes or promoters, it is typically 
necessary to carry out only a small number of injections, leading 
to vector waste and increased research cost. Here, we describe two 
methods to produce small quantities of high titer (1012-1013 vg/
mL) virus in a cost-effective manner (<$1000): A small-scale 
preparation which produces ~100 μL of highly pure vector suit-
able for preclinical in vivo gene therapy applications, and a micro-
scale preparation which produces ~15  μL of crudely purified 
(minimal gradient purification) vector suitable for rapid screening 
of novel cell-specific promoters or capsid mutants in difficult to 
transfect cell lines or primary ocular tissue (e.g., retinal explants).

2  Materials

	 1.	pHelper plasmid encoding adenovirus helper genes E2A, E4 
and Viral Associated RNA.

	 2.	pRep-Cap plasmid encoding rAAV Rep and Cap genes.
	 3.	pAAV construct containing the transgene cassette consisting of 

promoter, transgene, and regulatory elements flanked by 
inverted terminal repeats.

	 4.	A ubiquitously expressing fluorescent reporter plasmid (i.e., 
CBA-eGFP).

	 5.	Growth Media: Dulbecco’s Modified Eagle Medium-
DMEM  +  GlutaMAX supplemented with 10% fetal bovine 
serum (FBS) and 1% antibiotic/antimycotic solution.

	 6.	Transfection Media: DMEM + GlutaMAX supplemented with 
2% FBS and 1% antibiotic/antimycotic solution.

	 7.	0.01 M phosphate buffered saline (PBS).
	 8.	HEK293T cells (ATCC, #3216).
	 9.	1 μg/μL Polyethylenimine (PEI) transfection reagent: Linear, 

molecular weight—25,000 (PolySciences) (see Note 1).
	10.	150 mM NaCl.
	11.	10 M HCl.
	12.	1× TrypLE or other trypsin–EDTA.
	13.	Lysis buffer: 150 mM NaCl, 50 mM Tris–HCl, pH 8.5. Filter-

sterilize, do not autoclave. Store at room temperature.
	14.	100% ethanol.
	15.	Dry ice.
	16.	250 U/μL Ultra-Pure Benzonase nuclease.
	17.	HBSS/Tween 20: Hanks balanced salt solution (HBSS), no 

phenol red, containing 0.014% Tween 20.

2.1  Small- 
and Micro-Scale 
General Materials

Christopher A. Reid and Daniel M. Lipinski
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	18.	Picogreen lysis buffer: 20  mM Tris–HCl, pH  7.4, 200  mM 
NaCl, 0.2% SDS.  Do not autoclave. Store at room 
temperature.

	19.	Quant-iT Picogreen dsDNA Assay Kit: 20× TE, Picogreen 
Reagent, Bacteriophage Lambda DNA Standard (Thermo 
Fisher).

	20.	ddH2O: Autoclaved double distilled H2O.
	21.	96-well solid black microtiter plate.
	22.	Fluorescent plate reader capable of exciting at 485  nm and 

reading emission at 535 nm.
	23.	1% solution of Virkon disinfectant (DuPont).
	24.	25% solution of Virkon disinfectant.
	25.	Inverted light microscope.
	26.	Vortex tube mixer allowing mixing at high and slow speed, 

e.g., range 250–2500 rpm.
	27.	PCR machine/thermal cycler.

	 1.	CellBIND Surface Hyperflask Cell Culture Vessel (Corning).
	 2.	175 cm2 angled neck cell culture flask with vent cap.
	 3.	500 mL centrifuge bottles (Nalgene).
	 4.	50 mL conical bottom “falcon” centrifuge tubes.
	 5.	25 × 89 mm Quick-Seal Ultra Clear centrifuge tubes (Beckman 

Coulter).
	 6.	Amicon Ultra-15 100 kDa molecular weight cutoff centrifugal 

filter units (Millipore).
	 7.	250 mL glass bottles.
	 8.	10 mL syringes.
	 9.	5 mL syringes.
	10.	1-in. regular bevel 18-G needles.
	11.	Microcapilliary pipettes, disposable soda-lime glass, 100  μL 

blue (Kimble).
	12.	Syringe-microcapillary “funnel”: 10 mL syringe, 1-in. regular 

bevel 18-G needle, 100 μL blue Kimble disposable soda-lime 
glass microcapillary pipettes.

	13.	5× PBS-MK: 685 mM NaCl, 26 mM KCl, 40 mM Na2HPO4, 
10 mM KH2PO4, 5 mM MgCl2. Do not autoclave. Store at 
room temperature.

	14.	Opti-Prep density gradient medium (iodixanol).
	15.	0.5% Phenol red indicator solution in Dulbecco’s Phosphate 

Buffered Saline.
	16.	Beckman sealer/tube topper (Beckman Coulter).

2.2  Small-Scale 
Specific Materials

Small and Micro-Scale rAAV Production and Purification



22

	17.	Type T70 Ti fixed angle rotor (Beckman Coulter).
	18.	Red aluminum spacer for T70 Ti fixed angle rotor (Beckman 

Coulter).
	19.	Optima XE (or “preparation” certified) Ultracentrifuge 

(Beckman Coulter).
	20.	Retort stand and clamp.
	21.	500 mL plastic or glass beaker.

	 1.	6-well cell culture plates.
	 2.	15 mL conical bottom “falcon” centrifuge tubes.
	 3.	1.5 mL microcentrifuge tubes.
	 4.	Amicon Ultra-0.5 Centrifugal Filter Units Ultracel-100 

(Millipore).
	 5.	1.8 cm blade Cell Scrapers.

3  Methods

All steps should be conducted at room temperature and in a bio-
logical safety cabinet, unless otherwise specified. It is recommended 
that liquid and solid waste produced throughout this protocol be 
disposed of by bleaching in a 1% solution of Virkon disinfectant 
(DuPont), which effectively destroys rAAV particles. Due to the 
necessity to centrifuge vector preparations at several stages during 
production, it is recommended that an even number (2, 4, 6, or 8) 
of preparations are made at any one time to facilitate rotor 
balancing.

	 1.	Seed one T-175 flask with approximately 2.0 × 106 HEK293T 
cells and allow 2 days for the flask to reach confluency.

	 2.	Once the flask has reached 90–100% confluency, wash the flask 
with 15 mL of PBS.

	 3.	Detach adherent cells using 10 mL 1× trypsin-EDTA (3–5 min, 
37 °C).

	 4.	Transfer cell suspension directly into a 500 mL bottle of com-
plete Growth Media.

	 5.	Slowly pour the bottle of Growth Media containing suspended 
HEK293T cells into a sterile Hyperflask, being careful not to 
introduce bubbles.

	 6.	Check cell confluency within the Hyperflask daily using an 
inverted light microscope daily (see Note 2); cells are ready for 
transfection when they reach ~70% confluency, which usually 
take 2–3 days.

2.3  Micro-Scale 
Specific Materials

3.1  Seeding 
and Transfection

3.1.1  Small-Scale, One 
Hyperflask Yields 
Approximately 100 μL 
Highly Purified rAAV Vector

Christopher A. Reid and Daniel M. Lipinski
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	 7.	Pipette 9.0  mL sterile 150  mM NaCl and 1  mL 1 μg/μL 
polyethylenimine (PEI) (see Note 1) into a 50 mL conical 
bottom “falcon” tube labeled “PEI.”

	 8.	Pipette 9.5 mL 150 mM NaCl and 500 μg of plasmid DNA 
consisting of equimolar amounts of the pHelper, pRep-Cap 
and transgene plasmids (see Table 1) in a 50 mL conical bot-
tom falcon tube labeled “plasmid DNA” (see Note 3).

	 9.	Add the contents of the “PEI” tube to the “Plasmid DNA” 
tube in a dropwise manner at a rate of 1 mL/min. It is critical 
during this step to gently agitate the “DNA tube” by swirling 
throughout the addition of PEI (see Note 4).

	10.	Incubate the PEI–DNA complex for 20 min without agitation. 
During incubation, place one bottle of complete Transfection 
Media in to a 37 °C water bath to warm.

	11.	Following incubation, pour the PEI–DNA complex directly 
into the warmed 500  mL bottle of complete Transfection 
Media.

	12.	Remove the Growth Media from the Hyperflask by pouring 
into a beaker with ~25% Virkon and replace immediately with 
the Transfection Media containing the incubated PEI–DNA 
complex being careful not to introduce bubbles.

	13.	Incubate the flask for 72 h at 37 °C in 5% CO2 to allow for viral 
production.

	 1.	In Growth Media, seed a single well of 6-well plate with 
approximately 3.0 × 105 HEK293T cells.

	 2.	Check the plate with an inverted light microscope daily to 
determine confluency. Cells are ready for transfection when 
plates reach 70% confluency, which usually take 1–2 days.

	 3.	Pipette 500 μL of prewarmed Transfection Media and 2.7 μg 
of plasmid DNA (consisting equimolar amounts of pHelper, 
pRep-Cap, and the transgene plasmid as described in Table 1) 
into a 15 mL conical bottom “falcon” tube and label “DNA.” 
Pipette 500 μL of prewarmed Transfection Media and 5.4 μg 
of PEI (see Note 2) in to a second 15 mL tube and label “PEI.” 
Pipette the contents of the “PEI” tube into the “DNA” tube 
dropwise and then gently vortex mixing (250 rpm for 15 s) the 
solution and incubate for 20 min at room temperature.

	 4.	Dilute the DNA-PEI mixture (~1  mL) with Transfection 
Media to a final volume of 6 mL.

	 5.	Replace the Growth Media in the well with 1 mL of the diluted 
DNA-PEI mixture and incubate for 72 h at 37 °C in 5% CO2 
to allow for viral production.

3.1.2  Micro-Scale, One 
6-Well Yields 
Approximately 15 μL 
Crudely Purified 
rAAV Vector

Small and Micro-Scale rAAV Production and Purification
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	 1.	Pour out approximately 35% of the media from the Hyperflask 
into the waste.

	 2.	Replace the cap and vigorously shake (see Note 5) the remain-
ing media in the Hyperflask to detach the cells.

	 3.	Pour the cell suspension (300–350 mL) into a 500 mL centri-
fuge bottle.

	 4.	Pellet the cells by centrifugation at ~400 × g for 15 min.
	 5.	Pour off the supernatant and resuspend the cell pellet in 15 mL 

of lysis buffer by pipetting.
	 6.	Transfer the cell suspension to a new 50 mL round bottom 

centrifuge tube.
	 7.	Tightly seal the tube and immediately freeze the suspension by 

placing the tube in a slurry of dry ice and 100% ethanol (see 
Note 6) for a period of approximately 30 min (see Note 7). In 
order to lyse the cells it is necessary to carry out four freeze–
thaw cycles. This process is where the cell suspension is rapidly 
heated and frozen repetitively in order to fracture the cell 
membranes.

	 8.	Following freezing, place the tube in a 37 °C water bath until 
all the contents are thawed. This step should take 15–25 min 
and should be monitored closely (see Note 8).

	 9.	Immediately following thawing, the cell suspension should be 
vortex mixed at maximum speed (2500 rpm) for 30 s.

	10.	Replaced in the dry ice–ethanol slurry for 30 min to refreeze. 
Repeat this step until the cells have been frozen and thawed 
four times.

3.2  Purification

3.2.1  Small-Scale Preps

Table 1 
Plasmid DNA calculation

Plasmid Plasmid size (kb) Plasmid DNA (μg)

pHelper 11.6 (11.6)*(B)

pRep-Cap 8.1 (8.1)*(B)

Transgene X (X)*(B)

Total size (A) 19.7 + X

Ratio (B) 500 μg/A

The total size (base pairs) of each plasmid is summed (“A”) and divided by the total 
amount of plasmid DNA (500 μg for small-scale and 2.7 μg for micro-scale) per prep to 
produce the ratio of DNA–Base Pair (“B”). The ratio “B” value is multiplied by the size of 
each plasmid to determine the quantity of each plasmid to add during the transfection

Christopher A. Reid and Daniel M. Lipinski
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	11.	When the cell lysate has been thawed for the fourth time, add 
3 μL of a 250 U/μL stock of Benzonase Nuclease to the lysate 
to generate a working concentration of 50 U/mL.

	12.	Incubate for 1 h at 37 °C to degrade cellular RNA and DNA.
	13.	Pellet the cellular debris by centrifugation at ~24,000 x g for 

20 min at room temperature.
	14.	Whilst the cell lysate is centrifuging, prepare the master mix for 

each iodixanol layer in four autoclaved 250 mL glass bottles, as 
described in Table 2 (see Note 9).

	15.	Set up the syringe-microcapillary “funnel” by placing a quick-
seal ultra-clear centrifuge tube into an appropriate test tube 
rack and insert a 100-μm microcapillary glass pipette into the 
top until the microcapillary reaches the bottom of the tube. 
Remove the plunger from a new 10  mL syringe, attach an 
18-G needle and insert it into the lumen of the microcapillary 
tube, as shown in Fig. 1. This forms the syringe-microcapil-
lary “funnel” through which the layers of the density gradient 
are poured. The density gradient used for purification of the 
rAAV is poured from the least dense (15%) to the most dense 
(60%) layer using the syringe-microcapillary “funnel,” which 
allows layers to flow into the tube underneath the previous 
layer (see Fig. 1).

	16.	To pour the gradient, first pipette 7.2 mL of the 15% layer into 
syringe-microcapillary “funnel” and allow it to run through by 
gravity flow into the bottom of the centrifuge tube.

	17.	Once the 15% layer has completely run through the syringe-
microcapillary “funnel,” the process is repeated by flowing 
4.8 mL of the 25% layer, 8 mL of 40% layer, and lastly 4 mL of 
the 60% layer through the “funnel.” The result is discontinu-
ous density gradient consisting of four layers.

	18.	Remove the syringe and the glass microcapillary tube, taking 
care not to disturb the gradient (see Note 10).

Table 2 
Preparation of iodixanol gradient layers

Master mix (mL)

Iodixanol 5 M NaCl 5× PBS-MK H2O Phenol red Total volume

15%   40 32 32 56 0 160

25%   50 0 24 46 0.4 120.4

40%   67 0 20 13 0 100

60% 100 0   0   0 0.4 100.4

Small and Micro-Scale rAAV Production and Purification
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	19.	Using a new sterile 18-gauge needle and 10 mL syringe (with 
plunger), aspirate the supernatant of the lysate from step 3 and 
slowly layer the fluid on top of the iodixanol gradient in a 
dropwise manner. Fill any remaining volume within the centri-
fuge tube with lysis buffer (see Note 11).

	20.	Seal the tube with the tube sealer (see Note 12).
	21.	Carefully insert the sealed tube in a T70 Ti fixed rotor, ensur-

ing that the tube cap is in place.
	22.	Centrifuge at a maximum of ~360,000 x g (we recommend 

59,000 rpm when using the T70 Ti rotor) for 1 h and 30 min 
using a certified “preparatory” ultracentrifuge. Due to the 
high speed of centrifugation, it is essential that the rotor be 
properly balanced.

	23.	Following centrifugation, carefully remove the tube making 
sure not to disturb the gradient layers and place the tube in a 
sterilized biological safety cabinet.

Fig. 1 Preparation of iodixanol gradients. A 10 mL syringe with an 18 G needle is 
placed in a 100 μm microcapillary glass pipette and placed in an ultra-centrifuge 
tube. Create the iodixanol gradient by sequentially adding each layer from the 
lowest percent of iodixanol (15%) to highest (60%). Remove the glass pipette 
and slowly layer the lysate onto the gradient with a fresh 10 mL syringe and 18 G 
needle

Christopher A. Reid and Daniel M. Lipinski
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	24.	Secure the centrifuge tube directly above a 500 mL plastic or 
glass beaker using a retort stand and clamp.

	25.	Pierce the centrifuge tube at the top (near the neck) with an 
18-G needle.

	26.	Insert a 5 mL sterile syringe attached to an 18-G needle hori-
zontally through the sidewall of the centrifuge tube approxi-
mately 2 mm below the 40–60% gradient layer interface.

	27.	Aspirate ~4–5 mL of the 40% gradient layer being careful not 
to disturb the interface of the 25% layer (see Note 13).

	28.	Inject the aspirated liquid directly into an autoclaved 250 mL 
glass bottle and dilute with 100 mL sterile room temperature 
HBSS/Tween-20 (see Note 14).

	29.	Pour 15 mL of diluted virus in an Amicon Ultra-15 centrifuge 
tube with a molecular weight cutoff of 100 kDa and centrifuge 
at ~4000 × g for 15 min using a centrifuge with a swinging 
bucket rotor.

	30.	Discard flow through and refill the Amicon Ultra-15 centri-
fuge tube with vector and repeat the centrifugation until all the 
vector solution has been added. Following the final centrifuga-
tion step, approximately 200–300  μL of vector suspension 
should remain in the top of the concentrator.

	31.	Wash the concentrated virus twice with 10 mL of room tem-
perature HBSS/Tween 20.

	32.	After the second wash, spin the virus for an additional 40 min 
in order to achieve the highest possible concentration. There 
should be 120–175 μL of fluid containing the purified rAAV 
vector.

	33.	Using a 200 μL pipette, aspirate the concentrated virus and use 
it to rinse the sides of the concentrator’s filter 20 times. Aspirate 
the final product and place in a 2.0 mL centrifuge tube and 
store virus at 4 °C until virus is titered.

	 1.	Detach the cells from the 6-well using a cell scraper and transfer 
the cell suspension to a 1.5 mL microcentrifuge tube using a 
sterile pipette.

	 2.	Centrifuge the tube at ~200 × g for 15 min to pellet the cells.
	 3.	Discard the supernatant and resuspend the cell pellet in 500 μL 

of lysis buffer.
	 4.	Lyse the cells by carrying out four rounds of freeze–thaw as 

described above.
	 5.	Add 1 μL of Benzonase Nuclease to the tube (500 U/mL final 

concentration) and incubate the samples at 37 °C for 1 h.
	 6.	Pellet cell debris by centrifuging at ~18,000 × g for 20 min.

3.2.2  Micro-Scale Preps

Small and Micro-Scale rAAV Production and Purification
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	 7.	Place 500 μL of 40% iodixanol (see Table 2) in a 1.5 mL micro-
centrifuge tube. In a dropwise manner, carefully pipette the 
supernatant on top of the iodixanol layer.

	 8.	Centrifuge for 90 min at ~18,000 × g.
	 9.	Carefully pipette 80% of the 40% iodixanol layer into an 

Amicon Ultra-0.5 centrifugal filter unit, ensuring not to dis-
turb the supernatant-iodixanol interface.

	10.	Centrifuge the tube for 15 min at ~18,000 × g.
	11.	Discard the flow-through and add 400 μL of HBSS/Tween-20 

to the centrifuge filter unit.
	12.	Centrifuge again at ~18,000 × g for 15 min.
	13.	Repeat this wash/buffer exchange step eight times. Following 

the final concentration step, the final volume should be 
15–20 μL.

	14.	To elute the virus, invert the centrifugal filter unit into a sterile 
2 mL microcentrifuge tube and centrifuge at ~2300 × g for 
5 min. Store virus at 4 °C until titered.

Titering protocol adapted from Piedra et al. [9]

	 1.	In a 100 μL PCR tube, add 10 μL of Picogreen lysis buffer, 
8 μL of autoclaved ddH2O and 2 μL of vector purified using 
either the small- or micro-scale preparation methods outlined 
above.

	 2.	Using a PCR machine/thermal cycler, heat the sample to 
70 °C for 1 h and then slow cool the mixture down at a rate of 
5 °C/min until it reaches 25 °C.

	 3.	In a separate PCR tube, add 10 μL of 1× TE buffer (20× TE 
buffer stock is provided with picogreen kit), 8 μL of autoclaved 
ddH2O and 2 μL of purified virus and incubate at room tem-
perature for 1 h; this sample will act as an unlysed control.

	 4.	In parallel, produce a six-point standard curve using 
Bacteriophage λ DNA (provided with picogreen kit). This is 
accomplished by diluting 6 μL of 100 ng/μL λ DNA in 94 μL 
of 1× TE buffer to produce a 6 ng/μL stock followed by one-
third serial dilutions. This produces samples for a standard 
curve ranging from 120 to 0.49 ng per 20 μL of sample.

	 5.	Load a black 96-well plate with 20  μL of each standard in 
duplicate, as well as the lysed sample, unlysed control and a 
blank control (20 μL of 1× TE buffer).

	 6.	Dilute Quant-iT Picogreen reagent 1:200 in 1× TE buffer and 
add 180 μL of the diluted reagent to each well.

	 7.	Incubate the samples for 5 min in the dark and quantify the 
fluorescence using a plate reader with an excitation of 485 nm 
and an emission of 535 nm.

3.3  Viral Titering 
(Small 
and Micro-
Scale Preps)

Christopher A. Reid and Daniel M. Lipinski
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	 8.	Subtract the blank control from all samples and generate a line 
of best fit from the six-point standard using fluorescence values 
as the Y-axis coordinates and the amount of DNA as the X-axis 
coordinates. Using the equation of the line of best fit, calculate 
the rAAV genome concentration. Using the equation below 
calculate the rAAV titer (see Note 15).
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	 9.	Aliquot 15 μL of virus each into sterile 2.0 mL centrifuge tubes 
and store at −80 °C.

4  Notes

	 1.	To prepare 1 μg/μL solution of PEI, dissolve 100 mg of linear 
PEI in 90 mL of ddH2O in a 250 mL beaker with a magnetic 
stir bar by constant stirring and heating to ~50 °C (This process 
can take 2–4 h). Bring solution to pH 7 by adding 10 M HCl 
drop-by-drop. Adjust final volume to 100 mL with ddH2O and 
in a sterile biological safety cabinet, filter sterilize through a 
0.22 μm membrane. Aliquot 1.0 mL of sterile PEI into 1.5 mL 
centrifuge tubes and store at −20 °C. Once aliquots are thawed, 
do not refreeze; use a fresh aliquot each time.

	 2.	Only the bottom 1–2 layers of a Hyperflask can be visualized 
using an inverted microscope, even when using low power 
(e.g., 4× or 10×) objectives. As cells were introduced into the 
Hyperflask in suspension, and cells cannot move between lay-
ers, the confluency of the bottom layer can be considered rep-
resentative of all ten layers.

	 3.	The optimal ratio of plasmid DNA to PEI must be optimized 
for each batch of PEI manufactured. To this end, in a 12-well 
plate transfect 1 μg of a ubiquitously expressing fluorescent 
reporter plasmid (i.e., CBA-eGFP) with varying concentra-
tions of PEI (0.5, 1, 2, and 3 μg). The concentration of PEI 
that produces the most fluorescent positive cells without caus-
ing toxicity is the ratio of DNA: PEI that will be used for 
transfections.

	 4.	PEI is a cationic polymer that binds DNA to form positively 
charged complexes capable of entering cells via endocytosis. 
Excessive agitation of the PEI through vigorous rocking/
swirling while adding the plasmid DNA mixture can lead to 
the formation of toxic precipitates, which can reduce transfec-
tion efficiency and lead to cell death.

Small and Micro-Scale rAAV Production and Purification
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	 5.	“Vigorous” in this context entails roughly shaking the 
Hyperflask up and down using both hands, in the manner of a 
bartender mixing a cocktail. We recommend shaking for at 
least 1 min in order to dislodge all of the cells. During the 
shaking process, pause intermittently (approximately every 
15 s) to strike the flask firmly on the end with an open palm in 
order to maximize cell displacement.

	 6.	To make the dry ice/ethanol slurry for rapid freezing, place an 
50 mL test tube rack into a white polystyrene-shipping box, fill 
the box with dry ice to a depth of 2–3 in., and then pour in 
100% ethanol until the dry ice is completely submerged. The 
ethanol will initially produce substantial amounts of white 
vapor (carbon dioxide) when added to the dry ice—this is nor-
mal and will subside.

	 7.	Once frozen, the cell suspension/lysate can be stored in the 
−80 °C freezer indefinitely.

	 8.	The cell suspension should be incubated at 37 °C only for as 
long as it takes for the contents to thaw completely. This is to 
prevent breakdown of the rAAV vector by proteases released 
during cell lysis.

	 9.	Gradient layers can be stored indefinitely at room temperature. 
When adding phenol red, the 60% layer should turn a yellow 
color, while the 25% layer should appear red. The 15% and 40% 
layers do not have phenol red and should be transparent/clear.

	10.	If any of the iodixanol layers stop flowing through the syringe, 
carefully insert the plunger into the syringe in order to displace 
any air bubbles in the microcapillary tube. Remove the plunger 
and allow the layer to proceed through the glass microcapillary 
tube by gravity flow.

	11.	It is imperative that there is no air in the centrifuge tube as this 
may cause the tube to collapse during ultracentrifugation. 
Centrifuge tubes should be precisely balanced—this can be 
checked using a three decimal place electronic balance.

	12.	It is important to ensure that the centrifuge tube is completely 
sealed. To check, forcefully squeeze the sealed tube and con-
firm that no liquid is coming out of the top of the tube.

	13.	It is better to aspirate less volume than to remove volume from 
the 25% layer, as this can detrimentally affect downstream buf-
fer exchange. Once aspirated, the vector can be stored in the 
syringe overnight at 4 °C.

	14.	It is important to use a glass bottle, as AAV is prone to sticking 
to plastics.

	15.	When calculating the titer of a virus encapsulating a self-
complimentary genome, the genome length is doubled.

Christopher A. Reid and Daniel M. Lipinski
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Chapter 3

Design and Development of AAV-based Gene 
Supplementation Therapies for Achromatopsia 
and Retinitis Pigmentosa

Christian Schön, Elvir Becirovic, Martin Biel, and Stylianos Michalakis

Abstract

Achromatopsia (ACHM) and retinitis pigmentosa (RP) are inherited disorders caused by mutations in 
cone and rod photoreceptor-specific genes, respectively. ACHM strongly impairs daylight vision, whereas 
RP initially affects night vision and daylight vision at later stages. Currently, gene supplementation thera-
pies utilizing recombinant adeno-associated virus (rAAV) vectors are being developed for various forms of 
ACHM and RP. In this chapter, we describe the procedure of designing and developing specific and effi-
cient rAAV vectors for cone- and rod-specific gene supplementation.

Key words Recombinant adeno-associated virus vectors, rAAV vectors, Achromatopsia, ACHM, 
Retinitis pigmentosa, RP, Gene therapy, Cone photoreceptors, Rod photoreceptors

1  Introduction

In the recent years, gene therapy has seen major developments that 
have led to a renaissance of the field. This holds in particular true 
for the subfield of ocular gene therapy. The main reasons for this 
are our improved understanding of the genetic basis of inherited 
ocular diseases and the progress in development of efficient and 
specific gene delivery tools. Recombinant adeno-associated virus 
(rAAV) vectors have evolved as the “gold standard” gene delivery 
tool for ocular diseases and rAAV vectors are currently used in a 
large number of preclinical and clinical studies aiming at develop-
ing treatments of previously untreatable genetic eye diseases.

Autosomal recessive retinal disorders are particularly interest-
ing targets for gene therapy. Gene supplementation approaches can 
be applied to transfer a healthy copy of the disease-causing gene 
into affected retinal cells. Successful proof-of-concept studies for 
rAAV-mediated gene supplementation therapy exist for several 
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inherited blinding eye diseases. The most advanced approaches 
deal with the treatment of Leber congenital amaurosis type 2 
(LCA2), a rare form of childhood blindness [1]. LCA2 is caused 
by mutations in the gene RPE65 coding for a central protein of the 
retinoid cycle and the treatment involves AAV2/2 mediated deliv-
ery of the wildtype RPE65 gene. One promising LCA2 gene ther-
apy product entered Phase III (NCT00999609) and is expected to 
receive marketing authorization within 2017.

Furthermore, several groups increase their efforts in develop-
ing rAAV-based gene supplementation therapies for photoreceptor-
specific retinal diseases. One example is achromatopsia (ACHM), a 
disease characterized by the congenital lack of cone photoreceptor 
function and subsequent cone degeneration. ACHM patients suf-
fer from severely impaired daylight vision, photophobia, nystag-
mus, and lack of color discrimination. The majority of ACHM 
patients carry mutations in CNGA3 or CNGB3, the genes encod-
ing the two subunits of the cone cyclic nucleotide-gated (CNG) 
channel [2]. Several successful proof-of-concept studies in animal 
models lacking one of the CNG channel subunits have been per-
formed [3–6] and two Phase I/II clinical trials have been initiated 
(NCT02610582 and NCT02599922). Other activities for treat-
ment of retinal diseases relate to forms of inherited retinitis pig-
mentosa (RP) or LCA caused by for example mutations in the 
photoreceptor-specific genes PDE6A, PDE6B or GUCY2D where 
Phase I/II clinical trials are expected to begin in 2017/18.

The basic concept of rAAV-based gene supplementation relies 
on the availability of gene transfer vectors which support efficient, 
cell-type specific and long lasting transgene expression. This 
requires the development of a rAAV cis vector that carries the 
future genome of the rAAVs and includes all essential regulatory 
elements (e.g., promoter, polyA, posttranscriptional regulatory 
elements). Development and preclinical evaluation of the rAAV-
based treatment approach also demands a simple and efficient 
manufacturing procedure. In this chapter, we will describe in detail 
all required steps for the design, development and production of 
rAAVs of gene supplementation therapies for ACHM or RP. The 
protocol can be easily applied to other target diseases and will also 
be useful for researchers from other fields.

2  Materials

	 1.	 AAV cis vector backbone and AAV trans plasmids (see Note 1).
	 2.	 QIAquick or other DNA fragment Gel Extraction Kit.
	 3.	 Alkaline phosphatase, calf intestinal (CIP).
	 4.	 DNA gel loading buffer.
	 5.	 DNA ligation kit: T4 DNA ligase, reaction buffer.

2.1  rAAV Cis Plasmid 
Cloning

Christian Schön et al.



35

	 6.	 Agarose gel: e.g., 0.7% agarose in 1× TBE buffer (1 M Tris 
base, 1 M Boric acid, 0.02 M EDTA).

	 7.	 RecA deficient competent E. coli cell transformation kit: NEB 
10-beta or other RecA deficient competent E. coli cells, SOC 
medium, control plasmid.

	 8.	 LB media: 10 g tryptone, 5 g yeast extract, 10 g NaCl, adjusted 
to pH 7.0 with 1 M NaOH, autoclaved, and supplemented 
with antibiotics, e.g., 50 μg/mL ampicillin or kanamycin.

	 9.	 Agar plates: 1.5% agar in LB, autoclaved, cooled to 50  °C, 
supplemented with antibiotics, e.g., 50 μg/mL ampicillin or 
30 μg/mL kanamycin, and plated into Petri dishes.

	10.	 Plasmid Miniprep kit.
	11.	 PureLink® HiPure or other plasmid Maxiprep kit.
	12.	 NanoDrop 2000c UV-Vis spectrophotometer.
	13.	 PCR amplification kit: Taq polymerase, buffer, and dNTPs.

	1.	 HEK-293T cells.
	2.	 Dulbecco’s Modified Eagle Medium (DMEM): DMEM con-

taining 10% fetal bovine serum (FBS) supplemented with 
100 U/mL Penicillin and 100 μg/mL Streptomycin.

	3.	 15 × 15 cm cell culture dishes.
4.	 Pretransfection mix: 270 μg transgene AAV cis plasmid, x μg 

pAd helper plasmid, y μg AAV Rep/Cap plasmid, 15 μl 8 mg/
mL Polybrene/Hexadimethrine bromide solution, 1500  μl 
10 mg/mL dextran solution, 1500 μl 2.5 M CaCl2, in a final 
volume of 15  mL double-distilled water. The components 
listed in Table  1 are added in a 50-mL polystyrene tube. 
Prepare shortly before transfection.

2.2  rAAV Vector 
Production

Table 1  
Pretransfection mix for transfection of 15 × 15-cm dishes of HEK293T cells

Reagent Amount

Transgene AAV cis plasmid 270 μg

pAd helper plasmid x μg

AAV rep/cap plasmid y μg

Polybrene (8 mg/mL) 15 μL

Dextran (10 mg/mL) 1500 μL

2.5 M CaCl2 1500 μL

Double-distilled water Up to 15 mL

AAV-based Retinal Gene Therapy
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The following two equations are used to calculate the amount of 
pAd Helper plasmid and AAV Cap/Rep plasmid needed for the 
pretransfection mix (Table 1):

	

x
m M

M
amount of pAd Helper

transgene AAV pAd Helper
transge

( ) = ( )× ( )
nne AAV( )

.
	

	

y
m M

amount of AAV Rep Cap Helper
transgene AAV AAV Rep Cap H

/
/

( ) = ( )× eelper
transgene AAV

( )
( )M

.

M = molar mass of a double stranded plasmid.

	 5.	 2× BBS transfection solution: 45  mM BES sodium salt, 
280 mM NaCl, 1.5 mM Na2HPO4. Adjust pH to 6.95 with 
1 M NaOH and sterile filtrate. Prepare 50 mL aliquots and 
store them at 4 °C for up to 1 year.

	 6.	 50 mL polystyrene tubes.
	 7.	 Lysis buffer: 150 mM NaCl, 50 mM TRIS. Adjust pH to 8.5 

with diluted HCl and sterile filtrate. Prepare freshly before 
use.

	 8.	 Benzonase.
	 9.	 Liquid nitrogen.
	10.	 15%, 25%, 40%, and 60% iodixanol solutions: Prepare solu-

tions containing 15%, 25%, 40%, or 60% Optiprep in 1 mM 
MgCl2, 2.5 mM KCl, 1 M NaCl, 1× PBS. Add phenol red (use 
1% solution) ad libitum until the solution is visibly colored. 
Store at 4 °C for up to 1 week.

	11.	 Quick-Seal polypropylene tubes, 39 mL (Beckman).
	12.	 Quick-Seal cordless tube topper kit, 50 Hz (Beckman).
	13.	 Peristaltic pump MINIPULS 3 (Gilson).
	14.	 Long Pasteur glass pipettes.
	15.	 21-G needles.
	16.	 5-mL syringes.
	17.	 0.014% PBS-MK solution: 1  mM MgCl2, 2.5  mM KCl, 

0.014% Tween 20  in 1× PBS (e.g., purchased from Sigma; 
pH 7.4). Sterile filtrate and store at 4 °C for up to 1 week.

	18.	 PBS-MK solution: 1  mM MgCl2, 2.5  mM KCl in 1× PBS 
(e.g., purchased from Sigma; pH 7.4). Sterile filtrate and store 
at 4 °C for up to 1 week.

	19.	 ÄKTAprime plus chromatography system (GE Healthcare).
	20.	 HiTrap Q FF sepharose columns, 5 mL (GE Healthcare).

Christian Schön et al.
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	21.	 Superloop, 50 mL (GE Healthcare).
	22.	 10 mL syringes.
	23.	 1.5 mL reaction tubes for fraction collection.
	24.	 Buffer A: 20 mM TRIS, 15 mM NaCl. Adjust the pH to 8.5 

with diluted HCl. Store at 4 °C for up to 1 week.
	25.	 Buffer B: 2.5 M NaCl. Adjust the pH to 8.5. Store at 4 °C for 

up to 1 week.
	26.	 Beckman Coulter J2-MC high speed centrifuge.
	27.	 JA-10 Rotor, Fixed Angle, Aluminum, 6  ×  500  mL, 

10,000 rpm, 17,700 × g (Beckman).
	28.	 Beckman Coulter Optima LE-80K ultracentrifuge.
	29.	 70 Ti Rotor, Fixed Angle, Titanium, 8 × 39 mm, 70,000 rpm, 

504,000 × g (Beckman).

	 1.	 Amicon Ultra-4 centrifugal filter units, 100 kDa.
	 2.	 KAPA SYBR FAST Universal ×2 qPCR MasterMix (Peqlab).
	 3.	 MacroAmp® fast optical 96-well reaction plate (Applied 

Biosystems).
	 4.	 MacroAmp® optical adhesive film (Applied Biosystems).
	 5.	 StepOnePlus™ real-time PCR system (Applied Biosystems).
	 6.	 WPRE PCR primers: Primer forward: AGTTCCGCCGT 

GGCAATAGG; Primer reverse: CAAGGAGGAGAAAATGA 
AAGCC.

	 7.	 1.5-mL screw cap reaction tubes.

3  Method

Successful gene therapy requires both high efficiency and cell-type 
specificity for the expression of transgenes. The AAV vector system 
allows for optimization and adjustments at different levels to help 
achieving this goal (Fig. 1). Notes 2–10 describe recommenda-
tions for optimal vector design.

Standard molecular biology techniques can be applied for con-
struction and cloning of the rAAV cis plasmid. The essential steps 
are outlined below:

	 1.	 Choose the desired AAV cis plasmid backbone (see Note 1).
	 2.	 Digest 4 μg backbone plasmid in 40 μl of compatible restric-

tion buffer with the appropriate site-specific restriction enzyme 
(RE) at the appropriate temperature for at least 1 h.

	 3.	 Add DNA gel loading buffer and run the digested DNA on an 
agarose gel (e.g., 0.7%).

2.3  Concentration 
and Titer 
Determination 
of rAAVs

3.1  Cloning of the 
rAAV Cis Plasmid

AAV-based Retinal Gene Therapy
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	 4.	 Cut out the linearized plasmid and purify the DNA using a 
standard DNA fragment gel extraction kit (see Notes 11 and 
12).

	 5.	 Design PCR cloning primers specific for your promoter of 
choice and your gene of interest with RE recognition sites 
which are compatible with the multiple cloning site (MCS) of 
your AAV cis plasmid backbone (see Note 13).

	 6.	 PCR amplify the desired promoter sequence and the desired 
ORF from genomic DNA, cDNA or another appropriate 
DNA template using a standard PCR amplification kit.

	 7.	 Run the PCRs on an agarose gel.
	 8.	 Cut out the specific bands and purify the amplified DNA frag-

ments using a standard DNA gel extraction kit.
	 9.	 Digest the DNA with the appropriate site-specific RE.
	10.	 Run the digested DNA on an agarose gel.
	11.	 Cut out the specific DNA band and purify the DNA to obtain 

the RE-digested PCR amplicon, which can be used for ligation 
into the RE-linearized AAV cis plasmid backbone (see step 1).

	12.	 Ligate the RE-digested promoter and ORF DNA fragments 
into the RE-linearized AAV cis plasmid backbone using a stan-

Fig. 1 Map illustrating the composition of a typical rAAV cis plasmid for gene 
supplementation therapies of ACHM and RP. Inverted terminal repeats (ITRs) 
flank the full gene expression cassette containing the photoreceptor (PR) specific 
promoter, gene of interest, posttranscriptional regulatory elements (PRE) and 
polyA sequences. The vector backbone contains a bacterial origin of replication 
(ori) and a bacterial antibiotic resistance gene expression cassette (res)
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dard DNA ligation protocol (e.g., mix insert and vector in a 
molar ratio of 3–1, add T4 DNA ligase in reaction buffer 
and incubate overnight at 16 °C), (see Note 14 for alternative 
strategy).

	13.	 Thaw 50 μL RecA deficient competent E. coli cells (e.g., NEB 
10-beta) on ice. Add 3 μL of the ligated product, incubate for 
30 min on ice, heat-shock for 45 s at 42 °C, and incubate for 
2 min on ice.

	14.	 Plate the transformed bacteria on agar plates containing anti-
biotics that match the antibiotic resistance encoded on the 
plasmid backbone and grow them overnight at 37 °C.

	15.	 Pick selected bacterial colonies using sterile pipette tips to 
inoculate a sterile tube containing 5 mL LB medium plus anti-
biotics (corresponding to the antibiotic resistance encoded in 
the AAV cis plasmid backbone).

	16.	 Incubate the bacteria overnight at 37 °C in a shacking bacteria 
incubator.

	17.	 Isolate plasmid DNA by alkaline lysis or plasmid miniprep kit.
	18.	 Verify the identity of correct clones using RE analysis and the 

composition of the full expression cassette using standard 
DNA sequencing (see Note 15).

	19.	 Grow correct clones in LB medium containing proper antibi-
otics to isolate higher amounts of plasmid DNA using standard 
plasmid preparation kits under endotoxin-free conditions (e.g., 
Pure Link® HiPure or other Maxiprep Kit). Determine DNA 
concentration, e.g., using NanoDrop spectrophotometer.

We adapted our protocol on rAAV production based on a previous 
publication [7].

	 1.	24  h before transfection, split confluent 15-cm dishes of 
HEK293T cells into 15× 15-cm dishes in DMEM medium.

	 2.	Prepare pretransfection mix shortly before transfection.
	 3.	Add 15 mL 2× BBS dropwise while vortexing the pretransfec-

tion mix in the polystyrene tube at maximum speed, are (see 
Note 16).

	 4.	Incubate the transfection mix at room temperature for 
4–5 min.

	 5.	Remove HEK293T dishes from incubator immediately before 
transfection.

	 6.	Add 2  mL transfection mix dropwise to each of the 15-cm 
dishes of approx. 80% confluent HEK293T cells.

	 7.	Incubate transfected cells at 37 °C and 5% CO2 atmosphere for 
24 h.

3.2  rAAV Vector 
Production

3.2.1  Transfection 
of HEK293T Cells
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	 8.	 Replace the medium from transfected cells and incubate the 
plates at 37 °C and 10% CO2 atmosphere for additional 24 h.

	 1.	 48 h post transfection, harvest the cells by scraping them from 
each 15-cm dish with a cell scraper. Pool the cell suspensions 
from the 15 dishes in a 500-mL centrifuge tube and centrifuge 
at 2000 × g for 15 min at 4 °C (see Note 17).

	 2.	 After medium removal, resuspend the cell pellet in 7.5  mL 
lysis buffer and transfer it to a 50-mL polystyrene tube.

	 3.	 Shock-freeze the cell suspension in liquid nitrogen and thaw it 
subsequently at 37  °C.  Repeat freeze–thaw cycle two addi-
tional times (see Note 18).

	 1.	 Add Benzonase to the thawed cell suspension to a final con-
centration of 50 U/mL and incubate at 37 °C for 30 min.

	 2.	 Centrifuge the suspension at 2000 × g for 25 min at 4 °C.
	 3.	 Transfer the virus-containing supernatant into a Beckman 

Quick-Seal polypropylene tube.
	 4.	 Generate an iodixanol gradient using a sterile, long glass 

pipette and a Gilson MINIPULS3 pump. Underlay the virus-
containing phase with four separate solutions containing dif-
ferent iodixanol concentrations in the following order: 7 mL 
15% iodixanol, 5 mL 25% iodixanol, 5 mL 40% iodixanol and 
6 mL 60% iodixanol. To avoid mixing of the layers, the pump 
should be run at the slowest speed.

	 5.	 For centrifugation, fill up the polypropylene tubes and balance 
them accurately with PBS-MK.

	 6.	 Seal the tubes with the Beckman tube topper. Centrifuge at 
361,000 × g for 1 h 45 min at 18 °C (70,000 rpm in an Optima 
LE-80K Beckman ultracentrifuge using a 70 Ti rotor). During 
centrifugation, the virus-containing fraction accumulates in 
the 40% phase.

	 7.	 After centrifugation, pierce the tube at the top near the seal. 
To collect the virus-containing phase, pierce the tube through 
the side at the lower end of the 40–60% interface with a 21-G 
needle and a 5-mL syringe. During this step, the open site of 
the needle tip should face the 40% phase. Collect approxi-
mately 5 mL of the 40% phase (see Note 18).

	 8.	 For purification, thaw the virus-containing phase on ice.
	 9.	 Connect HiTrap Q FF sepharose column and superloop with 

the ÄKTAprime plus chromatography system.
	10.	 For collection of the purified fractions, load 1.5-mL centrifuge 

tubes into the tube rack.
	11.	 Adjust the Drop Sync unit of the fraction collector to position 1.

3.2.2  Harvesting 
of HEK293T Cells

3.2.3  Gradient 
Centrifugation 
and Purification of rAAVs
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	12.	 Subsequently, equilibrate the HiTrap Q FF sepharose column 
with 25 mL of buffer A at 10 mL/min flow rate.

	13.	 Select “manual run mode” with 1.0 mL/min flow rate, 1 mL 
fraction size, and put the measuring curves to starting point 
via “autozero.”

	14.	 Dilute the virus phase 1:1 with buffer A prior to filling the 
super loop of the ÄKTAprime plus system with a 10  mL 
syringe.

	15.	 Inject the virus dilution from the superloop into the 
ÄKTAprime plus system and collect 1 mL fractions in 1.5-mL 
reaction tubes. During this step, monitor the UV and conduc-
tance curves via the Äktaprime software.

	16.	 When the conductance curve reaches basal values, switch the 
ÄKTAprime plus system to 100% buffer B at 10 mL/min flow 
rate and 0 mL fraction size to purge the sepharose column 
from the remaining virus dilution.

	17.	 To wash out the remaining salt from the system, use sterile, 
double-distilled water at 10 mL/min flow rate.

	18.	 When the conductance curve reaches zero, continue washing 
for additional 5 min.

	19.	 Pool all 1-mL fractions collected during the plateau phase of 
the conductance curve (see Note 18).

1.	 Thaw the purified virus fraction on ice and transfer 4 mL of 
the fraction to an Amicon centrifugal filter. Centrifuge at 
2000 × g for 10 min at 20 °C.

2.	 Discard the flow-through and repeat step 1 until the complete 
virus is loaded to the column and approximately 500  μL 
remain in the filter unit.

	3.	 Wash out the concentrated rAAV from the membrane with 
1 mL 0.014% Tween/PBS-MK by pipetting up and down sev-
eral times. Centrifuge the virus suspension at 2000  ×  g at 
20  °C until 100  μL of the concentrated virus suspension 
remains in the filter unit (see Note 19).

	4.	 Aliquot and store the supernatant in 1.5-mL screw cap tubes 
(see Note 18).

	1.	 For qPCR standard preparation, a small fragment within the 
WPRE of the rAAV cis plasmid needs to be amplified via PCR 
using an appropriate PCR kit (Primer for: AGTTCCGCC 
GTGGCAATAGG; Primer rev: CAAGGAGGAGAAAATGAAA 
GCC). After gel electrophoresis, purify the PCR product and 
measure the DNA concentration. The DNA copy number can 
be calculated using for example “DNA copy number and dilu-

3.2.4  Concentration 
of rAAVs

3.2.5  Titer Determination 
of rAAVs
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tion calculator” (For further information, e.g., see ThermoFisher 
Scientific web page).

	2.	 Using this standard, prepare tenfold serial dilutions ranging 
from 1 × 105 to 1 × 109 copies/5 μL. Standards can be stored 
at −20 °C until use.

	3.	 Dilute the rAAV suspension 1:100 with double-distilled water.
	4.	 Perform qPCR with doublets of 5 μL rAAV dilution and stan-

dard dilutions using an appropriate qPCR kit (e.g., KAPA 
SYBR Universal ×2 qPCR Master Mix), 30 pmol/μL primers 
(compare step 1) and double-distilled water according to 
the manufacturer’s protocol.

	5.	 Determine number of rAAV genomes (titer) based on the 
obtained standard curve using for example the StepOne soft-
ware implemented protocols (see Note 20).

4  Notes

	 1.	 AAV cis vector backbone and AAV trans plasmids (encoding 
for Cap, Rep and adenoviral helper genes) can be obtained 
from various sources including Penn Vector Core (www.med.
upenn.edu/gtp/vectorcore) or from UNC Vector Core 
(www.med.unc.edu/genetherapy/vectorcore, see also ref. 7). 
Various AAV cis vector plasmids are also available from 
Addgene (https://www.addgene.org).

	 2.	 The capacity limit of the rAAV vector genome: Wild type AAV 
genome size is about 4.6 kb. Optimally, the size of the rAAV 
genome that comprises the full gene expression cassette 
flanked by the two inverted terminal repeats (ITR) should not 
exceed 4.6 kb. However, packaging of intact rAAV genomes 
of up to 5 kb has been reported [8].

	 3.	 rAAV cis vector plasmid backbone: All commonly used DNA 
plasmid backbones can be used. The DNA plasmid backbone 
should contain the following functional elements: (a) a bacte-
rial origin of replication and (b) a bacterial antibiotic resistance 
gene expression cassette. Optimally, the DNA plasmid back-
bone should exceed the AAV packaging capacity limit (e.g., 
>5.5 kb) to minimize the possibility of a false or reverse pack-
aging of the backbone [9] into rAAV vector particles.

	 4.	 Choice of promoter: Several short promoters have been used 
in combination with rAAV vectors to drive efficient and spe-
cific expression in cone and/or rod photoreceptors. For exam-
ple, cone-specific transgene expression was demonstrated for a 
cone arrestin (ARR3 gene) [3], a blue opsin (OPNSW1) [5], 
or the red/green opsin promoter (OPNMW1) [10, 11]. 
Rod  photoreceptor-specific expression was documented for 
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rhodopsin (RHO) promoters from different species [12, 13]. 
In addition, other promoters like rhodopsin kinase 1 (GRK1) 
[14] or interphotoreceptor retinoid binding protein (RBP3) 
[15] were also shown to efficiently drive expression in both 
types of photoreceptors.

	 5.	 Optimization of open reading frame (ORF) and utilization of 
other regulatory elements: If high levels of expression are 
desired, codon optimization for the target species should be 
considered (see Note 6). Additionally, the coding sequence 
should be followed by a polyadenylation sequence (polyA). 
Expression levels can also be improved by increasing mRNA 
stability using posttranscriptional regulatory elements. The 
most commonly used sequence in various gene vectors is the 
woodchuck hepatitis virus posttranscriptional regulatory ele-
ment (WPRE) that increases the size of the polyA tail [16, 17] 
(see Notes 7 and 8).

	 6.	 In case of clinical applications, it is preferred to generate a 
“humanized” vector containing human promoter and gene 
sequences. Note that these adaptations might influence the 
outcome of preclinical testing in other species (e.g., mice).

	 7.	 The WPRE element contains an ORF encoding a truncated 
peptide of the woodchuck hepatitis virus X protein (WHX). 
WHX is a transcriptional regulator associated with the 
development of liver tumors. Although there is no direct 
evidence for any harmful effects of WPRE in combination 
with rAAVs we recommend using an element with mutated 
WHX ORF [17].

	 8.	 If the overall size of the transgene and standard regulatory 
elements exceeds the rAAV packaging capacity, smaller regu-
latory elements might be used to overcome this limitation. 
For example, WPRE can be efficiently replaced with smaller 
polyA sequences (e.g., SV40 polyA [18] or synthetic polyA 
signal [19]).

	 9.	 Choice of AAV capsid: AAV serotypes 5, 7, 8, and 9 are able 
to efficiently transduce rod and cone photoreceptors [12, 20, 
21]. Among those, AAV8 and AAV9 lead to highest transduc-
tion rates in different species including mice, pigs, dogs, and 
nonhuman primates [12, 22–26] (see Note 10).

	10.	 Apart from wildtype AAV serotypes, novel, engineered AAV 
capsids might be useful to improve transduction efficacy of 
photoreceptors (e.g., tyrosine mutant AAV2 [27], 7m8 [28], 
or Anc80 [29]).

	11.	 Inappropriate high levels of UV light during agarose gel 
examination or cutting might result in DNA damage and 
impair efficient ligation of DNA fragments.

AAV-based Retinal Gene Therapy



44

	12.	 If the RE chosen for plasmid linearization generate compatible 
ends vector self-ligation might occur. 5′ dephosphorylation of 
plasmid DNA using standard enzymes (e.g., CIP) could be 
used to prevent self-ligation.

	13.	 Obtain high quality primers by choosing appropriate purifica-
tion techniques offered by the respective company. This can 
largely exclude mutations of the oligonucleotide sequence 
which might affect RE cleavage sites.

	14.	 Aside from the described conventional cloning techniques, 
novel cloning techniques might facilitate subcloning of DNA 
fragments into rAAV vectors (e.g., NEBuilder).

	15.	 Due to their secondary structure rAAV ITRs can be hardly 
sequenced by standard Sanger sequencing. Special protocols 
suitable for sequencing of secondary structure elements in the 
DNA might be used. Such protocols are typically offered by 
sequencing companies. In addition, ITR integrity can be veri-
fied using SmaI and Eam1105I (or AhdI) RE analysis.

	16.	 BBS quality (in particular the pH) is crucial for good transfec-
tion efficiency and should be checked at regular intervals.

	17.	 AAV8 serotype transfected HEK293T cells also secrete the 
rAAVs to the cell culture medium [30, 31]. This is also the 
case for other AAV serotypes. Thus, rAAVs can also be purified 
from the supernatant after the cell harvesting step described in 
Subheading 3.2.2.

	18.	 At these steps, the harvested material can be stored at −80 °C.
	19.	 As the viscosity of the AAV solution varies between the AAV 

preparations, in some cases more or longer centrifugation 
steps are required for the AAV solution to pass the Amicon 
filter membrane. This should be considered for appropriate 
time schedule of the experiments. Take care not to overesti-
mate the time needed for the final centrifugation step.

	20.	 Low yield AAV titers can result from various problems during 
the preparation procedure. Check especially for integrity of 
the ITRs (see Note 15) and efficacy of transfection reagents 
(see Note 16).
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Chapter 4

Development of Multigenic Lentiviral Vectors for Cell-
Specific Expression of Antiangiogenic miRNAs  
and Protein Factors

Anne Louise Askou and Thomas J. Corydon

Abstract

Generation of lentivirus (LV)-based vectors holding multiple gene cassettes for coexpression of several 
therapeutic factors provides potent tools in both gene delivery studies as well as in gene therapy. Here we 
describe the development of such multigenic LV gene delivery vectors enabling cell-specific coexpression 
of antiangiogenic microRNA (miRNA) and protein factors and, if preferred, a fluorescent reporter, from 
RNApol(II)-driven expression cassettes orientated in a back-to-back fashion. This configuration may con-
tribute to the development of new combination therapies for amelioration of diseases involving intraocular 
neovascularization including exudative age-related macular degeneration (AMD).

Key words DNA cloning, Multigenic vector, Coexpression, Cell-specific expression, Lentivirus, 
miRNA, Antiangiogenesis, AMD, VEGF, Retina

1  Introduction

Successful gene transfer studies and gene therapy depend on effi-
cient gene delivery vectors allowing coexpression of multiple ther-
apeutic factors. Present approaches to express miRNA clusters and 
transgenes from a single viral vector may have certain restrictions 
affecting important issues such as expression levels of the transgene 
and vector titers. Based on our recent findings [1] we here in detail 
describe the generation of a versatile LV vector design that facili-
tates combined expression of therapeutic RNA- and protein-based 
antiangiogenic factors as well as a fluorescent reporter from back-
to-back RNApol(II)-driven expression cassettes. The multigenic 
LV vector may thus provide potential implications for the future 
development of gene delivery vehicles for combination therapy of 
intraocular neovascular diseases, including exudative AMD, which 
are the principal cause of blindness in the aging population [2, 3]. 
Exudative AMD is characterized by abnormal choroidal neovessel 
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development, a process that involves overexpression of vascular 
endothelial growth factor (VEGF) [4, 5]. Even though present 
antibody-based anti-VEGF therapy shows great success rates, some 
patients are only partially responsive or even nonresponsive to the 
treatment, thereby underlining the demand for new and refined 
strategies. The complexity of the pathogenic events involved in a 
multifactorial disease such as AMD, suggests that simultaneous tar-
geting of different pathways, may have synergistic effects and thus 
improve efficacy as well as reduce the treatment rate [6–8]. The 
multigenic LV vector described in this chapter has potential in 
amelioration of exudative AMD since it encodes both anti-VEGF 
miRNAs and the multifunctional protein pigment epithelium-
derived factor (PEDF).

The LV vector was generated by multiple consecutive cloning 
steps, where the functional elements have been inserted in a simple 
third generation pCCL-based LV transfer plasmid harboring a 
PGK-eGFP cassette, here designated pLV/PE. Figure 1 illustrates 
the cloning design and the consecutive insertions of the elements 
in the second expression cassette inserted in reverse orientation. 
The second expression cassette encompasses a retinal pigment epi-
thelium (RPE) specific promoter, the vitelliform macular dystro-
phy 2 (VMD2) promoter, driving the expression of a single mRNA 
encoding an intronic miRNA cluster inserted in a modified β-globin 
intron and the multifunctional protein PEDF. Functionality of the 
distinctive elements of the multigenic design was verified in differ-
ent cell culture systems revealing (i) RPE-specific expression, (ii) 
miRNA-directed downregulation of VEGF, (iii) impairments of 
angiogenic pathways by codelivery of the gene encoding PEDF, 
and LV-mediated gene delivery in mouse retina (Fig. 2) [1].

In conclusion, we have generated a multigenic LV vector that 
may contribute to the development of new combination therapies 
for amelioration of diseases involving intraocular 
neovascularization.

2  Materials

Prepare all solutions using ultrapure water.

	 1.	Restriction enzymes: MluI, PstI, XmaI, NsiI, BsiWI, SalI, 
XhoI, HindIII, EcoRI, BamHI, XbaI, and SacII.

	 2.	Calf intestinal alkaline phosphatase (CIP).
	 3.	Compatible enzyme reaction buffers.
	 4.	Loading dye for subsequent gel analysis.
	 5.	Plasmid pLV/PE [9].
	 6.	Plasmid containing CMV-β-globin intron bovine growth hor-

mone (BGH) poly A fragment [1].

2.1  Cloning

Anne Louise Askou and Thomas J. Corydon
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	 7.	Plasmid pCM-miR(Irr) [9].
	 8.	Plasmid PEDF cDNA: The plasmid Image clone ID 235156 

with a verified PEDF sequence can be ordered at Source 
Bioscience, Nottingham, UK.

	 9.	Plasmid containing VMD2 or promotor of choice: The pro-
moter of choice can be ordered with for example MluI and 
SalI flanking sequences from Genscript or other synthetic 
DNA supplier.

Fig. 1 Development of multigenic LV vectors. (a–f) Schematics representing prominent progression stages 
during evolvement of the various multigenic LV expression cassettes. Relevant restriction sites used for cloning 
are shown at the bottom of each figure section. Names of the respective vectors are highlighted in italic on the 
right hand side. (a) Point of commencement: The pLV/PE vector. (b) Insertion of CMV promoter, ß-globin intron 
and polyA using PstI and MluI. (c) Addition of the AsRED sequence using XmaI. (d) Inclusion of PEDF cDNA 
sequence using XmaI. (e) Enclosure of miR(Irr) or miR(5,B,7) clusters using NsiI and BsiWI. (f) Interchange of 
CMV by VMD2 promoter sequence using SalI and MluI. Approximate sizes (in bp) of relevant elements and the 
vector backbone are shown. bp base pair, CMV cytomegalovirus, cPPT central polypurine tract, eGFP enhanced 
green fluorescent protein, LTR long terminal repeat, LV lentiviral, -PE PGK-eGFP, PEDF pigment epithelium-
derived factor, PGK phosphoglycerate kinase 1 promoter, polyA bovine growth hormone polyadenylation signal, 
ψ packaging signal, R repeat region, RRE Rev.-responsive element, SA splice acceptor, SD splice donor, ∆U3 
(SIN) self-inactivating deletion in the U3 region, U5 unique 5′, VMD2 vitelliform macular dystrophy 2, WPRE 
woodchuck hepatitis virus posttranscriptional regulatory element. Adapted from [1]

Construction of Multigenic Lentiviral Vectors
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	 1.	1× TAE: Mix 4.846  g Tris, 1.142  g acetic acid, and 2  mL 
0.5 M EDTA pH 8.0 with 800 mL water. Adjust pH to 8.0 
with hydrochloric acid and bring the final volume up to 
1 L. Sterilize by autoclaving.

	 2.	7 cm × 10 cm UV-transparent agarose gel trays.
	 3.	Preparative comb for agarose gel trays (containing two pre-

parative and two reference wells).
	 4.	15-well combs for agarose gel trays.
	 5.	Preparative agarose gel (0.7%): Prepare a 0.7% agarose gel by 

adding 0.35 g agarose to 50 mL 1% TAE and heat the solution 

2.2  Gel Purification

Fig. 2  Validation of multigenic LV vectors. (a–f) Time line illustrating important steps in the functional valida-
tion of viral vectors. A more comprehensive description of this process can be found in [1, 10, 12]. (a) 
Amplification and purification of LV-based plasmid DNA carrying the multigenic cassette (Fig. 1). (b) Production 
of LV vectors following transfection of HEK-293T packaging cells. (c) Evaluation of the cell-specific expression 
capability of the LV vector as analyzed in HEK-293 and melanoma cells (MC). Cells are transduced with LV/
VMD2-intron-AsRED-PE. The GFP expression, driven by the CMV promoter, is omnipresent whereas the AsRED 
reporter, exemplifying synthesis of gene products from the VMD2 driven multigenic cassette, display cell-
specific expression. (d) Assessment of miRNA-directed RLuc-VEGF knockdown after transduction of HEK-293 
cells demonstrated by using the dual luciferase assay. (e) Inhibition of tube formation in transduced HUVECs. 
(f) Histological investigation of LV transduction in the mouse retina 21 days after subretinal injection of LV/
VMD2-intron-AsRED-PE. The retina is stained with DAPI to show cell nuclei (blue). Expression of GFP (green) 
and AsRED (red) reveal localization of the multigenic LV and expression from both cassettes in the RPE cell 
layer. HUVECs human umbilical vein endothelial cells, INL inner nuclear layer, Irr irrelevant miR (nontargeting 
negative control), MC melanoma cells, ONL outer nuclear layer, pDNA plasmid DNA, PLuc P. photinus luciferase, 
PC phase contrast, RLuc Renilla luciferase, RPE retinal pigment epithelium

Anne Louise Askou and Thomas J. Corydon
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to boiling. Leave the solution to cool to approx. 60 °C and add 
1.5 μL GelRed or other nucleic acid gel stain. Cast the gel 
within a 7 cm × 10 cm UV-transparent gel tray and immedi-
ately insert a preparative comb (containing two preparative 
and two reference wells) without introducing air bubbles.

	 6.	Analytical agarose gel (1%): Prepare a 1% agarose gel by adding 
0.5 g agarose to 50 mL 1% TAE and heat the solution to boil-
ing. Leave the solution to cool to 60 °C and add 1.5 μL GelRed 
or other nucleic acid gel stain. Cast the gel within a 
7 cm × 10 cm UV-transparent gel tray and immediately insert 
1 or 2 (depending on the number of samples to be analyzed) 
15-well combs without introducing air bubbles.

	 7.	DNA ladder.
	 8.	QIAquick or other gel DNA extraction kit.
	 9.	Gel loading buffer.
	10.	NanoDrop spectrophotometer.

	 1.	T4 DNA ligase.
	 2.	 Compatible reaction buffer for the T4 DNA ligase.

	 1.	 Escherichia coli XL2-Blue or other ultracompetent cells.
	 2.	 β-Mercaptoethanol.
	 3.	 LB medium: Mix 10 g tryptone, 5 g yeast extract, and 10 g 

NaCl with 800 mL water. Adjust pH to 7.4 and bring the final 
volume up to 1 L. Sterilize by autoclaving.

	 4.	 LB ampicillin medium: LB medium containing 0.1 mg/mL 
ampicillin.

	 5.	 SOC-medium: Mix 19 μL 1 M MgSO4, 19 μL 1 M MgCl2, 
and 38 μL 20% glucose with 1.8 mL LB medium in a sterile 
environment. Prepare fresh.

	 6.	 9 cm diameter petridish.
	 7.	 LB agar ampicillin plates: Add 15 g agar and bring final volume 

up to 1 L utilizing LB medium. Autoclave to dissolve agar and 
sterilize. Let the LB agar solution cool to approx. 45 °C and 
add 0.1 mg/mL ampicillin. Swirl the flask gently to mix and 
avoid air bubbles. Pour 10 mL LB agar ampicillin solution into 
a petri dish and leave at room temperature (RT) to solidify.

	 1.	Plasmid pAAV2-siRNA: The plasmid containing AsRED can 
be ordered at Applied Viromics, Fremont, CA, USA.

	 2.	DNA PCR primers containing suitable restriction sites, e.g., 
XmaI sites at the 5′-end flanking the AsRED gene in plasmid 
pAAV2-siRNA.

	 3.	Anti-mVEGF miRNAs: Anti-mVEGF miRNAs designated 
miR(5), miR(B) and miR(7) as partially overlapping 

2.3  Ligation

2.4  Transformation

2.5  PCR

Construction of Multigenic Lentiviral Vectors
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~60-nucleotide oligonucleotides containing suitable restric-
tion sites, e.g., XhoI/HindIII, EcoRI/BamHI, and XbaI/SacII, 
respectively, at the 5′-end [10].

	 4.	High fidelity DNA polymerase and compatible reaction buffer.
	 5.	10 mM dNTPs: stocks of 10 mM dGTP, dATP, dTTP, and 

dCTP.
	 6.	PCR tubes.
	 7.	MinElute or other PCR DNA fragment purification kit.
	 8.	Illustra or other MicroSpin G-25 Columns.

3  Methods

Carry out all procedures at RT unless otherwise specified.

	 1.	Mix 10  μg of pLV/PE (Fig.  1a) with reaction buffer and 
10 units (U) of MluI and PstI restriction enzymes in a total 
volume of 100 μL and place at 37 °C for 1 h to open the vector 
creating cohesive ends.

	 2.	Add 20 U of CIP to the linearized vector reaction mixture and 
leave for further 30 min at 37 °C (see Note 1).

	 3.	In the same way, the CMV-β-globin intron BGH poly A frag-
ment is obtained. Mix 5 μg of plasmid DNA harboring the 
CMV-intron-poly A with 5  U of MluI and PstI in a total 
volume of 100 μL and place at 37 °C for 1 h to cut out the 
fragment creating compatible cohesive ends. Do not add 
CIP.

	 4.	Add loading dye to the samples and mix.

	 1.	The linearized vector and the fragment are purified over a 0.7% 
preparative agarose gel. Place the gel in submerged horizontal 
electrophoresis cells using 1× TAE buffer.

	 2.	Apply the restriction digest mixtures to separate wells and run 
the gel at low voltage (40–70  V) for 1–2  h to separate the 
DNA bands on the gel.

	 3.	Utilize a UV transilluminator to verify separation.
	 4.	Cut out the DNA bands corresponding to the linearized pLV/

PE plasmid and the CMV-intron-poly A fragment.
	 5.	Purify DNA from the agarose gel by applying the QIAquick 

or other gel extraction kit according to the protocol 
supplied.

	 6.	Measure the DNA concentration of the two samples for exam-
ple by applying about 2 μL of DNA solution on a NanoDrop 
spectrophotometer according to the user’s manual.

3.1  Insertion 
of CMV-β-Globin 
Intron BGH PolyA 
Cassette in pLV/PE 
(Fig. 1b)

3.1.1  Restriction Digest

3.1.2  Gel Purification

Anne Louise Askou and Thomas J. Corydon



53

	 1.	Make two ligation mixes: mix fragment and linearized vector 
in a 3:1 molar ratio.

	 2.	Add 1 U T4 DNA ligase in a total volume of 20 μL in one tube.
	 3.	For the other tube, make the same mix but leave out the frag-

ment and replace with water (negative control, see Note 1).
	 4.	Mix gently by pipetting and incubate at RT for 1 h.

	 1.	Thaw XL2-Blue or other ultracompetent cells on ice.
	 2.	Aliquot 25 μL of cells into each of two tubes placed on ice.
	 3.	Add 0.5 μL β-mercaptoethanol and mix by gently tapping the 

tubes.
	 4.	Incubate the cells on ice for 10  min, swirling gently every 

2 min.
	 5.	Add 1.5 μL of each of the two ligation mixes to separate tubes.
	 6.	Gently tap the tubes and incubate on ice for 30 min.
	 7.	Give the cells a heat-shock by submersing the tubes in a 42 °C 

water bath for 30 s (see Note 2).
	 8.	Incubate on ice for 2 min.
	 9.	Add 225 μL of freshly made SOC-medium to each tube and 

incubate at 37 °C for 1 h with shaking at 225–250 rpm.
	10.	Plate 50 μL transformation mixture on separate LB agar ampi-

cillin plates.
	11.	Incubate overnight at 37 °C.
	12.	Count the colonies on the two plates.

	 1.	Pick a number of colonies, e.g., 10, to be screened for inser-
tion of the fragment (see Note 3).

	 2.	Use a sterile inoculation needle (or tooth pick) to transfer cells 
from a single, isolated colony to a small tube containing 
2–5 mL LB ampicillin medium.

	 3.	Grow culture overnight (12–16 h).
	 4.	Follow the protocol supplied in the QIAprep Spin or other 

Miniprep kit for purification of plasmid DNA from the cells.
	 5.	For all ten colonies, mix 2 μL of purified plasmid with reaction 

buffer and 1 U MluI and PstI restriction enzymes in separate 
tubes in a total volume of 10 μL.

	 6.	Incubate for 1 h at 37 °C. Prepare a 1% analytical agarose gel 
and run cut and uncut plasmid DNA from each colony into 
separate wells for 45 min at 70 V.

	 7.	Utilize a UV transilluminator to verify insertion of the CMV-
intron-polyA fragment (positive clone), i.e., plasmid DNA 
digestion and separation of the vector backbone (approx. 

3.1.3  Ligation

3.1.4  Transformation

3.1.5  Verification 
of Insertion 
by Restriction Digest

Construction of Multigenic Lentiviral Vectors
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7800 bp) from the MluI and PstI inserted fragment (approx. 
1400 bp). Sequencing further validates DNA purified from one 
positive clone, and pLV/CMV-intron-PE has been generated.

	 1.	Design primers for amplification of a red fluorescent protein, 
AsRED, from the pAAV2-siRNA vector (Applied Viromics, 
Fremont, CA, USA) plasmid (see Note 4). Include XmaI sites 
in the primers for subcloning.

	 2.	Mix 20 ng pAAV2-siRNA template DNA, 0.5 μL of a high 
fidelity DNA polymerase, 0.25 μM of each primer, and 250 μM 
dNTPs in a sterile PCR tube and bring total volume to 50 μL 
total with DNA polymerase reaction buffer and water.

	 3.	Mix gently by pipetting and briefly centrifuge the tube.
	 4.	Perform PCR as described in Table 1.
	 5.	Run 2 μL of the PCR reaction mixture on a 1% analytical aga-

rose gel as described in Subheading 3.1.5.
	 6.	Verify amplification of a fragment with a size of approx. 750 bp.

	 1.	Purify the PCR reaction mixture over a gel as described in 
Subheading 3.1.2 to recover the AsRED fragment.

	 2.	Generate XmaI cohesive ends on the AsRED fragment as well 
as on the plasmid pLV/CMV-intron-PE by restriction enzyme 
digestion as described in Subheading 3.1.1.

	 3.	Purify the AsRED fragment using MinElute or other PCR 
purification kit and the linearized plasmid over a gel using the 
QIAquick or other gel extraction kit as described in Subheading 
3.1.2.

	 4.	Measure the DNA concentration of both fragment and linear-
ized plasmid.

3.2  Subcloning 
AsRED in pLV/
CMV-Intron-PE 
(Fig. 1c)

3.2.1  PCR Amplification 
and Purification of AsRED 
from Plasmid

3.2.2  Subcloning 
of AsRED PCR Product 
in pLV/
CMV-Intron-PE Vector

Table 1 
Optimized PCR conditions based on target length, DNA polymerase 
(Herculase II Fusion DNA polymerase), type of template DNA, and primer 
sequences (see Note 5)

Number of 
cycles Description Temperature [°C] Duration

1 Hot start 95 2 min

Denaturation 95 20 s

30 Annealing 60 20 s

Elongation 72 1 min

1 Final extension 72 30 min

Anne Louise Askou and Thomas J. Corydon
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	 5.	Perform ligation as described in Subheading 3.1.3.
	 6.	Perform transformation as described in Subheading 3.1.4.
	 7.	Verification is basically performed as described in Subheading 

3.1.5, but perform restriction analysis with XmaI generating 
two DNA fragments with a size of 750 and 9100 bp. Sequence 
the whole fragment between the two XmaI sites, and pLV/
CMV-intron-AsRED-PE has been generated.

	 1.	Design primers including XmaI sites for subcloning of PEDF 
in the pLV/CMV-intron-AsRED-PE (see Note 4). The PEDF 
cDNA sequence can be ordered as a clone (Image ID 235156) 
with a verified sequence from Source Bioscience (Nottingham, 
UK).

	 2.	Amplify and introduce new restriction sites by performing PCR 
using the PEDF cDNA as template and verify amplification by 
running an analytical gel with a small portion of the PCR reac-
tion mixture as described in Subheadings 3.2.1 and 3.2.2.

	 3.	Purify and cleave the PEDF PCR product and the pLV/CMV-
intron-AsRED-PE vector with XmaI as described in 
Subheading 3.2, step 3.

	 4.	Perform ligation and transformation as described in 
Subheadings 3.1.3 and 3.1.4, respectively.

	 5.	Verification is basically performed as described in Subheading 
3.1.5, but perform restriction analysis with XmaI generating 
two DNA fragments with a size of 1300 and 9100 bp. Sequence 
the whole fragment between the two XmaI sites, and pLV/
CMV-intron-PEDF-PE has been generated.

	 1.	Design up to three miRNAs targeting your gene of interest. In 
this vector, three miRNAs are designed to perfectly match the 
mouse ortholog of the human VEGF165. Design of the miR-
NAs has been described in a previous study [10]. The three 
different anti-mVEGF miRNAs, designated miR(5), miR(B) 
and miR(7), are inserted in the optimized miR-106b cluster 
driven by a CMV promoter (encoded in a pCDNA3.1-based 
plasmid, designated pCM-miR(Irr) in this study [11]) by inde-
pendent replacement of each of the three anti-HIV miRNAs 
harbored in the original pCM-miR(Irr) plasmid.

	 2.	Generate complete inserts by PCR extension of partially 
annealed overlapping oligonucleotides. Include restriction 
sites in oligonucleotides for subsequent cloning. Perform an 
oligo-extension PCR by mixing 1 μL Taq DNA polymerase, 
3  μM of each of oligonucleotide A and B (to generate 
miR(5)), and 250 μM dNTPs in a sterile PCR tube and bring 
total volume to 100 μL total with DNA polymerase reaction 
buffer and water.

3.3  Subcloning 
of PEDF in pLV/
CMV-Intron-AsRED-PE 
Vector (Fig. 1d)

3.4  Subcloning 
of miR Clusters 
into pLV/CMV-Intron-
PEDF-PE (Fig. 1e)

3.4.1  Insertion 
of miR(5,B,7) Cluster 
in pCM-miR(Irr)

Construction of Multigenic Lentiviral Vectors
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	 3.	Mix gently by pipetting and briefly centrifuge the tube.
	 4.	Perform PCR as described in Table 2.
	 5.	Verify oligo-extension by gel analysis. Load 5 μL of each of the 

PCR-extension reactions on a 2% agarose gel together with 
5 μL of one of the oligonucleotides. Notice a difference in size 
from approx. 60 bases in the oligonucleotide to 85 bp in the 
final extended double-stranded miRNA insert.

	 6.	To insert miRNAs in pCM-miR(Irr) digest the three extended 
double-stranded miRNA inserts, miR(5), miR(B), and miR(7), 
with XhoI/HindIII, EcoRI/BamHI, and XbaI/SacII, respec-
tively, as described in Subheading 3.1.1.

	 7.	Purify the digested fragments over a column using the Illustra 
or other MicroSpin G-25 Columns that can be used for rapid 
purification of DNA greater than ten bases in length.

	 8.	Generate the final plasmid encoding the three anti-mVEGF 
miRNAs, pCM-miR(5,B,7), by replacing each of the heterolo-
gous hairpin entities in pCM-miR(Irr), S1, S2, and S3, one 
after another with miR(5), miR(B), and miR(7), respectively. 
The order of replacement is unimportant.

	 9.	pCM-miR(Irr) is digested with the compatible pair of the 
given restriction enzymes, and the linearized plasmid is puri-
fied over a gel as described in Subheading 3.1.2.

	10.	Ligation and transformation are performed as described in 
Subheadings 3.1.3 and 3.1.4, respectively.

	11.	Perform sequencing on positive clones to ensure proper inser-
tion of the miRNA sequences in the final pCM-miR(5,B,7) 
plasmid.

	 1.	Digest pCM-miR(5,B,7) and pCM-miR(Irr) with NsiI and 
BsiWI and purify the two fragments over a gel as described in 
Subheadings 3.1.1 and 3.1.2, respectively.

	 2.	Digest pLV/CMV-intron-PEDF-PE with NsiI and BsiWI as 
well to create compatible cohesive ends for insertion and purify 

3.4.2  Insertion 
of miR(5,B,7) and miR(Irr) 
Clusters in pLV/
CMV-Intron-PEDF-PE

Table 2 
Optimized PCR conditions for oligo-extension PCR of miRNA sequences 
for cloning

Number of 
cycles Description Temperature [°C] Duration

1 Hot start 95 5 min
Denaturation 95 20 s

30 Annealing 50 20 s
Elongation 72 20 s

1 Final extension 72 4 min

Anne Louise Askou and Thomas J. Corydon
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the linearized plasmid over a gel as described in Subheadings 
3.1.1 and 3.1.2, respectively.

	 3.	Perform ligation, transformation, and verify insertion, as 
described in Subheadings 3.1.3, 3.1.4, and 3.1.5, respectively.

	 4.	To verify insertion, cut with NsiI and BsiWI and identify frag-
ments of approx. 700 and 9900  bp on a gel. pLV/CMV-
miR(Irr)-PEDF-PE and pLV/CMV-miR(5,B,7)-PEDF-PE 
have now been generated.

To ensure RPE specific expression from the transgene cassette 
encoding anti-mVEGF miRNAs and PEDF, the CMV promoter is 
swapped with the VMD2 promoter. The VMD2 or promotor of 
choice can be ordered with MluI and SalI flanking sequences from 
Genscript or other synthetic DNA supplier for subcloning in the 
pLV/CMV-miR(5,B,7)-PEDF-PE and pLV/CMV-miR(Irr)-
PEDF-PE vectors [1].

	 1.	Cut the plasmid encoding the VMD2 promoter and the pLV/
CMV-miR(5,B,7)-PEDF-PE and pLV/CMV-miR(Irr)-
PEDF-PE vectors with MluI and SalI and purify the fragment 
and two linearized vectors over a gel as described in Subheadings 
3.1.1 and 3.1.2.

	 2.	Perform ligation and transformation as described in 
Subheadings 3.1.3 and 3.1.4.

	 3.	Verify insertion by MluI and SalI double digestion as described 
in Subheading 3.1.5 and identify fragments of 600  bp and 
10,500 bp on a gel. pLV/VMD2-miR(5,B,7)-PEDF-PE and 
pLV/VMD2-miR(Irr)-PEDF-PE have now been generated.
Following production of LV vector particles (see Note 6 and 

Fig. 2a, b) functional analysis of distinctive elements of the multi-
genic design can be verified in different cell culture systems and in 
the mouse retina as shown in Fig. 2. In short, the different analyses 
reveal RPE-specific expression (see Note 7 and Fig.  2c), 
miRNA-directed downregulation of VEGF (see Note 8 and 
Fig. 2d), impairment of angiogenic pathways by codelivery of the 
gene encoding PEDF (see Note 9 and Fig. 2e) and LV-mediated 
transduction in mouse retina (see Note 10 and Fig. 2f). See also [1].

4  Notes

	 1.	 Noncompatible cohesive overhangs created by utilizing two 
different restriction enzymes and addition of CIP to the 
digested vector prevents religation of the linearized plasmid 
DNA in a subsequent ligation reaction. Ligation mix without 
fragment was used as negative control for the transformation.

	 2.	 Competent cells are very heat sensitive. Always transfer tubes 
on ice, and thaw the cells on ice. Furthermore, the duration of 
the heat pulse is critical, use a timer. Leave plates upside down 

3.5  Swapping 
the CMV for VMD2 
Promoter to Generate 
pLV/VMD2-miR(5,B,7)-
PEDF-PE and pLV/
VMD2-miR(Irr)-
PEDF-PE (Fig. 1f)
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wrapped in Parafilm to avoid drying-out. For the experimental 
DNA, the number of colonies will vary according to the size 
and form of the transforming DNA, with larger and nonsuper-
coiled DNA producing fewer colonies. The negative control 
plate should give rise to very few colonies, preferable <10. 
Compare the number of colonies on the negative plate to the 
number on the positive plate. The number of colonies on the 
positive plate should be many times greater than the number 
on the negative control plate. If there are no colonies on the 
positive plate or the number of colonies is comparable to the 
number on the negative plate, redo the transformation. 
Include circular plasmid as a positive control for appropriate 
transformation conditions. The ligation mix can be stored at 
−20 °C. If retransformation utilizing the same ligation mix is 
unsuccessful, repeat the ligation and preferably redo restric-
tion digest and purification of DNA fragment and vector.

	 3.	 Verification can easily be checked by PCR screening of colo-
nies or by purifying DNA from several colonies followed by 
restriction enzyme analysis. Digest the DNA with the restric-
tion enzymes used for insertion of the fragment. A successful 
cloning will regenerate the restriction sites. Alternatively, find 
a restriction enzyme with a unique restriction sequence inside 
the inserted fragment. One or two positive colonies should be 
sent of for sequencing if the inserted fragment was amplified 
by PCR.

	 4.	 The optimal length of a primer is 18–22 nt with a GC con-
tent of 40–60%. This should give an ideal melting tempera-
ture of the primer between 60 and 65  °C.  The melting 
temperature of the primers should not differ by more than 
2  °C, and the annealing temperature should be no more 
than 5 °C lower than the melting temperature. Avoid strong 
secondary structures and self-complementarity. If these 
guidelines are followed, the primers should anneal specifi-
cally and simultaneously and efficiently amplify the target 
product. If addition of new restriction sites is intended, 
design primers following the above guidelines targeting the 
5′ and 3′ end of your target. Add the restriction site to the 
5′ end of the primer and remember to add 2–4 additional 
bases to the 5′ end of the primer depending on the restric-
tion enzyme, to ensure proper digestion of the fragment 
following PCR amplification.

	 5.	 Follow the guidelines supplied by the manufacturer of the DNA 
polymerase for optimal PCR conditions. The annealing tem-
perature depends on primer design (see Note 4). The elonga-
tion time depends on both the polymerase and the target length.

	 6.	 LV vector particles are produced using a 3rd generation LV-
packing system. The relevant packing plasmids (in each case 
three different) and multigenic LV plasmids (Fig. 1) are used 
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for transfection of HEK-293T cells (Fig. 2a) [1]. For cell stud-
ies crude LV preparations (preps) can be harvested and for 
subretinal injections, the LV preps can be concentrated by 
ultracentrifugation. The titers of the LV preps can be assessed 
by determining the HIV-1 p24 concentration by ELISA (see 
also Fig. 2b).

	 7.	 RPE-specific expression can be assessed by immunofluores-
cence analysis of eGFP and AsRED expression in different cell 
lines (e.g., HEK-293 and melanoma cells) 4 days after trans-
duction with 100  ng p24 LV/VMD2-intron-AsRED-PE 
(Fig. 2c). This LV vector was generated by replacing the CMV 
promoter of LV/CMV-intron-AsRED-PE with VMD2.

	 8.	 miR-directed downregulation of VEGF can be assessed using 
a dual luciferase reporter construct [12]. Four-six days after 
transduction (alternatively, 48  h post transfection), cells are 
lysed and luciferase levels analyzed using the Dual-Luciferase 
Reporter Assay System (see Fig. 2d).

	 9.	 Impairments of angiogenic pathways can be analyzed in a tube 
formation assay based on human umbilical vein endothelial 
cells (HUVECs). Approx. 1 × 105 HUVECs are transduced 
with 100 ng p24 LV/CMV-miR(5,B,7)-AsRED and seeded 
on a Matrigel (Fig. 2e).

	10.	 Histological analysis of LV transduction can be assessed in the 
mouse retina 21 days after subretinal injection [10] of 30 ng 
p24 LV/VMD2-intron-AsRED-PE (Fig. 2f).
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Chapter 5

Design and In Vitro Use of Antisense Oligonucleotides 
to Correct Pre-mRNA Splicing Defects in Inherited  
Retinal Dystrophies

Alejandro Garanto and Rob W.J. Collin

Abstract

Antisense oligonucleotides (AONs) are small molecules able to bind to the pre-mRNA and modulate splic-
ing. The increasing amount of intronic mutations leading to pseudoexon insertion in genes underlying 
inherited retinal dystrophies (IRDs) has highlighted the potential of AONs as a therapeutic tool for these 
disorders. Here we describe how to design and test AON molecules in vitro in order to correct pre-mRNA 
splicing defects involved in IRDs.

Key words Antisense oligonucleotides, AON, Genetic therapy, Splicing modulation, Pre-mRNA, 
CEP290, Minigene, Inherited retinal dystrophies, Pseudoexon, Intronic mutation

1  Introduction

Inherited retinal dystrophies (IRDs) are a group of genetically and 
clinically heterogeneous disorders affecting ~1:3000 people world-
wide [1–5]. In general terms, IRDs are characterized by the pro-
gressive degeneration of the photosensitive cells that ultimately can 
lead to complete blindness [1–5]. So far, more than 200 genes 
have been associated with IRDs in all Mendelian inheritance pat-
terns (RetNet: https://sph.uth.edu/Retnet/). Although IRDs 
are still incurable diseases, gene augmentation therapies have 
shown promising results in patients suffering from Leber 
Congenital Amaurosis (RPE65) [6] or choroideremia (CHM) [7]. 
These results boosted the development of novel therapeutic inter-
ventions for IRDs. One of them is the antisense oligonucleotide 
(AON)-based splicing modulation approach. AONs are small mol-
ecules able to bind to the pre-mRNA and modulate its splicing [8]. 
The applicability of these AONs is very variable; they can be used 
to produce exon skipping, exon insertion, transcript degradation, 
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amongst others [8, 9]. The first clinical trial using AONs was con-
ducted in Duchenne Muscular Dystrophy patients [10]. In partic-
ular, the delivery of AONs allowed the skipping of one or multiple 
exons of the DMD gene to reframe the mutated transcript and 
create a partially functional dystrophin protein [11, 12]. In IRDs, 
preclinical in vitro and in vivo studies for an intronic mutation in 
CEP290 showed that AON delivery (a) led to pseudoexon exclu-
sion both in vitro and in vivo, (b) increased the CEP290 protein 
levels, (c) corrected a cellular phenotype present in patient-derived 
fibroblast cells and (d) did not show any morphological alterations 
or retinal stress response in the mouse retina [13–15]. These data 
highlight the therapeutic potential of these molecules for IRDs, 
especially due to the continuous identification of novel intronic 
mutations that lead to pseudoexon inclusion, as shown in USH2A 
[16] or OPA1 [17]. In addition, one of the first commercially 
available AON-based compounds, Vitravene™ or Fomivirsen, was 
used to treat an ocular disease named cytomegalovirus retinitis 
[18–21]. In this chapter, we describe how to design efficient AONs 
based on previous reports and our own experience, how to test 
them in vitro, and which cellular models are most appropriate for 
the development of an AON-based therapeutic approach.

2  Materials

	 1.	Eppstein-Barr virus-transformed lymphoblastoid cells (EBVs) 
derived from patients. Culture medium: RPMI medium.

	 2.	 Fibroblast cells derived from patients. Culture medium: 
DMEM 20% FCS medium.

	 3.	 HEK293T cells (ATCC® CRL-3216™). Culture medium: 
DMEM 10% FCS medium.

	 4.	 RPMI medium: RPMI medium supplemented with 15% fetal 
calf serum (FCS), 100 U/mL of penicillin, 100 μg/mL strep-
tomycin, and 2% (v/v) 1 M HEPES.

	 5.	 DMEM 20% FCS medium: DMEM supplemented with 20% 
FCS, 100 U/mL of penicillin, 100 μg/mL streptomycin, and 
1% (v/v) 100 mM sodium pyruvate.

	 6.	 DMEM 10% FCS medium: DMEM medium supplemented 
with 10% FCS, 100 U/mL of penicillin, 100 μg/mL strepto-
mycin, and 1% (v/v) 100 mM sodium pyruvate.

	 7.	 T75 Flasks or similar to grow the cell lines.
	 8.	 Trypsin solution for cell dissociation.
	 9.	 1× PBS.

2.1  Cellular Models 
and Culture Conditions
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	 1.	Minigene vector.
	 2.	 Destination vector.
	 3.	 BP-Clonase cloning kit: BP-Clonase, buffer, proteinase K, etc. 

(i.e. Gateway®enzymes).
	 4.	 LR-Clonase cloning kit: LR-Clonase, buffer, proteinase K, 

etc. (i.e. Gateway® enzymes).
	 5.	 Genomic DNA.
	 6.	 Primers flanking the region of interest with attB sites (under-

lined). In this chapter we use CEP290 as an example. Forward 
primer sequence:5′-ggggacaagtttgtacaaaaaagcaggcttcggccgctc
tttctcaaaagtggc-3′ and reverse primer sequence  : 5′ggggac-
cactttgtacaagaaagctgggtgcttggtggggttaagtacagg-3′. Primers 
were located in intron 25 and intron 27 of  CEP290, 
respectively.

	 7.	 High-fidelity Taq polymerase PCR kit: High fidelity Taq poly-
merase, dNTPs, buffer, etc.

	 8.	 Competent cells (preferably commercial ones).
	 9.	 LB medium: Autoclave 10 g NaCl, 10 g tryptone, and 5 g 

yeast extract in 1 L of deionized water.
	10.	 LB plates: Autoclave 10  g NaCl, 10  g tryptone, 5  g yeast 

extract, and 15 g agar in 1 L of deionized water.
	11.	 Selection antibiotics (usually Ampicillin and Kanamycin) at 

50 mg/mL (this is the stock 1000× concentrated).
	12.	 Mini/Midiprep kit.
	13.	 Electrophoresis equipment and agarose gels.

	 1.	 RNA isolation kit.
	 2.	 cDNA synthesis kit (see Note 1).
	 3.	 Primers located in the flanking exons of the (pseudo)exon to 

be skipped. In the example described in this chapter: Forward 
primer (exon 26) 5′ tgctaagtacagggacatcttgc 3′ and Reverse 
(exon 27) 5′ agactccacttgttcttttaaggag 3′.

	 4.	 PCR kit: Polymerase, dNTPs, buffer, MgCl2, water, and 
Q-solution or DMSO if applies.

	 5.	 Electrophoresis equipment and agarose gels.

	 1.	 Minigene vector prepared in Subheading 3.2, as an example in 
this chapter we will use the CEP290 minigene.

	 2.	 Primers to introduce the desired mutation. In the example the 
c.2991+1655A>G mutation in the CEP290 minigene:

Forward primer 5′-cccagttgtaattgtgagtatctcatacctatcc-3′ 
and Reverse primer 5′-ggataggtatgagatactcacaattacaactggg-3′. 
Mutation is in bold and underlined.

2.2  Minigene Vector 
and Destination Vector 
Generation

2.3  RT-PCR

2.4  Site-Directed 
Mutagenesis
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	 3.	 DpnI restriction enzyme.
	 4.	 High-fidelity Taq polymerase PCR kit: High fidelity Taq poly-

merase, dNTPs, buffer, etc.
	 5.	 Competent cells (preferably commercial ones).
	 6.	 LB medium: Autoclave 10  g NaCl, 10  g tryptone and 5  g 

yeast extract in 1 L of deionized water.
	 7.	 LB plates: Autoclave 10  g NaCl, 10  g tryptone, 5  g yeast 

extract and 15 g agar in 1 L of deionized water.
	 8.	 Selection antibiotics (usually Ampicillin and Kanamycin) at 

50 mg/mL (this is the stock 1000× concentrated).
	 9.	 Mini/Midiprep kit.
	10.	 Electrophoresis equipment and agarose gels.

	 1.	 AON stock: Resuspend the AONs at a final concentration of 
0.1–1 mM in 1× PBS, that was previously autoclaved twice (see 
Note 2).

	 2.	 6-well plates or 12-well plates (see Note 3).
	 3.	 Transfection reagent (i.e. FuGene® or Lipofectamine®).
	 4.	 Trypsin solution for cell dissociation.

3  Methods

The easiest and most practical way to assess the redirection of pre-
mRNA splicing is to directly use patient-derived cells. However, 
one disadvantage of working with IRD-causing genes is that their 
expression is often restricted to retinal cells.

In order to assess whether the use of patient-derived cells is suit-
able for your studies, we suggest to follow the steps described 
below:
	 1.	 Purchase or isolate (using the RNA isolation kit) RNA from 

frequently used human-derived cell lines that can be easily 
obtained from the patients (i.e. fibroblast or EBV-transformed 
lymphoblast cells).

	 2.	 Use 1–2  μg of RNA to synthesize cDNA using the cDNA 
synthesis kit.

	 3.	 Amplify the region of interest by PCR using the PCR kit (see 
Note 4).

	 4.	 Visualize the PCR products by gel electrophoresis.
	 5.	 Confirm that the band corresponds with the region of interest 

by Sanger sequencing.

2.5  AON 
Resuspension 
and Transfection

3.1  Patient Cell Line 
Strategy

3.1.1  Expression 
of the Gene of Interest
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Once the expression of the gene of interest is confirmed in one of 
the cell lines, it is important to validate that the splicing defect is 
also present in this particular context, since the splicing pattern can 
vary between cell types:

	 1.	 Grow the cell lines from the patient(s) and control.
	 2.	 Isolate RNA using the RNA isolation kit.
	 3.	 Use 1–2 μg of RNA for cDNA synthesis using the cDNA syn-

thesis kit.
	 4.	 Amplify the region of interest using primers on the flanking 

exons.
	 5.	 Visualize the PCR products by gel electrophoresis.
	 6.	 Confirm by Sanger sequencing the content of each band.
	 7.	 If the expected effect at pre-mRNA is recapitulated proceed to 

Subheading 3.3.

Unfortunately, in many cases, the gene is not expressed in either 
fibroblast or lymphoblast cells, or the pre-mRNA defect is retina-
specific and it is not observed in these cell lines. Possible alterna-
tives include the generation of minigenes or the reprogramming of 
fibroblast cells to induced pluripotent stem cells (iPSCs), which 
subsequently can be differentiated into photoreceptor-like 
cells (PLCs). However, for the initial screening of multiple AONs 
we suggest to only use PLCs when no other possibilities are avail-
able, since generating such cells is a time- and cost-consuming 
technique (see Note 5).

In order to circumvent the issues described, we propose to 
generate minigenes adapted to our necessities. One may think that 
a minigene is an artificial system that will not recapitulate what 
happens in the patient’s own cellular context. However, in our 
experience >90% of the generated minigenes mimic the pre-mRNA 
defect found in IRD patients [13, 16, 22, 23]. Here, we will use a 
pCi-Neo-Rhodopsin Gateway®-adapted vector generated in house 
and described in previous publications [13, 16, 22–24]. Other 
alternatives are described elsewhere [25–27].

	 1.	 Find the sequence of the gene in the databases (i.e. Genome 
Browser).

	 2.	 Select the region of interest. Since we are describing how to 
produce pseudoexon exclusion, the region of interest is the 
intron where the mutation is located. In order to increase the 
chances of success, it is important, if possible, to include at 
least the flanking exons (see Note 6).

	 3.	 Design primers with the corresponding sequences for cloning. 
In our case, we use a home-made vector that has been adapted 
to the Gateway®-system. For that we will include the attB sites 

3.1.2  Assessing 
the Effect of the Mutation 
in Patient-Derived Cells

3.2  Minigene 
Strategy

3.2.1  Minigene Design 
and Cloning
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(see Subheading 2.2.6) for Gateway® BP cloning in our prim-
ers. As an alternative, restriction sites and regular ligation can 
be used. In this particular case, we have located the forward 
primer in intron 25 and the reverse primer in intron 
27 of CEP290 [13, 22].

	 4.	 Perform a PCR reaction using the high-fidelity Taq poly-
merase PCR kit. Make sure that the elongation time is at least 
1 min per each kb of insert.

	 5.	 Visualize the PCR product by gel electrophoresis by loading 
10% of the PCR reaction. If one single band is obtained at the 
corresponding size proceed with the purification using any kit 
for PCR-cleaning. If multiple bands are obtained but the one 
with the correct size is the most intense, load the entire vol-
ume, cut the band, and proceed to gel purification using the 
kit of your convenience.

	 6.	 Quantify the amount of DNA. For Gateway® cloning at least 
150 ng are needed in a maximum volume of 5 μL (see Note 7).

	 7.	 Perform the BP reaction to generate the Entry clone as 
described by the manufacturer of the BP-Clonase cloning kit. 
Briefly, 1 μL of donor vector (150 ng), 2 μL buffer, 1–5 μL 
purified DNA (see Note 7), water up to 8 μL and 2 μL of BP-
Clonase™. Incubate for at least 2  h (see Note 8) at 
25 °C. Subsequently, add 2 μL of Proteinase K (supplied with 
the kit) and incubate for 10 min at 37 °C, in order to stop the 
reaction.

	 8.	 Transform 2–5 μL of the reaction using competent cells (see 
Note 9). Transformation will be performed as follows: incu-
bate the reaction with the competent cells for 20 min on ice.

	 9.	 Perform the heat shock 30–90 s at 42 °C (see Note 10).
	10.	 Cool down the cells for 2 min on ice.
	11.	 Subsequently, add 250–1000  μL of SOC medium into the 

tubes and incubate for 1 h at 37 °C.
	12.	 Plate everything (see Note 11) on the LB-agar plate contain-

ing the corresponding antibiotic (usually entry clones have the 
kanamycin-resistance cassette).

	13.	 Incubate overnight at 37 °C.
	14.	 Next morning, take out the plates from the incubator.
	15.	 In the afternoon, pick 5–10 colonies per reaction (see Note 

12), and grow overnight at 37 °C in 3–4 mL of LB medium 
supplemented with the corresponding antibiotic.

	16.	 Perform the plasmid isolation using any miniprep kit available 
at your laboratory.

Alejandro Garanto and Rob W.J. Collin



67

	17.	 Verify by restriction analysis that the band pattern is the 
expected one. As a control, digest the donor vector as well.

	18.	 Sequence the potential good clones in order to make sure that 
they do not contain new mutations introduced by the Taq dur-
ing the PCR amplification. At this step, we suggest to perform 
the site-directed mutagenesis to introduce the desired mutations 
having the same genetic background (see Subheading 3.2.2).

	19.	 Once the entry clone has been validated, proceed with the 
generation of the final destination vector, by performing an 
LR-reaction. For that use 150 ng of the vector (in this particu-
lar case pCI-Neo-Rho), 150 ng of the generated entry clone, 
2 μL buffer, water up to 8 μL, and 2 μL of LR-Clonase™.

	20.	 Incubate for at least 2 h at 25 °C (see Note 8) and proceed 
with the inactivation of the reaction, transformation, and 
clone validation as described before, but applying the right 
corresponding antibiotic.

	 1.	Design primers to introduce the mutation. We suggest to 
design primers where both flanking regions of the mutation 
contain 15–20 nt. As an example, the primers to introduce the 
c.2991+1655A>G mutation in the CEP290 minigene are pro-
vided (see Subheading 2.4).

	 2.	 Perform a 15-cycle PCR with a high fidelity Taq polymerase. 
For that PCR reaction, use 10–35 ng of vector and at least 
125 ng of each oligonucleotide (keep primers in excess). Run 
the PCR program where the elongation step is (at least) 1 min 
per each kb of the complete plasmid for a total of 12–18 cycles 
(see Note 13).

	 3.	 Add DpnI directly to the PCR reaction (1 μL per each 10 μL 
of PCR reaction) in order to digest the original template, and 
digest at 37 °C for at least 3 h (see Note 14).

	 4.	 Transform 5–10  μL following the protocol described in 
Subheading 3.2.1.

	 5.	 Next day, pick 5–10 colonies and grow them in 3–4 mL of LB 
medium supplemented with the corresponding antibiotic.

	 6.	 Isolate the plasmid by using a miniprep kit.
	 7.	 Verify the presence of the mutation by Sanger sequencing (see 

Note 15).

	 1.	Seed 200,000 HEK293T cells in DMEM 10% FCS medium in 
each well of a 12-well plate. Seed as many wells as conditions 
the experiment contains. Usually, at least three wells are needed 
for the minigene validation: nontransfected cells, cells trans-
fected with the wild-type construct, and cells transfected with 
the mutant construct.

3.2.2  Site-Directed 
Mutagenesis

3.2.3  Minigene Validation
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	 2.	 The day after, transfect the cells with 0.6–1  μg of plasmid 
DNA using a liposome-based transfection reagent (of your 
convenience) (see Note 16).

	 3.	 Forty-eight hours later, harvest the cells and centrifuge them 
for 5 min at 100 × g.

	 4.	 Discard the supernatant, rinse in 1× PBS and centrifuge for 
5 min at 100 × g.

	 5.	 Repeat step 4 once more.
	 6.	 Discard the PBS and (a) store pellets at −80 °C or (b) proceed 

with RNA isolation using the RNA isolation kit and continue 
with the steps described below.

	 7.	 Use 1 μg of RNA for cDNA synthesis using the cDNA synthe-
sis kit.

	 8.	 Prepare a PCR reaction with the PCR kit using the primers 
located in the flanking exons.

	 9.	 By agarose electrophoresis validate the results.
	10.	 Sanger sequence the bands in order to confirm the results.

The design of the AONs is done following previous studies on 
Duchenne Muscular Dystrophy [28, 29]. In these studies, the 
authors compared the properties of multiple AONs designed for 
the DMD gene and correlated their properties to their efficacy. In 
here, we briefly describe this procedure, with additions from our 
own experience.

	 1.	 Select the region of interest and include the ~50 bp flanking 
the target region.

	 2.	 Use the M-fold software to predict the secondary structure of 
the region (http://unafold.rna.albany.edu/?q=mfold/
RNA-Folding-Form).

	 3.	 Determine the open and closed structures using the ss-count 
provided by the M-fold software. Open structures are deter-
mined by high ss-count numbers, while closed regions by 
lower numbers. For instance, a value equal to 0 means that in 
all the structures this nucleotide is bound to another one, 
while a high number indicated that this nucleotide is mainly 
single stranded and not bound to any other nucleotide.

	 4.	 Determine regions of 30–40 nt that are partially closed and 
partially open.

	 5.	 Analyze the ESEs of the entire region using the Human 
Splicing Finder (http://www.umd.be/HSF3/HSF.html) or 
the ESE finder (http://rulai.cshl.edu/cgi-bin/tools/ESE3/
esefinder.cgi?process=home) (see Note 17).

3.3  Design 
of the AONs
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	 6.	 Combine all the information collected from step 1 and try to 
find ESE motifs, if possible SC35 with high score (see Note 
17), within the partially closed and partially open regions.

	 7.	 Design the AON taking into account the following details:

	 (a)	 Length: 16–25 bp
	 (b)	40–60% GC content (http://www.endmemo.com/bio/

gc.php)
	 (c)	 Tm > 48 °C (http://www.basic.northwestern.edu/bioto-

ols/oligocalc.html)
	 (d)	Avoid stretches of three or more G’s or C’s (see Note 18)
	 8.	 Convert the AON in the reverse complement and replace all 

T’s by U’s.
	 9.	 Determine the secondary structure and free energy of the 

AONs, by calculating the free energy of the AON alone (and 
as an AON-AON complex. The ideal free energy is >−4 and 
>−15, respectively (http://rna.urmc.rochester.edu/
RNAstructureWeb/, use the AllSub for the AON alone and 
the bifold for the AON-AON complex).

	10.	 Calculate the secondary structure of the region of interest 
using the same software. Of note, only 200 nt can be assessed. 
Therefore, if the region is longer use the region where the 
AON is located in the middle.

	11.	 Perform a bifold analysis of the region of interest (step 10) 
and AON.

Using the free energies obtained in steps 10 and 11, calcu-
late the binding energy (optimal 21–28) applying the follow-
ing formula:

Binding energy  =  (Energy Region)  −  (Energy 
Region-AON)

	12.	 Finally, assess the uniqueness of the AON by looking at pos-
sible targets by performing a BLAT or BLAST.

	13.	 Order the best two or three AONs per each target (see Note 
19).

AONs are small molecules that are able to penetrate easily into the 
cell. We have observed that 2′O-methyl (2′OMe) AONs with a 
phosphorothioate backbone (coined modAONs in this chapter) 
are able to redirect splicing better than unmodified AONs in EBV-
transformed lymphoblasts, fibroblasts and HEK293T cells 
(Fig. 1a). In addition, modAONs are able to penetrate into fibro-
blasts even in the absence of transfection reagent (liposomes).
Unmodified AONs however were able to redirect splicing in fibro-
blast and HEK293T cells, rendering these molecules very useful 
for screenings since they are cheaper than modAONs. Few aber-

3.4  Delivery 
of the AONs into EBV-
Transformed 
Lymphoblast Cells
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rant transcripts are detected after delivery of the AONs, but lipo-
somes enhanced the uptake as shown in Fig. 1b. In the following 
steps we describe the delivery of AONs using liposome-based 
transfection reagent into three different cell lines. A schematic rep-
resentation of the steps is shown in Fig. 2.

	 1.	 Culture in suspension 1.5–1.9 million cells in 2  mL RPMI 
medium in each well of a 6-well plate.

	 2.	 Next day, transfect the AON(s) at the desired concentration (see 
Note 20). For that use a liposome-based transfection reagent 
and follow the manufacturer’s instructions (see Note 21).

	 3.	 Harvest the cells 48 h post-transfection by collecting them in 
a tube and centrifuging for 5 min at 100 × g.

	 4.	 Remove the PBS and rinse the cells once again in 1× PBS, fol-
lowed by centrifuging the cells for 5 min at 100 × g.

	 5.	 Discard the PBS and freeze the pellets at −80 °C or proceed 
with the RNA isolation (Subheading 3.7).

Fig. 1 AON-based splice modulation for CEP290. (a) AON efficiency in fibroblast, lymphoblast and HEK293T 
cells. Two concentrations of modified AONs (2’O-methyl phosphorothioate) and unmodified AON (coined mod-
AON and unmodAON, respectively), were delivered to control and LCA patient lymphoblast-EBV (EBV) and 
fibroblast (FIB) cells. Same concentrations were delivered to HEK293T cells previously transfected with 750 ng 
of WT and LCA minigene. The presence of the modAON reduced completely the presence of the aberrant tran-
script, while the unmodAON was able to redirect splicing in fibroblast and HEK293T cells, but not in lymphoblast-
EBVs. (b) Delivery of 0.1 μM of modAON to LCA fibroblast with and without liposome-based transfection 
reagent (FuGene®). ModAONs were already able to penetrate into the cell and correct splicing in the absence 
of transfection reagent. The use of liposomes enhanced the effect of the modAONs
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	 1.	 Seed 100,000 cells/well or 200,000 cells/well in DMEM 
20% FCS medium in a 12-well or 6-well plate, respectively.

	 2.	 Next day, transfect the AON(s) at the desired concentration (see 
Note 20). For that use a liposome-based transfection reagent 
and follow the manufacturer’s instructions (see Note 21).

	 3.	 Harvest the cells 48 h post-transfection by rinsing the cells in 
1× PBS and detaching the cells using trypsin. Subsequently, 
collect the cells in a tube and centrifuge it for 5 min at 100 × g.

	 4.	 Remove the PBS and rinse the cells once again in 1× PBS, fol-
lowed by centrifuging the cells for 5 min at 100 × g.

	 5.	 Discard the PBS and freeze the pellets at −80 °C or proceed 
with the RNA isolation (Subheading 3.7).

	 1.	 Seed 200,000 cells/well or 400,000 cells/well in DMEM 
10% FCS medium in a 12-well or 6-well plate, respectively.

	 2.	 Four hours later, once the cells start to be attached. Transfect 
750  ng or 1.5  μg of plasmid in a 12-well or 6-well plate, 
respectively. Perform the transfection following the informa-
tion provided with your transfection reagent (see Note 22).

	 3.	 Twenty-four hours later, transfect the AON(s) at the desired 
concentration as described previously (see Note 20).

3.5  Delivery 
of the AONs 
into Fibroblast Cells

3.6  Delivery 
of the Minigenes 
and AONs 
into HEK293T Cells

Fig. 2 Schematic representation of the experimental design in patient-derived cells and HEK293T cells. The 
amount of cells needed is seeded in the corresponding plate with the appropriate medium at day 0 (d0). Next 
day (day1: d1), AON are transfected into these cells. Forty-eight hours later (day3: d3) cells are harvested and 
used for different purposes. For HEK293T cells, ~4 h after seeding, when cells start to get attached, minigenes 
are transfected, 24 h later (d1), AONs are delivered into the cells
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	 4.	 Harvest the cells 48 h post-transfection by rinsing the cells in 
1× PBS and detaching the cells using trypsin. Subsequently, 
collect the cells in a tube and centrifuge it for 5 min at 100 × g.

	 5.	 Remove the PBS and rinse the cells once again in PBS 1×, fol-
lowed by centrifuging the cells for 5 min at 100 × g.

	 6.	 Discard the PBS and freeze the pellets at −80 °C or proceed 
with the RNA isolation (Subheading 3.7).

AON molecules are modulators of pre-mRNA splicing. Thus, a 
quick and reliable method to evaluate the efficacy of the AONs is 
to perform an RT-PCR.

	 1.	 Design and test forward and reverse oligonucleotides in the 
flanking exons of the region of interest, when working with 
patient-derived cells or minigenes containing the flanking 
exons. In case of working with a minigene construct without 
flanking exons, design primers in the flanking regions used as 
artificial exons in your construct.

	 2.	 Use the pellets collected in Subheading 3.4 or 3.5 or 3.6.
	 3.	 Perform RNA isolation using a kit of your convenience (see 

Note 23).
	 4.	 Measure the RNA by using nanodrop or Qubit.
	 5.	 Use 1 μg of RNA for cDNA synthesis using a cDNA synthesis 

kit (see Note 3).
	 6.	 Dilute the cDNA to a final concentration of 25 ng/μL.
	 7.	 Use 50 ng (for high expressed genes or transfected cells) or 

100 ng (low expressed genes) of cDNA for the PCR reaction 
in a final volume of 25 μL (see Note 4).

	 8.	 Use standard conditions, previously set up in step 1.
	 9.	 Resolve the PCR products by gel electrophoresis. Load 10, 

15, or 25 μL of PCR product for transfected cells, endoge-
nously expressed genes at high-to-medium levels, and low 
expressed genes, respectively. Mix the PCR product with load-
ing buffer.

	10.	 Assess the content of the bands by Sanger sequencing. In this 
way the AON efficacy is determined. Using patient-derived 
cells will allow the measurement of other parameters (see Note 
24). Once multiple AON molecules have been found to be 
effective, the next step consists in studying which one is the 
most effective (see Note 25).

3.7  AON Efficacy 
at RNA Level
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4  Notes

	 1.	 For (very) low expressed genes, we strongly suggest to use 
very sensitive cDNA synthesis kits such as SuperScript® 
VILO™.

	 2.	 The stock solution should be within this range in order to 
allow accurate pipetting. Usually, the starting dilutions range 
between 0.1 and 1 μM. Having the stock at 0.1 mM allows to 
easily pipette the required amount without preparing extra 
dilutions (i.e. 1 μL AON for 1 mL of medium (0.1 μM) or 
10 μL AON for 1 mL of medium (1 μM)).

	 3.	 The decision on which kind of plate is needed is based on how 
much RNA needs to be obtained. For instance, transfected 
HEK293T cells in a 12 well plate will on average yield to 
5–7 μg of RNA in 50 μL; however, the RNA obtained from 
fibroblast cells cultured in the same way will be in the best 
scenario 2.5–3.5 μg of total RNA, while in a 6-well plate the 
amount increases to 5–6 μg of RNA. Lymphoblasts will yield 
large quantities of RNA; however we prefer to culture them in 
6-well plates (the amount of RNA will be 400–500 ng/μL in 
50 μL). Another important point is how robust the gene of 
interest is expressed, for a highly expressed gene no large 
amounts of RNA are needed for the cDNA synthesis.

	 4.	 As mentioned in Notes 2 and 3, some genes might be (very) 
low expressed. Normally, with 20–50  ng of cDNA and 
35 cycles is more than enough to detect the expression of the 
gene. For poorly expressed genes, we suggest to increase the 
template and use 50–100  ng of cDNA per reaction. If the 
detection is still low, increase the number of cycles to 40. Of 
note, this last step might also lead to the increase of nonspe-
cific bands. Other possibilities such as nested PCRs might be 
useful; however, in our experience one single PCR step deliv-
ers more reliable and less variable results.

	 5.	 Initially, a group of AONs is screened and it might happen 
that none of them is able to redirect splicing. In addition, gen-
erating iPSCs and differentiating them into photoreceptor 
cells is a very expensive procedure. On top of that, cells need 
to be maintained for a large period of time, refreshing the 
medium every other day, thus needing large quantities of 
AON. Therefore, we strongly suggest finding other alterna-
tives to perform the AON screening.

	 6.	 Size can be a limitation in some cases, however, having the 
complete intron will increase the chances of positive results 
and have reliable data. Cloning 7–8 kb of DNA is moderately 
easy and feasible.
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	 7.	 In case of larger inserts, it is recommended to increase the 
amount of DNA to increment the chances of obtaining the 
correct entry clone. However, the maximum volume of insert 
still remains equal (5 μL), therefore concentrate your DNA 
using speedvac or other techniques.

	 8.	 For larger inserts leave the reaction for at least 12 h.
	 9.	 Home-made competent cells with high transformation effi-

ciencies are useful and cheaper. If you doubt how good the 
competent cells are, there are multiple providers offering com-
mercial competent cells. For larger fragments, commercial 
competent cells are highly recommended.

	10.	 Regularly, heat shock step is performed for 60  s, however, 
when the size of the plasmid (including the insert) turns to be 
more than 7–8 kb, heat shock should be performed for 90 s to 
increase the chances of success. Another possibility for large 
plasmids is electroporation.

	11.	 If 1 mL of SOC medium is used, centrifuge the cells for 1 min 
at 4000 × g; discard the supernatant; resuspend the bacteria in 
250 μL of SOC and plate everything onto the corresponding 
LB plate.

	12.	 The BP reaction is less efficient than the LR. Therefore, more 
colonies need to be picked at the screening step.

	13.	 Our suggested protocol for site-directed mutagenesis is for 
15 cycles, and it can be increased to 18 when no colonies grow 
on the plate. Some protocols indicate to perform a 20 or even 
30 cycles PCR reaction, however this will increase the inser-
tion of undesired mutations.

	14.	 Although 1-h digestion with DpnI should be enough to digest 
the methylated vector used as a template for the PCR reaction, 
usually after transformation many colonies contain the original 
plasmid. We suggest to leave the digestion for at least 3 h to 
reduce the amount of false positives.

	15.	 In some cases the mutation that is introduced will either create 
or destroy a restriction site. This can be very useful to validate 
the clones, allowing to send only for sequencing the real posi-
tive ones.

	16.	 We recommend to use 0.6–0.75 μg of plasmid in a 12 well 
plate to reduce possible artifacts due to overexpression. This is 
applicable to both WT and MUT minigene constructs.

	17.	 These software tools will allow the detection of multiple types 
of motifs. In our experience, targeting SC35 is very successful 
(in our studies >85% success). For that, we design several 
AONs targeting the two motifs with the highest SC35 scores 
and that are in the pseudoexon sequence. As indicated in 
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Subheading 3.3, AON molecules targeting regions outside 
the (pseudo)exon are not very efficient.

	18.	 Avoid these regions if the sequence allows to move the AON 
upstream or downstream. Since this is not always possible, if 
the SC35 motif is the one with the highest score, it is worth to 
give it a try.

	19.	 All the steps described above are based on previous studies and 
our own experience. As it was observed also for the DMD gene 
[29], AONs located on the (pseudo)exonic regions were more 
effective than those in the intronic regions when assessed in vitro. 
Nevertheless, the steps aforementioned are a tool to try to find 
the best AON sequence and increase the chances of success. 
However this is just an in silico prediction and everything needs 
to be validated in the complete context of a cellular or animal 
model. In our experience, AONs that did not match all the crite-
ria were able to correct the aberrant splicing. For instance, the 
most effective AON (5′-AACUGGGGCCAGGUGCG-3′) we 
found so far to correct the pre-mRNA defect caused by the 
c.2991+1655A>G mutation in CEP290 contains a stretch of four 
G’s and has a 70.5% GC content [13, 14]. This AON sequence 
was used to perform the experiments summarized in Fig. 1.

	20.	 The concentrations depend on the AON itself, the type of cell 
and the chemistry. We have observed that 0.1  μM for the 
pseudoexon introduced by the intronic mutation in CEP290 is 
enough to redirect splicing in all cell lines. However, using 
lymphoblast cells carrying an intronic mutation in CHM, 
1 μM was needed to redirect splicing. We recommend to test 
two different concentrations (i.e. 0.1 and 1 μM) to validate 
the AON efficacy. If 0.1 μM already shows rescue, next step 
will consist in delivering lower concentrations. For large 
screenings, even though modAON are more stable and effi-
cient, they are also more expensive; hence, unmodified AONs 
can be very useful. These molecules are cheaper and can redi-
rect splicing in fibroblast or HEK293T cells at almost the same 
concentration of the one used for modAONs. However, they 
are not efficient for lymphoblast-EBV cells (Fig. 1a).

	21.	 ModAONs are able to penetrate into the cell in the absence of 
transfection reagent. However, liposome-based reagents 
enhance the uptake of these molecules by the cells (Fig. 1b).

	22.	 The simultaneous delivery of the minigene and the AON 
sometimes yields very variable results, mainly caused by fluctu-
ating levels of the minigenes. These results indicate that AONs 
somehow interfere with either the transfection of the plasmid 
or its expression. By delivering separately, the levels of minigene 
remain equal between the cells nontransfected and transfected 
with the AON.
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	23.	 When performing RNA isolation, several kits have a 15-min 
step with DNase I. In order to avoid false positive results in 
your PCR results (i.e. intron inclusion), we suggest to per-
form a 30-min digestion with DNase I.

	24.	 Using patient-derived cells will allow the measurement of 
other parameters. For instance, if the gene of interest is highly 
expressed and a good antibody is available, one possibility is to 
assess whether the protein levels increase upon transfection. In 
our published work on the use of AONs for the most recur-
rent intronic mutation in CEP290, we and others found a cel-
lular defect at cilium level that allowed us to also have another 
readout [13, 15, 30] besides the splicing rescue.

25.	 Once multiple AON molecules have been found to be effec-
tive, the next step consists in studying which one is the most 
effective. For that, a dose-response in vitro can be performed 
and use parameters at RNA and/or protein level, and (if pos-
sible) using a cellular phenotype as readouts. In addition, it 
would be also interesting to assess possible off-target effects. 
However, the expression pattern of a lymphoblast or a fibro-
blast cell, extremely differs from the one of a photoreceptor 
cell. Nowadays, the most similar cellular model that we can 
generate in a lab is the iPSC-derived photoreceptor-like cell 
[30, 31]. Many research groups have shown that it is possible 
to create photoreceptor cells in a dish and this technique is 
being expanded for the study of molecular mechanisms of 
IRDs and therapeutic assessment of novel approaches. 
Therefore, it is so far the best model to assess the genetic safety 
of the AON-based therapeutic intervention by transcriptome 
analysis.

Having a humanized animal model, carrying the same muta-
tion and preferably with a phenotype, could be an excellent model 
to assess the rescue of the phenotype in  vivo. Previous studies 
delivering AONs to the mouse retina have shown that it is safe and 
the potential of AONs to correct splice defects was detectable up 
to 4 months after a single administration [13, 32, 33]. Nevertheless, 
when generating an animal model to study splicing defects it is 
important to take into account that the splice site recognition may 
differ between species as has been previously shown [22, 34]. 
Therefore, further in vitro analyses are highly recommended prior 
to the generation of a mutant animal model.
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Chapter 6

Three-Dimensional Co-Culture Bioassay for Screening 
of Retinal Gene Delivery Systems

Ding Wen Chen, Kathleen Pauloff, and Marianna Foldvari

Abstract

Herein we describe a three-dimensional co-culture bioassay protocol designed to assess the therapeutic 
potential of the proteins expressed from gene delivery transfected cells through the evaluation of expressed 
protein bioavailability and bioactivity. Using a combination of enzyme-linked immunosorbent assay (ELISA) 
and immunofluorescent-based neurite length profiling methodologies, the bioavailability of the secreted 
therapeutic protein in the medium can be quantitated, and the bioactivity of the secreted therapeutic pro-
tein can also be evaluated through neurite length profiling, respectively. The versatility and rationale of this 
bioassay could serve as a useful screening tool in the development of retinal gene delivery systems.

Key words Neurite extension, Neurite length profiling, Immunofluorescent, Retinal gene therapy, 
Nonviral gene delivery, Co-culture, Brain-derived neurotrophic factor, Neurotrophic factor

1  Introduction

Neurotrophic factor retinal gene therapy is a promising therapeutic 
approach that aims to provide support and rescue glaucomatous 
stressed retinal ganglion cells (RGCs) [1]. By delivering neuro-
trophic factors, such as brain-derived neurotrophic factor (BDNF), 
to retinal cells surrounding stressed RGCs (i.e., astrocytes) with 
BDNF-encoded plasmid DNA gene delivery system, transfected 
retinal cells would become BDNF production focal point, thus pro-
viding stressed RGCs with a mean protection and rescue [2]. To 
simulate the “medic” and “stressed” population interaction in vitro, 
we have established an astrocyte–neuroblastoma co-culture model 
where nanoparticle-transfected BDNF-expressing “medic” astro-
cyte population (cultured in transwell inserts) express and secrete 
BDNF protein into the medium, while “stressed” BDNF-responsive 
neuroblastoma population (cultured in reservoir well) receive the 
secreted BDNF [3]. As SH-SY5Y neuroblastoma exhibits neurite 
extension in response to BDNF exposure, it serves as a robust 
BDNF-responsive cellular screening candidate, particularly [4].
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Beyond a standard transfection efficiency evaluation using 
model fluorescent proteins (i.e., green fluorescent protein) as indi-
cators of successful transfection, an incorporation of bioavailability 
and bioactivity metrics that evaluates expressed therapeutic protein 
would be advantageous. To evaluate the bioavailability and bioac-
tivity of BDNF protein secreted from BDNF transfected-astrocyte 
in the coculture system, we have employed two pivotal immuno-
fluorescent and molecular tools: ELISA for the quantitation of the 
secreted BDNF proteins; and immunofluorescent neurite imaging 
for the evaluation of neurite extension in response to BDNF expo-
sure [5]. Through the incorporation of ELISA and neurite imag-
ing methodologies, we could effectively evaluate the expressed 
protein bioavailability and bioactivity, respectively. Altogether, the 
bioassay serves as a useful tool for screening promising gene deliv-
ery systems for retinal gene therapy (Fig. 1).

2  Materials

	 1.	 Serum-supplemented Dulbecco’s Modified Eagle Medium 
(DMEM) Medium (Complete DMEM/High Glucose 
medium): 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin (Pen/Strep) in DMEM medium.

	 2.	 Serum-supplemented Eagle’s Minimum Essential Medium:F12 
Medium (Complete MEM:F12 medium): 10% FBS and 1% 
Pen/Strep in MEM:F12 medium.

	 3.	 T75 Tissue Culture Treated Culture Flask, 250 mL, 75 cm2.
	 4.	 15 mL centrifuge tube.
	 5.	 Glass-bottom 12-Well Plate, No. 0 thickness, Uncoated, 

Sterile (see Note 1).
	 6.	 Polyester (PET) 0.4 μm membrane transwell clear inserts (12-

well) with lid and culture plate (see Note 2).
	 7.	 Gene delivery system-treated “medic” retinal cell population: 

A7 astrocyte cell line (see Note 3).
	 8.	 Oxidatively “stressed” neuronal cell population: SH-SY5Y cell 

line (ATCC, CRL2266) (see Note 4).
	 9.	 K2 Gene delivery system: K2 transfection reagent consisting 

of nanoparticles complexed with BDNF-encoded plasmid 
DNA, containing K2 multiplier (see Note 5).

	10.	 Phosphate buffered saline solution (PBS): 137  mM NaCl, 
2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4.

	11.	 PBS with calcium and magnesium (PBSCa2+Mg2+): 1× PBS, 1 mM 
CaCl2·2H2O, 0.5 mM MgCl2·6H2O, pH 7.4 (see Note 6).

2.1  Astrocyte–
Neuroblastoma 
Coculture Model

Ding Wen Chen et al.
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	12.	 Hydrogen peroxide solution: 500 μM hydrogen peroxide in 
PBS (see Note 7).

	13.	 2.5 μg/mL Laminin in PBSCa2+Mg2+ as laminin coating solution.
	14.	 BDNF ELISA Kit.

	1.	 4% paraformaldehyde in PBS as fixative solution.
	2.	 Blocking Buffer: 10% FBS and 0.3% Triton X-100  in 

PBSCa2+Mg2+.
	3.	 Dilution Buffer: 1% bovine serum albumin (BSA), 1% FBS, 

0.3% Triton X-100, and 0.01% sodium azide in PBSCa2+Mg2+.

2.2  Immunoflu-
orescence Staining
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microscope for 
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Position transwell 
insert into well 
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Fig. 1 Summary of the three-dimensional astrocyte–neuroblastoma co-culture model assembly and analysis 
as outlined in the text

Protein Bioavailability and Bioactivity Assay 
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	4.	 Fluorochrome NorthernLights 493 (NL-493) conjugated 
mouse monoclonal anti-neuron-specific β-III tubulin antibody.

	5.	 Simple Neurite Tracer, a plugin from Fiji software.
	6.	 Confocal scanning laser microscope.

3  Methods

	1.	 Prewarm complete MEM:F12 media to 37 °C in a water bath.
	2.	 Thaw cyrogenic tube containing SH-SY5Y cell line in a 37 °C 

water bath.
	3.	 Add 5 mL of the prewarmed complete MEM/F12 medium in 

a 15 mL centrifuge tube.
	4.	 Transfer thawed cell suspension into the centrifuge tube pre-

pared in the previous step.
	5.	 Pellet the cells by centrifuging the tube at 200 × g for 5 min at 

room temperature.
	6.	 Aspirate the supernatant and resuspend the cell pellet in 10 mL 

of complete MEM:F12 media.
	7.	 Gently mix the cell suspension by pipetting up and down gently 

several times.
	8.	 Transfer the resuspended cell suspension into T75 tissue cul-

ture-treated cell culture flask.
	9.	 Incubate the tissue culture flask in an incubator at 37 °C with 

5% CO2.

	1.	 Prewarm complete DMEM/High Glucose medium to 37 °C.
	2.	 Thaw cryogenic tube containing A7 cell line in 37  °C water 

bath.
	3.	 Add 5 mL of the prewarmed complete DMEM/High Glucose 

medium into 15 mL centrifuge tube.
	4.	 Transfer the thawed cell suspension into the centrifuge tube 

prepared in previous step.
	5.	 Pellet the cells by centrifuging the tube at 200 × g for 5 min at 

room temperature.
	6.	 Aspirate the supernatant and resuspend the cell pellet in 10 mL 

of complete MEM:F12 media.
	7.	 Gently mix the cell suspension by pipetting up and down gently 

several times.
	8.	 Transfer the cell suspension into T75 tissue culture-treated cell 

culture flask.
	9.	 Incubate the cell culture flask in incubator at 37 °C with 5% 

CO2.

3.1  Astrocyte–
Neuroblastoma 
Co-Culture Model

3.1.1  Culturing 
of SH-SY5Y Neuroblastoma 
Cell Line

3.1.2  Culturing of A7 
Astrocyte Cell Line

Ding Wen Chen et al.
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	 1.	 Thaw laminin stock solution at 4 °C overnight.
	2.	 Prepare working concentration (2.5 μg/mL) of laminin solu-

tion in PBSCa2+Mg2+; 1000 μL of laminin solution is needed for 
each well in the 12-well plate (see Note 8).

	3.	 Apply laminine coating by pipetting 1000 μL of the prepared 
laminin solution (2.5 μg/mL) into each well of the glass-bot-
tom plate (see Note 9).

	4.	 Seal the plate and allow it to incubate at 4 °C overnight (see 
Note 10).

	5.	 After overnight incubation, aspirate laminin solution and pro-
ceed directly to cell seeding. No washing step is needed.

	1.	 In each laminin coated well of the 12-well glass-bottom plate, 
seed 200,000 cells of SH-SY5Y into each well with a final vol-
ume of 2 mL complete DMEM/F12 (see Note 11).

	2.	 Incubate the plate in incubator for 48 h at 37 °C with 5% CO2.
	3.	 Next, aspirate media from each well and replenish with fresh 

prewarmed media (see Note 12).
	4.	 Prepare working concentration (500 μM) of hydrogen peroxide 

as described in Subheading 2.
	5.	 Add 500  μL of 500  μM hydrogen peroxide to each well of 

SH-SY5Y cultured in 2  mL of complete media, resulting in 
100 μM of hydrogen peroxide exposure (see Note 13).

	6.	 Allow the cells to be exposed to the hydrogen peroxide stress at 
37 °C for 24 h.

	1.	 In a separate regular 12-well culture plate, position a 12-well 
transwell insert into each well.

	2.	 Add 2  mL of prewarmed complete DMEM/High Glucose 
Media into each of the reservoir wells below the transwell insert 
(see Note 14).

	3.	 Add 0.25 mL of complete DMEM/High Glucose Media into 
the transwell insert. Allow transwell insert to incubate in 37 °C 
incubator for at least 3 h prior to cell seeding (see Note 15).

	4.	 Aspirate the conditioning media from the transwell insert and 
seed 100,000 A7 cells in 250 μL of complete DMEM/High 
Glucose Media into each transwell insert. Add 2 mL of com-
plete DMEM/High Glucose media into the well reservoir.

	5.	 Allow A7 cells to incubate in the transwell insert for 24 h in 
37 °C incubator prior to transfection.

	6.	 Add 3.5 μL of K2 multiplier to each of the transwell insert that 
are going to be transfected with K2 transfection reagent, 2 h 
prior to transfection (see Note 16).

3.1.3  Coating of 12-Well 
Glass Bottom Plate

3.1.4  Seeding 
and Generation of Stressed 
Cell Population in 12-Well 
Glass Bottom Plate

3.1.5  Seeding 
and Generation of “Medic” 
Cell Population in Transwell 
Insert

Protein Bioavailability and Bioactivity Assay 
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	7.	 Prepare K2 nanoparticles with BDNF plasmid according to the 
manufacturer’s protocol.

	1.	 Carefully aspirate hydrogen peroxide-containing media out of 
each wells of the 12-well glass bottom plate containing stressed 
SH-SY5Y cells.

	2.	 Wash each well with complete MEM/F12 media. Be gentle 
when applying the media. Perform the washing step twice.

	3.	 After the washing step is complete, add 2 mL of the complete 
MEM/F12 media into each well.

	4.	 Immediately after the replenishment of fresh MEM/F12 com-
plete media into the wells, transwell inserts can be transferred to 
its respected wells in the 12-wells glass bottom plate.

	5.	 Allow the astrocyte–neuroblastoma coculture to incubate at 
37 °C to be analyzed after 24, 48, and 72 h time points.

	1.	 Use a pipette to carefully collect the cell culture medium from 
both the insert and the wells of the co-culture system.

	2.	 Proceed to ELISA analysis using the BDNF ELISA Kit. Please 
refer to the kit’s manufacturer’s protocol for detailed procedure 
(see Note 17).

	 1.	 Carefully set aside the transwell insert and replenish each well 
of the glass-bottom plate with 600 μL of complete MEM/
F12 media (see Note 18).

	 2.	 Add 300 μL of 4% paraformaldehyde directly to the media and 
allow the “prefixing” to occur for 10 min at room temperature 
(see Note 19).

	 3.	 Aspirate the paraformaldehyde-containing media and replen-
ish each well with 600 μL of 4% paraformaldehyde directly to 
each well and allow for fixation of 15  min at room 
temperature.

	 4.	 Remove paraformaldehyde from each well after the incubation 
period, and add in 400 μL of blocking buffer and incubate for 
40 min at room temperature.

	 5.	 Aspirate the blocking buffer after incubation has completed.
	 6.	 Apply antibody by adding fluorochrome NL-493 conjugated 

mouse monoclonal anti-neuron-specific β-III tubulin antibody 
and allow the cells to incubate for 4 h at 37 °C (see Note 20).

	 7.	 After 4 h of incubation, remove the antibody and replenish 
with 200 μL of PBSCa2+Mg2+.

	 8.	 Image each well using using confocal scanning laser micros-
copy (see Note 21).

3.1.6  Assembly 
of Astrocyte–
Neuroblastoma Co-culture 
System

3.2  Gene Expression, 
Protein Secretion, 
and Neurite Extension 
Profiling Evaluation

3.2.1  ELISA

3.2.2  Immunofluorescence 
Staining and Imaging

Ding Wen Chen et al.
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	 9.	 Add a scale bar into each captured image as a reference point 
to determine the pixel/micron ratio (see Note 22).

	10.	 Individual cells on the captured image can then be traced 
using Simple Neurite Tracer, a plugin from Fiji software.

	1.	 Open Fiji software.
	2.	 Load images captured using a confocal scanning laser 

microscope.
	3.	 Load the tracing plugin called “Simple Neurite Tracer”.
	4.	 Trace the reference scale bar for the determination of pixel/

micron ratio.
	5.	 Begin tracing at the proximal end of the neurite towards the 

distal end. Repeat for all applicable neurites.

	1.	 Collect all tracing data from all captured images.
	2.	 Convert the collected neurite length data (in pixels) into 

microns using the pixels/micron ratio.
	3.	 Neurite length data (in microns) can be quantified and profiled 

using analytical graphing softwares (see Note 23).

4  Notes

	 1.	 Glass-bottom multiwell plates come with different coverslip 
thickness and surface coatings. For equipment setup, No. 0 
thickness coverslip generates the most optimal image quality, 
while the uncoated coverslip surface is most economical and 
versatile option. Surface coating can be applied if needed—as 
utilized in this protocol. The 12-well setup described in this 
protocol can also be adjusted for different well formats (i.e., 
6-, 24-, and 48-well format).

	 2.	 Transwell inserts are available in different membrane materi-
als, pore sizes, and plate formats. Pore size of 0.4 μm was the 
smallest available pore size and it was chosen as it was small 
enough to prohibit cell migration to take place from the tran-
swell insert, yet large enough for secreted protein to pass 
through the membrane to the medium beneath. Polyester was 
chosen as it provides the most optimal optical properties. 
Alternatively, membrane materials such as polycarbonate and 
collagen-coated polytetrafluoroethylene can also be used.

	 3.	 The “medic” cell population refers to the cell population that 
are transfected by gene delivery systems carrying the therapeu-
tic gene, which would in turn express therapeutic proteins for 
the stressed/damaged cell population cultured in the well res-
ervoir. A7 cell line was used as an astrocyte model as it is one 

3.2.3  Neurite Tracing

3.2.4  Traced Neurite 
Quantitation and Profiling

Protein Bioavailability and Bioactivity Assay 



86

of the gene delivery candidates. Other retinal cells can be sub-
stituted as the gene delivery target.

	 4.	 The “stressed” cell population refers to the cell population 
that are to be exposed with hydrogen peroxide to generate an 
in  vitro oxidative stress disease model. Oxidatively stressed 
cells would then be subject to rescue evaluation by co-cultur-
ing with the transfected cell population. SH-SY5Y neuroblas-
toma cells were used in this case for their BDNF-responsiveness. 
The subsequent and more decisive model will use an RGC cell 
line when it becomes available.

	 5.	 K2 gene delivery system is a commercially available nanopar-
ticle system that was used as a model system. However, as the 
purpose of this model system indicates, any experimental or 
commercial gene delivery system can be used.

	 6.	 Using calcium and magnesium containing PBS in washing 
buffer, blocking buffer, and dilution buffer can reduce the risk 
of unwanted SH-SY5Y cell detachment through the medium 
exchanging procedures.

	 7.	 A final concentration of 100 μM hydrogen peroxide concen-
tration is required for each well of SH-SY5Y in the 12-well 
plate. To achieve this concentration, 500 μL of 500 μM hydro-
gen peroxide will be added to each well containing 2 mL of 
media, resulting in a final concentration of 100 μM hydrogen 
peroxide in each well.

	 8.	 While culturing of SH-SY5Y does not require coated culture 
surfaces, it was observed that SH-SY5Y cells only loosely 
attach to uncoated glass-bottom culture plate and can detach 
easily from minimal fluid movement in the well (i.e., changing 
media and washing steps). To prevent this, we have coated the 
glass-bottom surface with) laminin at a concentration of 
0.625 μg/cm2 and have found it to be effective in enhancing 
SH-SY5Y cell attachment to glass-bottom surfaces and 
remained attached throughout the process.

	 9.	 Laminin solution has higher surface tension than a typical 
water-based solution, hence does not disperse throughout the 
well resevoir surface easily. Therefore, always visually inspect 
whether the laminin solution added is sufficient to cover the 
entire culturing surface.

	10.	 Coating with laminin can done either at 4 °C overnight or at 
37 °C for 3 h. If cell seeding is delayed, replenish the laminin-
coated wells with 1000 μL of PBSCa2+Mg2+

 after laminin coat-
ing is completed. Store the plate at 4 °C until needed.

	11.	 An uncrowded and well-dispersed cell population at the time 
of imaging is key in capturing important neurite length mea-
surements, as overcrowding may mask otherwise available 

Ding Wen Chen et al.
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neurites. As a result, at the time of cell seeding, ensure cells are 
not in clumps, and that appropriate number of cells are seeded 
and distributed throughout the culture surface.

	12.	 Be very gentle when adding and removing medium from the 
wells to reduce the risk of SH-SY5Y cell detachment.

	13.	 Various concentrations of hydrogen peroxide can be used to 
deliver different levels of acute or chronic oxidative stress.

	14.	 The volume of culture medium in the reservoir wells can be 
adjusted, but the minimum volume must be sufficient to reach 
the membrane in the transwell insert in order to ensure pro-
tein exchange take places between the transwell insert and res-
ervoir wells.

	15.	 As per manufacturer’s suggestion, preconditioning the culture 
insert with serum-supplemented medium at culturing tem-
perature can improve the attachment of the cells upon seeding 
into the transwell insert.

	16.	 K2 nanoaprticle system is a two-step gene delivery system. 
First, the K2 multiplier solution is added directly to the cells 
prior to nanoparticle treatment. Second, the K2 nanoparticle 
prepared with the plasmid DNA is added at the required plas-
mid concentration. Both K2 multiplier and K2 transfection 
reagent ratios can be adjusted.

	17.	 Protease inhibitor can also be added into the collected media to 
inhibit protease activity until the content has been analyzed.

	18.	 Medium is added in this step in preparation for the “precondi-
tion” procedure as described in the next step.

	19.	 It was observed that direct exposure cultured SH-SY5Y cells 
to 4% PFA appears to have morphological impact such as cell 
shrinkage on the cell bodies. Therefore, a “prefixing” step is 
first is recommended, where 4% PFA (half of the original 
medium volume, resulting in approximately 2% PFA) is added 
directly into the culture medium for) 5 min. After 5 min, the 
cells are fixed using 4% PFA.

	20.	 Fluorochrome NorthernLights 493 conjugated mouse mono-
clonal anti-neuron-specific β-III tubulin antibody was used in 
this experiment, but it can be substituted for other conjugated 
β-III tubulin antibody or an unconjugated antibody used fol-
lowed by an appropriate secondary antibody.

	21.	 The initial measurement unit for traced neurite length is in the 
form of pixel(s), which would have to be converted to length 
through a pixel/unit length ratio. As a result, for every image 
captured with confocal microscope, ensure that the same mag-
nification objective and image resolution are used and cap-
tured, throughout the experiment. This ensures that the 
pixel-to-length ratio is consistent throughout the experiment 
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for proper conversion and determination of traced neurite 
length.

	22.	 For example, a 10 μm scale bar can be added to the corner of a 
captured image as a reference length. Scale bar can then be 
traced with the Simple Neurite Tracer plugin. The output of 
the traced scale bar would be in the unit of pixel which can 
then be divided by the actual traced scale bar length to obtain 
a pixel/micron ratio for downstream neurite length conversion 
(i.e., 5000 pixels per 10 μm results in a 500 pixels/μm ratio).

	23.	 The goal of neurite tracing profiling methodology is to profile 
and compare the neurite length characteristics exhibited within 
each treatment group. Examples of neurite profiling strategy):

	 (a)	� Generate a scatter/density plot of the entire neurite length 
distribution within each treatment group.

	 (b)	�Quantify the number of neurites that falls within each 
length categories (i.e., number of neurites that are below 
10 μm, between 10 and 20 μm, between 20 and 30 μm, 
etc.).
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Chapter 7

Retinal Gene Therapy for Choroideremia: In Vitro Testing 
for Gene Augmentation Using an Adeno-Associated Viral 
(AAV) Vector

Maria I. Patrício and Robert E. MacLaren

Abstract

As gene therapy of choroideremia is becoming a clinical reality, there is a need for reliable and sensitive 
assays to determine the expression of exogenously delivered Rab Escort Protein-1 (REP1), in particular to 
test new gene therapy vectors and as a quality control screen for clinical vector stocks. Here we describe an 
in vitro protocol to test transgene expression following AAV2/2-REP1 transduction of a human cell line. 
Gene augmentation can be confirmed by western blot and quantification of the fold-increase of human 
REP1 levels over untransduced controls.

Key words AAV, Gene therapy, Human REP1, Choroideremia, Western blot, Gene augmentation

1  Introduction

Choroideremia (CHM) is an X-linked recessive disease of the retina 
caused by loss-of-function of Rab Escort Protein 1 (REP1), a key 
regulator of intracellular trafficking, encoded by the CHM gene. 
Mutations in CHM gene cause insufficient REP1 activity to main-
tain normal prenylation of target Rab GTPases and give rise to cel-
lular dysfunction and ultimately cell death [1, 2]. Phenotypically, 
this is the basis for a progressive retinal degenerative disease. 
Affected males typically exhibit night blindness during teenage 
years, progressive loss of peripheral vision during the 20s and 30s 
and complete blindness in the 40s. Female carriers have mild but 
progressive symptoms, most notably night blindness, but may occa-
sionally have a more severe phenotype [3].

Choroideremia may be successfully treated by providing func-
tional copies of the REP1 transgene to the affected cells of the eye 
[4–6]. Specifically, it has been shown that adeno-associated viral 
(AAV) vectors may be used to deliver a nucleotide sequence encod-
ing functional REP1 to the eye to treat the disease. Preclinical 
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work on this particular construct proved human REP1 transgene 
to be expressed following transduction of the D17 dog osteosar-
coma cell line and choroideremia patient fibroblasts [7]. The same 
AAV vector used in a phase 1/2 clinical trial for choroideremia was 
then tested in vitro in HT1080 fibrosarcoma cell line to confirm 
human REP1 expression [6]. Different AAV constructs expressing 
human REP1 were reported to deliver the protein in vitro follow-
ing transduction of primary skin fibroblasts providing proof of 
concept for AAV2/5-mediated gene therapy [8].

Here we describe an in vitro approach to test AAV2/2-REP1 
vector for transgene expression. We established a protocol whereby 
a commercially available cell line is used as a vehicle for transduc-
tion with AAV at a standard multiplicity of infection (MOI). Five 
days post-transduction cells are processed for protein expression 
analysis, and blotted for REP1 using a commercially available 
monoclonal antibody raised against the C-terminal 415 amino 
acids of human REP1 [9]. We demonstrated that AAV2/2-REP1 
delivers human REP1 to the cells, and the fold increase above 
endogenous levels can be detected by western blot and semiquan-
tified using densitometry analysis. This method can therefore be 
used to show transgene expression from AAV2/2-REP1 clinical 
batches prior to use in human retinal gene therapy.

2  Materials

	 1.	Human Embryonic Kidney (HEK) 293 cell line, maintained in 
culture at 37 °C in a 5% CO2 environment.

	 2.	1× Phosphate buffer saline (PBS), pH  7.4, suitable for cell 
culture.

	 3.	Complete cell media: Minimum Essential Media (MEM) sup-
plemented with 2 mM l-glutamine, 100 units/mL penicillin, 
100 μg/mL streptomycin, 1% nonessential amino acids, and 
10% fetal bovine serum (FBS).

	 4.	1× TrypLE™ Express Enzyme dissociation reagent, no phenol 
red.

	 5.	Tissue culture-treated T75-cm2 flasks.
	 6.	Tissue culture-treated 6-well plates.
	 7.	0.4% Trypan Blue solution.

	 1.	Molecular grade water.
	 2.	10× radio-immunoprecipitation (RIPA) buffer: 0.5  M Tris–

HCl pH 7.4, 1.5 M NaCl, 2.5% deoxycholic acid, 10% NP-40, 
10 mM EDTA. Store at room temperature (RT).

	 3.	cOmplete™ Mini EDTA-free Protease Inhibitor cocktail, 
tablets.

2.1  Cell Culture

2.2  Cell Harvesting 
and Protein 
Quantification
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	 4.	Protein quantification kit using the bicinchoninic acid (BCA) 
method, and bovine serum albumin (BSA) as a standard.

	 5.	Plate reader (562  nm filter, reference filter is optional if 
available).

	 1.	10× Running buffer: 0.25 M Tris base, 1.92 M glycine, and 1% 
(w/v) sodium dodecyl sulfate (SDS). Store at RT.

	 2.	2× Laemmli buffer: 4% SDS, 20% glycerol, 10% 
2-mercaptoethanol, 0.004% bromophenol blue and 0.125 M 
Tris–HCl, pH approx. 6.8. Store in aliquots at −20 °C.

	 3.	Precast 10% polyacrylamide gels.
	 4.	Prestained protein ladder.
	 5.	SDS-PAGE gels tank.
	 6.	PVDF membranes (see Note 1).
	 7.	Semidry transfer blot system.
	 8.	1× PBS-Tween® 20 (PBST) solution: 0.1% Tween® 20, 1× 

PBS. Store at 4 °C.
	 9.	Blocking solution: 3% (w/v) BSA, 1× PBST (see Note 2). 

Store in aliquots at −20 °C.
	10.	Anti-REP1 antibody (mouse monoclonal, clone 2F1, Millipore).
	11.	Anti-β-actin antibody (or other loading control of choice).
	12.	Horseradish peroxidase (HRP)-bound secondary antibodies.
	13.	Enhanced chemiluminescent (ECL) substrate for WB detection.
	14.	Horizontal plate shaker.
	15.	Chemiluminescent western blot detection system.

3  Methods

	 1.	Warm up the cell culture media and PBS at 37 °C for 10 min 
in a water bath.

	 2.	Remove media from cell flask; discard.
	 3.	Add 5 mL of PBS to wash (see Note 3); discard.
	 4.	Add 1 mL of TrypLE™ Express Enzyme, place cells in the CO2 

incubator for 5 min.
	 5.	Tap flask gently to detach the cells, add 3 mL of medium and 

resuspend; transfer into a 15 mL Falcon tube.
	 6.	Spin down the cells for 5 min at 300 × g at RT.
	 7.	Discard supernatant; add 1 mL of medium and resuspend the 

pellet.
	 8.	Prepare 1:10 dilution of trypan blue in PBS to use for cell 

counting (1 mL trypan blue + 9 mL of PBS).

2.3  Western 
Blot (WB)

3.1  Cell Seeding

Testing AAV2/2-REP1 Transgene Expression in Vitro
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	 9.	Prepare cell suspension dilution with trypan blue in a 1.5 mL 
tube for counting.

	10.	Perform cell counts (n = 2) using a haemocytometer and an 
inverted microscope.

	11.	Using the mean cell count calculate the volume of cells to use 
for seeding a density of 8–10E + 05 cells in a 6-well plate (see 
Note 4), in a total of 2  mL/well, considering the design 
below; prepare the total cell suspension in a 15  mL Falcon 
tube (see Note 5) (Table 1).

	12.	Fill in the wells with 1 mL of media. Add 1 mL of cell suspen-
sion to every well (total volume 2 mL).

	13.	Incubate the plate in the CO2 incubator for 24 h.

	 1.	Calculate the total number of cells to be transduced per well 
using one of the control wells seeded at Day 1.

	 2.	Warm up all the cell culture media and PBS at 37 °C for 10 min 
in a water bath.

	 3.	Remove media from the well; discard.
	 4.	Add 1 mL of PBS to wash; discard.
	 5.	Add 250 μL of TrypLE to the well; place the plate in the CO2 

incubator for 5 min.
	 6.	Add 750 μL of PBS to the well; resuspend and transfer the cell 

suspension into a microtube.
	 7.	Spin down for 5 min at 300 × g at RT.
	 8.	Discard supernatant; add 1 mL of medium and resuspend the 

pellet.
	 9.	Count cells as in day 1 (see Subheading 3.1).
	10.	Calculate the total amount of cells per well (see Note 6).
	11.	Calculate the amount of vector to add per well to have a MOI 

10,000 using the formula:
Volume (mL) =  (MOI × Number of cells)/Viral concentra-
tion, where viral concentration is the number of DNase-
resistant particles (DRP)/mL (see Note 7).

3.2  Cell Transduction

Table 1  
Conditions to use when seeding HEK293 cells to test AAV2/2-REP1

# Wells/6-well plate Condition

1 Endogenous control/Untransduced cells

1 Positive control—cells to add AAV2/2-REP-1 
control sample

1 Test sample—cells to add AAV2/2-REP-1 
test sample

Maria I. Patrício and Robert E. MacLaren
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	12.	Remove cell media from all wells; discard.
	13.	Add 1 mL of fresh cell culture media to every well.
	14.	Pipette the corresponding volume of AAV to each well (see 

Note 8).
	15.	Top up every well with 1 mL of fresh complete cell media.
	16.	Incubate the plate in the CO2 incubator for 72 ± 6 h.
	17.	Renew the cell media in all wells (2 mL/well) and incubate for 

further 48 h.

	 1.	Prepare the lysis buffer by diluting the 10× RIPA solution with 
molecular grade water.

	 2.	Add cOmplete™ Mini EDTA-free Protease Inhibitor cocktail 
according to the manufacturer’s instructions. Chill on ice.

	 3.	Prepare a cell pellet from each well.
	 4.	Warm up all the cell culture media and PBS at 37 °C for 10 min 

in a water bath.
	 5.	Remove media from the well; discard.
	 6.	Add 1 mL of PBS to wash; discard.
	 7.	Add 250 μL of TrypLE to the well; place the plate in the CO2 

incubator for 5 min.
	 8.	Add 750 μL of PBS to the well; resuspend and transfer the cell 

suspension into a microtube.
	 9.	Spin down for 5 min at 300 × g at RT.
	10.	Discard supernatant (see Note 9).
	11.	Add 100 μL of lysis buffer to each cell pellet; homogenize by 

pipetting up and down. Chill on ice.
	12.	Sonicate the lysates for 10 s at 20% power using a sonication 

probe. Chill on ice.
	13.	Spin the lysates down for 10  min at maximum speed 

(~17,000 × g) at 4 °C to clear the lysate.
	14.	Transfer the supernatant into a new microtube and discard the 

pellet.
	15.	Store the lysates at −20 °C for later use, or proceed to protein 

quantification.
	16.	Prepare a standard curve using BSA and lysis buffer according 

to the manufacturer’s instructions. Prepare at least two repli-
cates for each point of the standard curve.

	17.	Prepare at least two replicates of each sample: dilute the cell 
lysate 1:10 in lysis buffer.

	18.	Quantify the total amount of protein using the BCA method 
according to the manufacturer’s instructions.

	19.	Store the lysates at −20 °C for later use, or proceed to western 
blot.

3.3  Preparation 
of Cell Lysates

Testing AAV2/2-REP1 Transgene Expression in Vitro
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	 1.	Prepare 1× running buffer: dilute 1 part of 1× running buffer 
with 9 parts of distilled water. Make fresh every time.

	 2.	Thaw the cell lysates on ice.
	 3.	Calculate the amount of sample to run 20 μg of total protein 

per lane.
	 4.	Prepare the samples by mixing equal volumes of cell lysate and 

2× Laemmli buffer in a microtube.
	 5.	Boil the samples for 5 min at 96 °C in a heat block.
	 6.	Vortex and spin down briefly (10 s, 300 × g).
	 7.	Set up the precast gel in the tank and fill it with 1× running 

buffer.
	 8.	Load the protein ladder and the samples in the gel.
	 9.	Run the gel at 100 V for approximately 100 min.
	10.	Transfer the gel onto a PVDF membrane (see Note 10).
	11.	Transfer the membrane into a tray containing 30 mL of PBST 

(see Note 11).
	12.	Block the membrane in 30 mL of blocking solution for 45 min 

at room temperature on a plate shaker under gentle agitation.
	13.	Prepare the primary antibodies using blocking solution 

(1:2500 for anti-REP1; optimized dilution for the loading 
control of choice). Vortex briefly.

	14.	Cut the membrane by the ~60 kDa band: top part to be incu-
bated with anti-REP1 solution, bottom part to incubate with 
solution to detect loading control of choice (see Note 12).

	15.	Incubate the two parts of the membrane with corresponding 
antibodies solutions for 1  h at room temperature under 
agitation.

	16.	Wash the membranes for 3 × 7 min with 30 mL of PBST on a 
plate shaker.

	17.	Prepare the secondary antibodies using blocking solution 
(1:10,000 or the manufacturer recommended concentration). 
Vortex briefly.

	18.	Wash the membranes for 3 × 7 min with 30 mL of PBST on a 
plate shaker. The membranes are now ready for detection.

	19.	Prepare the ECL substrate according to the manufacturer’s 
instructions.

	20.	Pipette the ECL substrate over a clean surface.
	21.	Wipe the excess of PBST and place the membranes flipped over 

the substrate (protein side should now be facing the substrate).
	22.	Incubate in the dark for 4 min (see Note 13).
	23.	Wipe off the excess of ECL and place the membrane in a clean 

tray ready for detection (see Note 14).

3.4  Western Blot

Maria I. Patrício and Robert E. MacLaren
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	24.	Acquire images of the detected proteins according to the man-
ufacturer’s instructions. Exposure times will vary depending 
on the instrument and software used (see Note 15). An exam-
ple is shown in Fig. 1.

	25.	Determine the increase of the REP1 band on transduced sam-
ples over untransduced controls (see Note 16).

4  Notes

	 1.	We have found that results are kept more consistent if ready-
to-use transfer packs and a semidry transfer system were used 
(Trans-Blot® Turbo™ blotting system from Bio-Rad). 
Although not mandatory, the use of ready-to-use transfer 
packs helps keeping data reliable between experiments, fact 
that is particularly important if testing viral vectors prior to 
clinical use.

	 2.	We recommend using a 0.22 μm filter unit to filter any impuri-
ties from the blocking solution and avoid unwanted back-
ground signal from antibody detection.

Fig. 1 Representative western blot detection of human REP1 and actin following 
transduction of HEK293 cells with AAV2/2-REP1. HEK293 cells were transduced 
with MOI 10,000 of AAV2/2-REP1 at day 1 after seeding (in triplicate). Three 
untransduced control wells were run in parallel. Cell lysates were prepared 
5 days post-transduction and blotted for human REP1 and actin (as loading con-
trol). Untransduced cells show endogenous expression of REP1. Cells treated 
with AAV2/2-REP1 show an augmentation in REP1 protein levels, confirming that 
the transgene was delivered, translated, and folded correctly in HEK293 cells

Testing AAV2/2-REP1 Transgene Expression in Vitro
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	 3.	The volume of PBS is to be adjusted according to the size of 
the flask used to grown the cells. Here we suggest 5 mL to 
wash cells in a T75  cm2 flask, volume must be optimized 
accordingly if other sizes are to be used.

	 4.	We found the optimal cell density to achieve approximately 
80% confluence 24 h later to be 9.5E + 05 cells. This amount 
must be optimized prior to any transduction experiment 
because it is cell line-dependent.

	 5.	We recommend doing triplicates for each condition tested to 
account for inherent experimental variability. Also at least two 
extra untransduced wells must be seeded to be used for cell 
counting at the time/prior to transduction. If available, an 
AAV vector containing a fluorescent reporter gene can be used 
to transduce another well, therefore allowing monitoring of 
transduction efficiency.

	 6.	We would assume the cell number to be similar in all wells hav-
ing determined the cell number in two separate wells. We have 
found no significant differences between well plates in our 
experiments.

	 7.	The viral titre can be found in an AAV Certificate of Analysis 
(CoA) for GMP stocks or determined ‘in house’ according to 
standard protocols.

	 8.	Positioning the plate at a 45° angle helps pipetting the AAV 
solution into the media. By swirling it gently as it placed hori-
zontally, we have found the viral particles to be well distributed 
across the entire well.

	 9.	Minimize the amount of remaining liquid by using a P200 tip 
to aspirate it closely to the cell pellet without disturbing it.

	10.	If the Trans-Blot® Turbo™ blotting system from Bio-Rad is 
available, we recommend running the ‘mixed weight’ program 
(2.5 A for 7 min). If using other transfer systems, duration of 
the transfer must be optimized.

	11.	The protocol can be paused here if the membrane is stored 
properly: in PBST at 4 °C overnight, or let to dry completely 
if for a period up to 3 days. If dried, before proceeding with 
the western blot protocol, the membrane must be activated by 
submersion in methanol for 2–3 min followed by two washes 
in PBST. We found no differences in antigen detection when 
the protocol was stopped at this point.

	12.	Cut a tiny wedge from the top left corner of each membrane 
for orientation purposes.

	13.	This was found to be the optimal incubation time for the ECL 
in use, should be adapted according to the manufacturer’s 
instructions.

Maria I. Patrício and Robert E. MacLaren
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	14.	Cling film may be used to place the membranes aligned for 
detection; it will prevent them from drying out if further detec-
tions are to be performed.

	15.	Due to their relative abundance, actin loading control might 
require a lower exposure time than human REP1. If the signal 
is too strong, we recommend detecting actin separately from 
REP1. This will not interfere with post-acquisition processing 
for band quantification.

	16.	Although absolute levels of human REP1 in transduced sam-
ples over untransduced controls may vary between experi-
ments, we were always able to detect at least a two-fold increase 
in AAV-treated samples relatively to untransduced controls.
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Chapter 8

In Vivo Electroporation of Developing Mouse Retina

Jimmy de Melo and Seth Blackshaw

Abstract

In vivo electroporation enables the transformation of retinal tissue with engineered DNA plasmids, facili-
tating the selective expression of desired gene products. This method achieves plasmid transfer via the 
application of an external electrical field, which both generates a transient increase in the permeability of 
cell plasma membranes, and promotes the incorporation of DNA plasmids by electrophoretic transfer 
through the permeabilized membranes. Here we describe a method for the preparation, injection, and 
electroporation of DNA plasmids into neonatal mouse retinal tissue. This method can be utilized to per-
form gain of function or loss of function studies in the mouse. Experimental design is limited only by 
construct availability.

Key words Electroporation, Gain of function, Gene expression, In vivo, Loss of function, Plasmid, 
Subretinal injection, Retina

1  Introduction

The functional characterization of genes that are expressed during 
mammalian retinogenesis, and may regulate retinal development 
presents several technical challenges. Gene targeting for the pur-
pose of engineering constitutive or conditional loss of function 
knockouts requires a potentially prohibitive investment in both 
time and resources. Additionally, retina expressed genes may have 
essential roles in extraocular tissues, resulting in embryonic mor-
tality in knockout models, precluding ocular analysis. There may 
also be extraretinal phenotypes that can confound the analysis and 
interpretation of retinal gene function. The use of conditional 
knockout Cre-lox models can significantly limit both mortality and 
extraocular effects, but remains both resource and time intensive. 
Though knockout models can provide informative loss of function 
data for a gene of interest, the ability to ectopically express a gene 
in a controlled gain of function experiment can reveal additional 
functional effects. Gain-of-function studies are especially valuable 
for the elucidation of cell fate specification and/or terminal dif-
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ferentiation roles in the retina, wherein activation of gene expres-
sion may reprogram retinal progenitor cells altering their course 
of development.

Electroporation is a method that can be used for the rapid and 
efficient incorporation of DNA plasmids into the neonatal mouse 
retina [1–9]. The historical development of electroporation began 
with the discovery that the application of short electrical pulses was 
sufficient to promote a transient increase in plasma membrane per-
meability [10]. This induced membrane permeability could be 
exploited to facilitate the transfer of materials across membranes 
[10–13]. Further development revealed that electroporation could 
be utilized as a method of gene transfer into mammalian cells [14]. 
Continuous technical refinement established electroporation as a 
robust and reproducible method for in vivo gene transfer in mul-
tiple vertebrate species including the mouse [15]. Here we describe 
a method by which electroporation can be used for in vivo gene 
transfer in the developing mouse retina.

A DNA solution comprised of isolated and purified engineered 
plasmid expression constructs is injected into the developmentally 
transient subretinal space in neonatal mice. Successful injection 
places the DNA solution between the retinal pigment epithelium 
and the mitotically active apical neuroretina. Electrical charges are 
applied using a tweezer-type electrode, thereby facilitating the cor-
rect directional orientation of the electrical field such that electro-
phoresis of the negatively charged DNA moves into the retina and 
away from the pigmented epithelium. The strength and robustness 
of gene expression will vary based on differences in plasmid pro-
moter design. We have identified robust plasmid incorporation and 
gene expression as early as 48 h post electroporation. There is no 
significant lateral migration of developing cells in the retina. 
Consequently, electroporation results in distinct electroporated 
and nonelectroporated regions in the retina. Non-electroporated 
regions may serve as internal histological controls where 
appropriate.

Electroporation offers several key advantages over alternative 
methods for the transformation of retinal tissue. Currently, the size 
of a gene delivered by retroviral-mediated transduction is limited 
by the packaging constraints of the viral capsid [16]. Such con-
straints on gene size are not a factor using electroporation. 
Furthermore, multiple plasmids can be mixed together in injection 
solutions to perform combinatorial gene delivery [8, 9]. Plasmid 
design will vary from study to study. Broadly, retinal electropora-
tion can be used to express a gene of interest under a ubiquitous 
promoter, such as CAG. Furthermore, plasmids can be designed to 
disrupt gene function by expressing engineered shRNA constructs 
or CRISPR/Cas9 plasmids [1, 17]. Loss of function can be further 
mediated by electroporation of plasmids expressing Cre recombi-
nase into floxed mouse lines [8]. Selective retinal gene expression 
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can be achieved through the use of cell-class specific gene promot-
ers [2]. Visualization of electroporated cells is typically achieved 
using bicistronic constructs expressing a fluorescent reporter gene 
such as GFP, or by co-electroporating a reporter gene expression 
plasmid.

2  Materials

This protocol describes a procedure for the purification and con-
centration of plasmid DNA with the objective of obtaining an 
injectable DNA solution at a concentration of 5 μg of DNA per μL 
of solution. The protocol then describes the injection of this puri-
fied DNA solution into the subretinal space and the application of 
electrical pulses for the purpose of transforming the retinal tissue. 
All prepared solutions should be made with ultrapure water (ASTM 
Type I standard) and be prepared such that they follow any appli-
cable guidelines for their use in animal procedures. All steps may 
be performed at room temperature unless otherwise indicated. All 
governmental and institutional waste disposal regulations should 
be followed when disposing laboratory waste products.

	 1.	Phenol: Phenol that is Tris-equilibrated 10 mM Tris–HCl, pH 
8.0, 1 mM EDTA.

	 2.	Chloroform: >99% chloroform anhydrous.
	 3.	3 M Sodium acetate: 3 M sodium acetate molecular biology 

grade, pH 5.5.
	 4.	Ethanol: Absolute ethanol, molecular biology grade 200 

Proof.
	 5.	80% v/v Ethanol: 8 parts of absolute ethanol is diluted (v/v) 

with 2 parts ultrapure water.
	 6.	1× PBS: Phosphate buffered saline pH 7.4.
	 7.	1% Fast Green FCF: Dissolve 1% w/v Fast Green FCF into 1% 

(v/v) >99.7% acetic acid in ultrapure water.
	 8.	Plasmid DNA purification kit (Qiagen Maxi-Kit or similar).

	 1.	Sharp beveled 30 gauge needle: Precision glide beveled 30 
gauge needles (BD).

	 2.	70% Isopropyl alcohol prep: Isopropyl alcohol prep pads Curity 
70% Isopropyl alcohol (Covidien).

	 3.	33 gauge blunt ended needle: Exmire microsyringe, needle 
outer diameter 0.52  mm, inner diameter 0.13  mm (Ito 
Corporation, Shizuoka, Japan).

	 4.	Stereomicroscope.
	 5.	Hemostat: Surgical tool used for paw pinch tests.
	 6.	Ice in a box.
	 7.	Thin latex barrier to prevent direct contact of mouse pups with 

the ice.

2.1  Plasmid 
Preparation

2.2  Subretinal 
Injection of DNA
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	 1.	Electroporator Model ECM 830 (BTX-Harvard Apparatus) 
(see Note 1).

	 2.	Tweezertrodes: 10  mm tweezer electrode diameter Stainless 
steel (BTX-Harvard Apparatus).

	 3.	110 V Heat lamp (Braintree Scientific).
	 4.	Clean tissue-lined container.
	 5.	Mouse pups postnatal day 0 (P0) to P4.

	 1.	4% paraformaldehyde (PFA): Add 4% (w/v) paraformaldehyde 
into 1× PBS pH 7.4, add 20 μL 10 N NaOH and incubate at 
65 °C until dissolved. Cool to room temperature and adjust 
pH to 7.4 and filter pass to remove any particulate.

	 2.	30% Sucrose: Add 30% (w/v) sucrose into 1× PBS pH 7.4 and 
stir over moderate heat until dissolved. Cool to room tempera-
ture and filter pass before use.

	 3.	O.C.T. compound: Tissue-Tek (Sakura Finetek USA).
	 4.	Optional Fluorescent stereomicroscope or inverted fluorescent 

microscope.
	 5.	Molds for O.C.T. embedding.
	 6.	Dry ice chilled methylbutane to freeze the O.C.T. filled molds.
	 7.	Cryotome.
	 8.	−80 °C freezer.

3  Methods

The following methods include a description of a surgical proce-
dure where DNA solution is injected into the subretinal space of 
neonatal mice followed by the application of an electrical field. All 
animal procedures must be approved and performed under the 
specific guidelines of any and all applicable governmental and insti-
tutional regulators. Injections are performed with the aid of a ste-
reomicroscope, the make and model of which may vary based on 
the preferences of the research group. Variations to the methods 
may be required based on the specific animal research policies at 
any given institution.

	 1.	Aliquot 100 μg of plasmid DNA solution. Plasmids should be 
cultured, isolated and purified such that the stock concentra-
tion ranges from 2 to 5 μg/μL with sufficient volume for isola-
tion of 100 μg of DNA. Acquisition of this amount of plasmid 
DNA typically necessitates preparation with a Plasmid Maxi-
Kit or similar method.

	 2.	Dilute the volume of DNA to 100 μL for ease of calculation 
and manipulation.

2.3  Electroporation

2.4  Fixation 
and Cryoembedding

3.1  Plasmid 
Preparation
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	 3.	Add 67 μL of phenol to the 100 μL diluted plasmid DNA 
preparation in order to obtain a 60% (v/v) DNA–40% phenol 
ratio (see Note 2). Mix the tubes thoroughly by inversion; do 
not mix the samples by pipetting or by vortexing as this may 
cause excessive shearing of the plasmid DNA.

	 4.	Spin the DNA–phenol mixture for 5 minutes (min) in a micro-
centrifuge designated for the use of organic solvents at 
16,000 × g at room temperature.

	 5.	Collect the 100 μL of aqueous supernatant and transfer to a 
fresh 1.5 mL centrifuge tube. The organic layer may be dis-
carded. Add 67 μL of chloroform to the 100 μL of aqueous 
solution in order to obtain a 60% (v/v) DNA–40% chloroform 
ratio (see Note 2).

	 6.	Spin the DNA–chloroform mixture for 5 min in a microcentri-
fuge designated for the use of organic solvents at 16,000 × g at 
room temperature.

	 7.	Collect the 100 μL of aqueous supernatant and transfer to a 
fresh 1.5 mL centrifuge tube. The subnatant organic layer may 
be discarded. Add 10 μL of 3 M sodium acetate to the 100 μL 
of DNA solution, mix gently by inversion and then add 250 μL 
of 100% ethanol. Mix the solution thoroughly by inversion. 
Avoid pipetting or vortexing as this may cause excessive plas-
mid shearing. The plasmid DNA should precipitate out of 
solution during the mixing (see Note 3).

	 8.	Spin the DNA–ethanol solution in a microcentrifuge at 4 °C 
for 10 min at 16,000 × g.

	 9.	A large white pellet should be visible at the bottom of the 
centrifuge tube. Pour off the aqueous solution with care so as 
not to lose the DNA pellet. Add 350 μL of 70% ethanol to 
the tube and gently invert the tube to rinse the DNA pellet 
(see Note 4).

	10.	Spin DNA–ethanol solution in a microcentrifuge at 4 °C for 
5 min at 16,000 × g.

	11.	Pour off the 70% ethanol solution with care so as not to lose 
the DNA pellet. Air-dry the pellet. Excess ethanol may be aspi-
rated off by pipetting to speed the process. Do not excessively 
dry out the DNA pellet because this will make it difficult to 
resolubilize (see Note 5).

	12.	Dissolve the DNA pellet into 20 μL of 1× PBS to achieve a 
final concentration of 5 μg/μL of plasmid DNA (see Note 6).

	13.	Add 2 μL of Fast Green FCF (1% stock) in order to achieve 
a final dye concentration of 0.1%. Fast Green FCF serves 
as an injection tracer facilitating observation of the spread 
of the injection solution into the subretinal space (see 
Note 7).
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	 1.	Hypothermic anesthesia will be used to anesthetize neonatal 
(postnatal day (P)0) mice prior to subretinal injection of DNA 
and electroporation (see Note 8). Pups are placed on a bed of 
ice for several minutes with constant monitoring (Fig. 1a). A 
thin latex barrier should be placed between the pups and the 
ice to prevent freeze damage to the skin. Pups must not be 
buried in the ice as this may increase mortality. The duration of 
ice exposure that any given pup may require to ensure appro-
priate hypothermic analgesia will vary from animal to animal. 
Typically, 5 min is sufficient but mice should be carefully moni-
tored as individuals may respond very quickly or may require 
longer exposure. A paw pinch test using a hemostat may be 
conducted to check for a withdrawal reflex, when the with-
drawal reflex is not identifiable the pup is ready for the 
procedure.

	 2.	Prior to injection of DNA into the subretinal space, the eye 
must be opened using sharp beveled 30 gauge needle. Swab 
the eye to be injected with a 70% isopropyl alcohol prep, and 
with the assistance of a stereo microscope identify the fused 
junctional epithelium where the eyelids of the eye to be injected 
come together.

	 3.	Using the sharp beveled 30-gauge needle, carefully open the 
eye by cutting along the fused junctional epithelium (Fig. 1b). 
This can be achieved by gently slicing along the junction with 
the sharp edge of the needle. Do not use a sawing, poking or 
stabbing motion to open the eye. Avoid applying excessive 
force; too much pressure may result in the penetration of the 
underlying eye. Furthermore, avoid cutting past the range of 
the fused eyelid junction. This may result in significant bleed-
ing which will obscure the eye increasing the difficulty of the 
following injection.

	 4.	Because the injection needle is blunt ended, it is necessary to 
make a small incision in the sclera at the point of injection to 
facilitate insertion of the injection needle into the eye. Use the 
tip of a 30-gauge beveled needle to make an incision in the 
sclera adjacent to the corneal limbus at the site where the blunt 
ended needle will penetrate the eye. Do not penetrate too 
deeply in order to avoid damaging the lens with the sharp tip 
of the beveled needle.

	 5.	Draw 0.6 μL of DNA solution into the 33 gauge blunt ended 
Exmire microsyringe injection needle. The gradients incorpo-
rated into the barrel of the syringe may be used to measure the 
volume drawn (see Note 9). Insert the needle into the incision 
generated in the previous step. The opposing scleral wall will 
provide resistance once the needle has passed through the vitre-
ous humor and retina. Care should be taken to avoid penetrating 

3.2  Subretinal 
Injection of DNA
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or scratching the lens as the needle is passed through the eye. A 
ruptured lens may contribute to ocular dysplasia as the eye devel-
ops making retinal analysis difficult or impossible.

	 6.	Slowly inject 0.3 μL of DNA solution into the subretinal space 
(Fig. 1c). The experimenter should execute a controlled and 
even ejection of solution from the syringe so that the DNA 
solution does not overflow the subretinal space and become 
deposited into the vitreous chamber of the eye. Successful sub-
retinal placement of the DNA solution will produce an even 
spread in a portion of the subretinal space which will be readily 
observable by the Fast Green FCF injection tracer (Fig. 1d). 
The experimenter will be able to discriminate areas of retina 
with and without underlying Fast Green FCF stained solution. 
Gradual rotation of the head of the pup under the microscope 
should help make these regions discernable.

	 1.	Electroporation is performed on injected pups using a twee-
zertrode. The tweezertrode should be immersed in 1× PBS 
prior to application on injected pups. Wetting the tweezer-
trode with 1× PBS is performed to maximize the electrical con-
ductivity from the tweezertrode to the pup. The tweezertrode 
may then be applied to the head of the injected pup (Fig. 1e). 
The electrodes should be oriented such that the positive pole 
electrode is placed over the injected eye and the negative pole 
electrode is placed over noninjected eye. This placement 

3.3  Electroporation

Fig. 1 Images of key steps in protocol. (a) Ice anesthesia of neonatal pups. (b) Surgical opening of the eye and 
scleral incision. (c) Manual injection of DNA/Fast Green solution. (d) Efficient spread of Fast Green in subretinal 
space following successful injection. (e) Electroporation with tweezertrodes. (f) Recovery following surgery 
under heat lamp
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ensures that the electrical field is oriented such that electro-
phoresis will drive the injected DNA solution from the subreti-
nal space into the retina.

	 2.	Apply the electrical pulses using the pulse generator (electro-
porator). For electroporation of neonatal (P0–P4) mouse pups 
the electrical paradigm should be set as follows: 5 square pulses, 
each pulse is set at 80 V and 50 ms in duration. There should 
be a 950 ms interval between pulses.

	 3.	Using a 70% isopropyl alcohol prep clean the area around the 
injected/electroporated eye. The electroporated pups must 
now be allowed to recover from the hypothermic anesthesia 
(Fig.  1f). Place the pups in a clean, tissue-lined container 
beneath a heat lamp (see Note 10). Allow the pups to remain 
under the heat lamp until full mobility and normal pink color-
ing of the pups has returned to each animal. The duration of 
time under the light may vary for each individual animal. Upon 
full recovery, return the electroporated pups to their mother 
and monitor over the next 1–2 days for signs of distress.

	 1.	The end point for each electroporation experiment is subject 
to the requirements of the specific study and will vary accord-
ingly. Reporter expression off of CAG based plasmid constructs 
can be visualized within 2 days of electroporation, however the 
expression profile for any given plasmid construct may vary 
and should be determined empirically.

	 2.	Euthanize the electroporated animals at the desired timepoint. 
All methods utilized for the euthanasia of animals should 
adhere to all governmental and institutional guidelines. Dissect 
out the electroporated eye and fix in 4% paraformaldehyde 
with rotational agitation at 4  °C for approximately 50  min. 
The optimized fixation time for any given endpoint can vary 
and should be determined by the individual research group.

	 3.	Carefully dissect out the retina from the fixed eye in cold 1× 
PBS by removing the sclera, cornea, lens, choroid and retinal 
pigmented epithelium. If a fluorescent reporter has been used 
as part of the experimental design, the dissected retinas can be 
analyzed under a fluorescent stereomicroscope or inverted flu-
orescent microscope to grossly determine the electroporation 
efficiency. Dissected retinas can then be transferred into 30% 
sucrose solution and incubated overnight with rotational agita-
tion at 4 °C.

	 4.	Half of the sucrose solution can be removed and replaced with 
O.C.T. cryo-embedding media. The 50% sucrose/50% O.C.T. 
solution can be incubated with rotational agitation at 4  °C 
until the solution reaches a homogeneous consistency. The 
retinas can then be embedded into O.C.T. filled molds and 

3.4  Fixation 
and Cryoembedding
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frozen over dry ice chilled methylbutane. The embedded reti-
nas can be stored at −80 °C. Retinas may now be sectioned on 
a cryotome and captured onto glass slides (see Note 11).

4  Notes

	 1.	 The specific make and model of the electroporation system is 
subject to system availability and/or the preferences of the 
research group performing the studies. Electroporators mar-
keted by manufacturers different from that outlined in this 
protocol are perfectly acceptable given that they can achieve 
the pulsing paradigm outlined in Subheading 3.3, step 2.

	 2.	 All use of organic solvents should be performed under appro-
priately ventilated hoods. Disposal of organic solvents should 
follow all governmental and institutional regulations.

	 3.	 Due to the relatively large amount of DNA (100 μg) in the 
solution, the precipitation of the DNA should be readily 
observable after mixing by inversion. Failure to see a cloudy/
stringy white precipitate should be taken as a sign that an error 
may have occurred earlier in the process, and that the plasmid 
DNA may have been lost in washes or transfers.

	 4.	 The pellet may become dislodged from the bottom of the 
tube following inversion, this is not problematic. Simply 
ensure that the pellet is resubmerged in the 70% ethanol by 
gently tapping the tube before the following centrifugation 
step.

	 5.	 The importance of not overdrying the DNA pellet cannot be 
emphasized enough. Excessively dried pellets will not dissolve 
readily into the 1× PBS injection solution. Attempts to improve 
solubilization by mixing the pellet into solution through 
pipetting or vortexing may cause plasmid shearing which can 
impact plasmid performance following electroporation. The 
pellet will appear white and opaque following the alcohol wash 
step and will become transparent as it dries. Transparency will 
be observed first at the outer edges of the pellet with the 
center mass of the pellet remaining opaque. Upon removal of 
the excess ethanol the pellet should monitored while drying. 
Once the outside edges of the pellet begin to clear the pellet is 
ready to be dissolved into 1× PBS. Do not wait for the center 
mass to clear as this will overdry the pellet.

	 6.	 The final concentration of plasmid required for optimal elec-
troporation efficiency may need to be determined empirically 
for any given construct. We generally observe excellent elec-
troporation efficiency injecting CAG promoter based plas-
mids at a concentration of 5  μg/μL.  However, injection 
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	 4.	Onishi A, Peng GH, Poth EM et al (2010) The 
orphan nuclear hormone receptor ERRbeta 
controls rod photoreceptor survival. Proc Natl 
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dependent SUMOylation controls mamma-
lian  cone photoreceptor differentiation. Nat 
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concentrations ranging from 1.25 to 6 μg/μL have yielded 
successful electroporation results.

	 7.	 The use of an injection tracer is of value primarily within albino 
mouse strains. If electroporation is being performed on pig-
mented mice, the inclusion of Fast Green FCF may not be of 
significant value as a tracer and can be omitted at the experi-
menter’s discretion.

	 8.	 Hypothermia is generally acceptable for procedures requiring 
<10 min in mouse pups up to age P5. Once practiced the pro-
cess of eye opening, incision, injection and electroporation 
takes approximately 3  min, which will not allow the pup 
enough time to recover.

	 9.	 Although only 0.3  μL will be injected into the subretinal 
space, excess injection solution should be drawn into the nee-
dle for each injection to ensure that the air which is present in 
the barrel of the metal needle portion of the syringe and which 
gets drawn into the syringe preceding the injection solution 
does not get injected into the eye. This can result in the cre-
ation of an air bubble in the subretinal space, which may cause 
retinal detachment and dysplasia.

	10.	 Alternatively the pups may be allowed to recover by placing 
them on a slide warmer. If a slide warmer is used the experi-
menter should ensure that an appropriate pad is placed 
between the pups and the metal surface of the slide warmer.

	11.	 The specific make and model of cryotome used for sectioning 
may vary based on availability or the preferences of the experi-
menters. Section thickness may range from 15 to 25 μm and 
will also be determined by the experimenter subject to the 
requirements of the specific study. It also is recommended that 
sections be captured on positively charged slides for better tis-
sue adherence. Slides containing captured sections may be 
stored between −20°C and −80°C depending on the duration 
of storage necessitated and the requirements of the specific 
research group.
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Chapter 9

Methods for In Vivo CRISPR/Cas Editing of the Adult 
Murine Retina

Sandy S. Hung, Fan Li, Jiang-Hui Wang, Anna E. King,  
Bang V. Bui, Guei-Sheung Liu, and Alex W. Hewitt

Abstract

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-associated protein (Cas) 
is used by some bacteria and most archaea to protect against viral phage intrusion and has recently been 
adapted to allow for efficient editing of the mammalian genome. Whilst CRISPR/Cas-based technology 
has been used to modify genes in mammalian cells in vitro, delivery of CRISPR/Cas system into mam-
malian tissue and/or organs is more difficult and often requires additional vectors. With the use of adeno-
associated virus (AAV) gene delivery system, active CRISPR/Cas enzyme can be maintained for an 
extended period of time and enable efficient editing of genome in the retina in vivo. Herein we outline the 
method to edit the genome in mouse retina using a dual AAV vector-mediated CRISPR/Cas9 system.

Key words CRISPR/Cas9, Genome editing, Gene delivery, AAV, Retina

1  Introduction

Many inherited retinal degenerations are progressive sight-threating 
disorders caused by well-defined genetic mutations [1]. Although 
numerous variants across many loci have been found to cause 
specific retinal disease, all of these conditions currently remain 
untreatable [1]. CRISPR/Cas-based technology opens the 
prospect for anticipatory therapies through the direct correction of 
genetic mutations retinal cells [2]. Generally, there is firm public 
support for the clinical application of such technology [3]. Editing 
disease-causing mutations in genomic DNA through a single guide 
RNA (sgRNA)/Cas endonuclease complex can cause DNA breaks 
which are subsequently repaired through nonhomologous end 
joining (NHEJ) or when accompanied by an additional DNA 
template, homology-directed repair (HDR) [4]. During NHEJ 

Guei-Sheung Liu and Alex W. Hewitt contributed equally to this work.



114

the inadvertent incorporation of insertions and/or deletions 
(indels) of DNA fragments can cause frameshift mutations, which 
lead to knockout of the targeted gene. On the other hand, HDR-
mediated repair can be used to generate single nucleotide 
corrections as well as to potentially introduce larger sequences by 
providing a DNA template with flanking homology sequences. 
Genes modified using CRISPR/Cas technology remain under 
their normal endogenous expression control elements without the 
random integration or exogenously introduced transgene as found 
in conventional gene therapy methods [2].

Vectors derived from small AAV are a very useful delivery system 
for the treatment of eye diseases since many of the AAV serotypes are 
able to transduce a variety of ocular cell types in a stable manner with 
high efficiency [5]. In addition, AAVs have a relatively reduced 
immunoreactivity in the eye compared to other viral transduction 
methods, such as adenovirus. However, due to limitations of its 
cargo capacity, a single AAV vector is unable to package the Cas9 
nuclease from the bacterial species Staphylococcus pyogenes 
(SpCas9, size ~4.2  kb), the most commonly used CRISPR-Cas 
system, with its accompanying sgRNA. Therefore, a dual AAV vector 
system was used in the first description of SpCas9-mediated in vivo 
genome editing in the adult mouse retina [6].
In this chapter, to outline the steps required for CRISPR/Cas-
mediated gene editing in the retina using a dual viral delivery 
system, we designed sgRNA constructs to disrupt a yellow 
fluorescent protein (YFP) in vitro and in vivo in a transgenic mouse. 
This methodology can be readily adapted to single AAV system 
using smaller Cas9 orthologues [7].

2  Materials

	 1.	sgRNA design programs:
(a)	 Benchling: https://benchling.com/
(b)	Zhang lab (Broad Institute): http://crispr.mit.edu/
(c)	 CRISPR RGEN Tools: www.rgenome.net/

	 2.	Oligonucleotides and primers.
	 3.	CRISPR constructs were obtained from Addgene and were 

gifts from Dr Feng Zhang (Broad Institute, USA). The AAV 
transfer vectors used were pX551 (Addgene plasmid#60957), 
which contains the SpCas9, and pX552-mCherry (modified 
from Addgene plasmid#60958), which contains the sgRNA 
scaffold and mCherry reporter gene.

	 4.	T4 DNA ligase and T4 DNA ligase buffer. (New England 
Biolabs)

	 5.	T4 polynucleotide kinase. (New England Biolabs)

2.1  sgRNA Design 
and Vector 
Construction
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	 6.	Thermal cycler.
	 7.	SapI restriction enzyme. (New England Biolabs)
	 8.	CutSmart buffer (New England Biolabs).
	 9.	Calf intestinal alkaline phosphatase. (New England Biolabs)
	10.	1% Agarose gel in electrophoresis buffer.
	11.	QIAquick or other Gel Extraction kit.
	12.	UltraPure DNase/RNase-free distilled water.
	13.	PlasmidSafe ATP-dependent exonuclease (Epicentre).
	14.	10× PlasmidSafe buffer.
	15.	10 mM ATP. (New England Biolabs)
	16.	DH5α chemically competent E. coli. (Life Technologies)
	17.	SOCS media (Sigma-Aldrich).
	18.	Luria Broth Base (LB media) supplemented with 100 μg/mL 

ampicillin. Prepare from a 100  mg/mL sodium ampicillin 
stock.

	19.	LB agar plates: LB agar plates supplemented with 100 μg/mL 
ampicillin.

	20.	Plasmid QIAprep or other spin miniprep kit.
	21.	U6 sequencing primer (5′-GAGGGCCTATTTCCCATGAT 

TCC-3′).

	 1.	HEK293D was a gift from Prof Ian Alexander (Children’s 
Medical Research Institute, Australia). HEK293A (catalogue 
no. R70507, Life Technologies) and NIH3T3L1 cells (cata-
logue no. ATCC CL173; American Type Culture Collection) 
were transduced with pAS2.EYFP.puro lentivirus (RNAiCore; 
Academia Sinica) to generate YFP-expressing cell lines 
(HEK293A-YFP and NIH3T3L1-YFP) for the in vitro tests.

	 2.	DMEM/10% FBS culture medium: Dulbecco’s modified 
Eagle’s medium (DMEM; Life Technologies) supplemented 
with 10% fetal bovine serum (FBS; Sigma-Aldrich) and 2 mM 
l-glutamine.

	 3.	DMEM/2% FBS maintenance medium: DMEM supple-
mented with 2% FBS and 2 mM l-glutamine.

	 4.	Dulbecco’s phosphate-buffered saline without Ca2+ and Mg2+ 
(DPBS-; Life Technologies).

	 5.	0.25% Trypsin–EDTA: 0.25% Trypsin–EDTA (Life 
Technologies) containing phenol red.

	 6.	IMDM/10% FBS transfection medium: Iscove’s Modified 
Dulbecco’s Medium (IMDM; Life Technologies) supple-
mented with 10% FBS.

	 7.	Lipofectamine 2000 (Life Technologies).

2.2  Cell Culture 
and Transfection
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	 8.	Fugene HD (Promega).
	 9.	Opti-MEM® I reduced serum medium (Life Technologies).

	 1.	QIAamp or other DNA mini kit.
	 2.	SURVEYOR assay kit (Integrated DNA Technologies).
	 3.	KOD or other high fidelity thermostable DNA polymerase.
	 4.	1× hybridization buffer: 10 mM Tris–HCl pH 8.8, 1.5 mM 

MgCl2, 50 mM KCl.
	 5.	1.8% agarose gel: 1.8% agarose gel in 0.5× Tris/Borate/EDTA 

(TBE) buffer.
	 6.	GelRed nucleic acid gel stain (Biotium).
	 7.	QuickExtract DNA Extraction Solution (Epicentre).
	 8.	Taq DNA polymerase with ThermoPol buffer (New England 

Biolabs).
	 9.	pCR2.1-TOPO TA cloning kit (Life Technologies): Cloning 

kit containing salt buffer (1.2  M NaCl, 0.06  M MgCl2), 
pCR™2.1-TOPO® vector in storage buffer, 10× PCR Buffer, 
dNTP Mix.

	10.	YFP indel PCR primers (Forward primer: 5′-ATGGTGAGCAAG 
GGCGAGGA-3′; Reverse primer: 5′-TTACTTGTACAGCTC 
GTCCA-3′).

	11.	FACS sorter (FACS ARIA-I, BD).
	12.	ONE shot top10 or other competent bacteria.
	13.	LB agar X-gal/IPTG plates: Before plating, supplement 

100 mL of 50 °C fluid LB agar with 100 μg/mL ampicillin, 
100 μl 20 mg/mL X-gal solution, and 100 μl 100 mM IPTG 
solution.

	14.	M13 forward (−20) sequencing primer (5′-GTAAAACGA 
CGGCCAG-3′).

	15.	EcoRI restriction enzyme. (New England Biolabs)

	 1.	AAV2 packaging system (pXX2 [packaging/capsid plasmid] 
and pXX6 [helper plasmid], a gift from Prof. Richard 
J. Samulski, University of North Carolina, USA) [8].

	 2.	10% TE buffer (1 mM Tris–HCL, 0.1 mM EDTA, pH 8).
	 3.	2× Hepes-buffered saline (HBS; 280  mM NaCl, 50  mM 

HEPES, pH 7.1).
	 4.	AAVpro® AAV2 purification kit (Clontech Laboratories) con-

taining AAV Extraction Solution A, AAV Extraction Solution 
B, Equilibration Buffer, Washing Buffer, Elution Buffer, pre-
packed AAV purification columns, Filter Device, SD Buffer, 
Suspension Buffer, Collection tubes.

2.3  Indel Assay

2.4  Viral Production
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	 5.	Wizard® SV or other Gel and PCR clean-up kit. (Promega)
	 6.	Primers for AAV titration (pX551 Forward primer: 5′-CCGAA 

GAGGTCGTGAAGAAG-3′, pX551 Reverse primer: 5′-GCC 
TTATCCAGTTCGCTCAG-3′, pX552 Forward primer: 5′-TG 
TGGAAAGGACGAAACACC-3′, pX552 Reverse primer: 
5′-TGGTCCTAAAACCCACTTGC-3′).

	 7.	Fast SYBR green master mix (Life Technologies).
	 8.	StepOne™ or other Real-Time PCR System.
	 9.	1.5 mL Eppendorf tubes.

	 1.	30-gauge needle (30 G × 1 in.; BD, ice cold).
	 2.	Hand-pulled glass micropipette (6  in., 1.0  mm OD; Life 

technologies).
	 3.	Sutter P-97 pipet puller.
	 4.	Winged infusion set.
	 5.	Clay material. Clay to connect the pulled 100 μm diameter 

micropipette needle to the winged infusion set.
	 6.	UMP3 ultra micro pump with controller (World Precision 

Instruments).
	 7.	10 mL syringe.
	 8.	10 μL Hamilton syringe.
	 9.	Anesthetic cocktail: 1.6 mL 100 mg/mL Ketamine, 1.6 mL 

20 mg/mL xylazine, and 6.8 mL 0.9% w/v sodium chloride.
	10.	Isoflurane.
	11.	Curved dressing forceps.
	12.	0.5% w/v chloramphenicol Chlorsig or other antibiotic Eye 

Drops.
	13.	0.9% w/v sodium chloride (sterile saline).
	14.	Heating pad to maintain normal body temperature.

	 1.	4% paraformaldehyde (PFA; ProSciTech), ice-cold.
	 2.	NucBlue® Live ReadyProbes® reagent (Life Technologies).
	 3.	Fluorescence mounting medium (Dako).
	 4.	Coverslips (22 × 22 mm; Fisher Scientific).
	 5.	Papain dissociation system (Worthington Biochemical 

Corporation).
	 6.	350 mg/kg Lethabarb (pentobarbital).
	 7.	Phosphate-Buffered Saline (PBS).
	 8.	1% Triton X-100.
	 9.	75% ethanol.
	10.	Small micro scissor.

2.5  Intraocular 
Injection

2.6  Retinal Tissue 
Processing

CRISPR/Cas Editing of the Retina



118

	11.	Blunt-edged forceps.
	12.	Microscopic slide.
	13.	Microscope slide storage box.
	14.	Kimwipes.

	 1.	Electrode wire (0.3  mm diameter 99.9% Silver round wire, 
A&E Metal Merchants).

	 2.	Insulating tape (Masking tape).
	 3.	Tape or Velcro.
	 4.	9 V Chloriding battery (Energizer).
	 5.	Platinum electrode leads (Grass Telefactor).
	 6.	Electrode holders (Micromanipulators, World Precision 

Instruments).
	 7.	Ground electrode: F-E2-30 (Needle electrode, Grass 

Telefactor).
	 8.	Headlight for preparation (Energizer HD+ LED headlight, 

Energizer).
	 9.	0.5% Tropicamide Dilating agent.
	10.	0.5% Proxymetacaine corneal anesthesia.
	11.	1% Sodium carboxymethylcellulose contact gel.
	12.	Light stimulus via Ganzfeld integrating bowl (36 cm diameter, 

13 cm aperture size, Photometric Solutions International).
	13.	Bioamplifier (ML 135, ADInstruments).
	14.	Data acquisition system (Powerlab ML 785 data acquisition 

system, ADInstruments).
	15.	Data Acquisition software (Scope Software, version 3.7.6, 

ADInstruments).
	16.	Computer: Personal computer (Windows based) for recording 

signals for offline analysis.
	17.	Temperature maintenance (Circulating water bath, 

LAUDA-Brinkmann).
	18.	Faraday Cage (2  ×  1.2  ×  1.2  m, Photometric Solutions 

International).
	19.	Analysis Software (R statistical environment current version 

3.3.2, for data analysis).
	20.	Spectral domain optical coherence tomography (SD-OCT, 

Envisu R2200 VHR, Bioptigen Inc.).
	21.	Mouse platform (Bioptigen Inc.).
	22.	Ocular lubricant (Systane, Alcon Laboratories).
	23.	Analysis software (FIJI [https://fiji.sc/]).

2.7  Electro-
retinography 
and Optical Coherence 
Tomography

Sandy S. Hung et al.

https://fiji.sc/


119

	 1.	T170 tissue culture flask.
	 2.	T75 tissue culture flask.
	 3.	100 × 20 mm TC culture dish.
	 4.	14 mL polypropylene round-bottom tube.
	 5.	6 well clear flat bottom TC-treated multiwell cell culture plate.
	 6.	12 well clear flat bottom TC-treated multiwell cell culture plate.
	 7.	5 mL round bottom polystyrene test tube with cell strainer 

snap cap.
	 8.	Cell scraper.

3  Methods

	 1.	Put the target genome sequence into the sgRNA online pro-
grams and select the top three 20 nt sgRNA target sequences.

	 2.	To clone the YFP-targeting sgRNA into pX552 plasmid, order 
top and bottom complementing oligonucleotides with SapI 
restriction enzyme overhangs (Fig. 1a) [9]. Cloning strategy 
follows the protocol from Dr Feng Zhang’s laboratory.

	 3.	Anneal and phosphorylate the sgRNA oligos in a 10 μL reac-
tion containing: 1 μL 100 μM top oligo, 1 μL 100 μM bottom 
oligo, 1× T4 DNA ligase buffer, 10  U T4 polynucleotide 
kinase. Incubate the reaction mix at 37 °C for 30 min to phos-
phorylate the oligos followed by denaturation at 95  °C for 
5 min and ramping down to 25 °C at a rate of 5 °C per minute 
to anneal the sgRNA oligos.

	 4.	Dilute the annealed oligo 1:50 in nuclease-free water.
	 5.	Digest 2 μg of pX552 plasmid in a 50 μL reaction with 10 U 

SapI restriction enzyme and 1× CutSmart buffer. Incubate at 
37 °C for 1 h to overnight.

	 6.	Add 10 U calf intestinal alkaline phosphatase to the reaction 
and incubate for an additional hour at 37 °C to dephosphory-
late the digested ends of the vector to prevent religation of the 
empty vector.

	 7.	Run the digested pX552 plasmid on a 1% agarose gel and gel 
purify the DNA fragment with the Gel Extraction kit following 
manufacturer’s instructions. Elute in a final volume of 30 μL 
nuclease-free water.

	 8.	To ligate the annealed sgRNA oligo to the SapI-digested 
pX552 plasmid, set up the following 10 μL reaction mixture: 
25  ng SapI-digested pX552 plasmid, 1 μL diluted annealed 
sgRNA oligo, 1× T4 DNA ligation buffer, and 800 U T4 DNA 
ligase. Incubate at 16 °C overnight.

2.8  Plasticware

3.8.1  sgRNA Design 
and Cloning

3.1  sgRNA Selection 
and In Vitro Validation
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	 9.	Digest residual linearized DNA with PlasmidSafe exonuclease 
by adding the following to the ligation reaction mix: 1.5 μL 
10× PlasmidSafe buffer, 1.5 μL 10 mM ATP, 10 U PlasmidSafe 
exonuclease, and 1 μL nuclease-free water. Incubate at 37 °C 
for 30 min and inactivate the enzyme by incubation at 70 °C 
for 30 min.

	10.	Transform the ligation mixture into DH5α chemically compe-
tent E. coli following manufacturer’s protocol. Briefly, add 
5 μL of the ligation mixture to 50 μL DH5α bacteria and incu-
bate on ice for 30 min. Heat-shock to transform the bacteria 
by incubating at 42 °C for 20 s. Immediately transfer the bac-
teria mixture back on ice for approximately 2 min. Add 500 μL 
SOCS media and incubate at 37 °C for 1 h with shaking at 
225  rpm. Pellet bacteria and spread on LB agar plates with 
100 μg/mL ampicillin. Incubate the plate overnight at 37 °C.

Fig. 1 CRISPR cloning and in vitro testing set up. (a) sgRNA design for cloning into the SapI site in the pX552-
mCherry construct. Note if sgRNA guide sequence begins with a G, the additional G for U6 promoter priming 
will not be required. (b) An example of SURVEYOR assay results after cleavage of mismatched sites of 
SURVEYOR hybridized PCR products. The mismatch is caused by any indel introduction at the sgRNA cleavage 
site. The PCR fragments are resolved on a 1.8% TBE agarose gel. (c) Example of sequencing results from TA 
cloning. The frequency of each type of indel introduced is then plotted on a graph to look at the spectrum of 
indels generated by the particular sgRNA
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	11.	The following day, pick several bacterial colonies for miniprep 
cultures (5  mL LB media with 100 μg/mL ampicillin) and 
incubate at 37 °C overnight with 225 rpm shaking.

	12.	Extract the plasmid DNA using the spin miniprep kit following 
manufacturer’s instructions. Elute plasmid DNA in 50  μL 
nuclease-free water.

	13.	Validate the sgRNA sequence by sequencing the plasmid with 
the U6 sequencing primer.

	 1.	The day before transfection, seed 0.75 × 105 HEK293A-YFP 
per well of 12-well plates in DMEM/10% FBS culture media. 
The following day, change media on the cells before setting up 
transfection reaction.

	 2.	Set up the transfection reaction with 500 ng pX551 and 500 ng 
pX552-mCherry containing the cloned YFP-targeting sgRNA 
in 47 μL Opti-MEM. Mix the reaction mixture.

	 3.	Add 3 μL of Fugene HD, vortex to mix the reaction thor-
oughly and pulse spin. Incubate at room temperature for 
10 min to allow for DNA transfection complex formation.

	 4.	Add the transfection mixture to the cells dropwise and mix 
into the medium by swirling the plate several times before 
placing the plate in 37 °C incubator with 5% CO2.

	 5.	Change the media the following day.
	 6.	On the third day after transfection harvest the cells for genomic 

DNA using the DNA mini kit following the manufacturer’s 
protocol and eluting in 30 μL nuclease-free water.

	 1.	To determine and compare the cleavage activity of the sgRNA 
and SpCas9 complex in the HEK293A-YFP cells, we used the 
SURVEYOR assay with PCR products amplified from the 
extracted genomic DNA spanning the hypothesized cleavage 
area. For each sgRNA tested set up 2–4 tubes of PCR reaction 
using KOD polymerase following manufacturer’s protocol.

	 2.	Run the PCR reaction on an agarose gel and purify the PCR 
fragment using the Gel Extraction kit following manufacturer’s 
instructions. Elute in a final volume of 30  μL nuclease-free 
water.

	 3.	To set up the SURVEYOR assay, take 200–400 ng of the PCR 
sample to hybridize in 1× Hybridisation buffer (10 mM Tris–
HCl pH 8.8, 1.5 mM MgCl2, 50 mM KCl) in a total of 20 μL 
reaction. To hybridize the PCR products, first dissociate the 
oligos by heating at 95 °C for 10 min and anneal by ramping 
down to 25 °C (at 5 °C per minute).

	 4.	After the heteroduplex formation of the PCR product add the 
following from the SURVEYOR assay kit to each 20 μL reac-
tion: 2.4  μL 0.15  M MgCl2 solution, 1  μL SURVEYOR 

3.1.1  Transfection 
of HEK293A-YFP Cells 
with the CRISPR 
Constructs

3.1.2  SURVEYOR Assay 
to Detect CRISPR/Cas9 
Cleavage
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Enhancer S, and 1 μL SURVEYOR Nuclease S. Incubate the 
reaction mix at 42 °C for 1 h.

	 5.	To terminate the reaction add 2.5 μL of the Stop Solution.
	 6.	To resolve the PCR fragments run the samples on a 1.8% aga-

rose gel. SURVEYOR nucleases cleaves mismatched sites in 
DNA heteroduplexes, therefore any CRISPR-Cas9 mediated 
cleavage generated indels in the genomic DNA can be detected 
through mismatches with the control samples (Fig. 1b).

	 1.	Plate NIH3T3L1-YFP cells at 1.2 × 105 cells per well of the 
6-well plate in DMEM/10% FBS media and culture at 37 °C 
with 5% CO2.

	 2.	Change the media on the cells to 1.5 mL per well the follow-
ing day before setting up the transfection mix.

	 3.	Set up the transfection reaction mixture with 1.5 μg of the 
pX551 and pX552-mCherry containing the cloned YFP-
targeting sgRNA each in 150  μL total reaction in Opti-
MEM. Add 7 μL Fugene HD, mix and pulse-spin the reaction 
mixture. Incubate at room temperature for 10 min to allow for 
the DNA transfection complex to form.

	 4.	Add the DNA transfection complex dropwise to the cells.
	 5.	Twenty-four hours post-transfection, change the media on the 

cells.
	 6.	Three days post-transfection, FACS sort mCherry positive cells 

and extract genomic DNA using 30  μL QuickExtract DNA 
extraction solution. Heat the samples to 65  °C for 20  min, 
68 °C for 20 min and lastly at 98 °C for 20 min (see Note 1).

	 7.	Amplify a PCR product spanning the YFP cleavage site using 
Taq DNA polymerase with ThermoPol Buffer following the 
manufacturer’s protocol.

	 8.	Use 4 μL of the PCR reaction in the TOPO TA cloning reac-
tion with 1 μL salt solution and 1 μL of the TOPO vector. 
Incubate at room temperature for 10 min.

	 9.	Transform 2 μL of the TOPO TA cloning reaction into ONE 
shot TOP10 competent bacteria following manufacturer’s 
protocol.

	10.	Plate bacteria on LB ampicillin agar plates supplemented with 
X-gal/IPTG to allow for blue/white LacZ selection. Incubate 
plates at 37 °C overnight.

	11.	Pick 50–100 white bacteria colonies for miniculture overnight 
at 37 °C with shaking at 225 rpm.

	12.	Extract the plasmid DNA using the spin miniprep kit following 
manufacturer’s instructions. Elute plasmid DNA in 50  μL 
nuclease-free water.

3.1.3  TA-Cloning 
to Determine CRISPR-
Mediated Indel Frequency 
In Vitro
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	13.	Set up diagnostic digests with EcoRI restriction enzyme to 
confirm ligation of inserts before submitting samples for 
sequencing with M13 sequencing primer.

	14.	Analyze the sequences, tally and graph the number and fre-
quency of the indels (Fig. 1c).

	 1.	Twenty-four hours before transfection, seed HEK293D cells 
in DMEM/10% FBS culture medium into 50 tissue culture 
dishes (100 × 20 mm) at 7 × 106 cells/dish (see Note 2).

	 2.	 Remove old medium and leave ~1 mL to cover the cell sheet 
and add 9 mL transfection medium (IMDM/10% FBS) 2 h 
before transfection (see Note 3).

	 3.	Triple plasmid transfection (25 μg DNA/dish: 5 μg transfer 
vector [pX551 or pX552-mCherry containing the cloned YFP-
targeting sgRNA], 5 μg packaging/capsid plasmid [pXX2] and 
15  μg helper plasmid [pXX6]) can be performed with the 
Calcium Phosphate method.
(a)	 Prepare transfection solution A and B in the following 

order in a 50 mL falcon tube (Table 1), respectively (the 
following volume is used to transfect 50 tissue culture 
dishes):

(b)	Aliquot 2 mL of solution A and B to separate 14 mL poly-
propylene round-bottom tubes, respectively.

(c)	 Add solution B dropwise to solution A to precipitate the 
DNA with P200 pipette while gently agitates to mix the 
cocktail (see Note 4).

(d)	 Incubate the cocktail for 20–30 min at room temperature 
and pipette 1 mL dropwise into each of the 50 tissue cul-
ture dishes (100 × 20 mm) of HEK293D cells.

(e)	 Twenty-four hours post-transfection, remove old medium 
and leave ~1 mL to cover the cell sheet and add 11 mL 
maintenance medium (DMEM/2% FBS).

(f)	 Forty-eight hours post-transfection, harvest the HEK293D 
cells as described below in Subheading 3.2.2.

	 1.	Using a cell scraper, scrape the transfected HEK293D cells 
from each culture dish and place in 50 mL falcon tubes.

	 2.	From this step, follow the modified manufacturer’s instruc-
tions to extract AAV2 vectors. Briefly, centrifuge cells at 
1750 × g for 10 min at 4 °C. Remove the supernatant, leaving 
approximately 5 mL. Loosen the cell pellets by tapping and 
collect all cells in a single 50 mL falcon tube. Centrifuge at 
1750 × g for 10 min at 4 °C. Completely remove the superna-
tant and collect the cell pellet.

	 3.	Loosen the cell pellet completely by tapping or vortexing.

3.2  Recombinant 
AAV2 Production

3.2.1  Production of AAV2 
Utilizing Calcium 
Phosphate Transfection

3.2.2  Isolation, 
Purification and 
Concentration of AAV2
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	 4.	Add 10 mL of AAV Extraction Solution A.
	 5.	Suspend the cells by vortexing for 15 s and leave the tube for 

5 min at room temperature. Then vortex for 15 s.
	 6.	Centrifuge extracts at 2000–14,000 × g for 10 min at 4 °C. If 

the titer of the recovered AAV2 vector is low, the efficiency 
may be increased by repeating steps 5 and 6.

	 7.	Recover the supernatant in a new sterile 50 mL falcon tube and 
add 1 mL of AAV Extraction Solution B. The mixture can be 
stored at −80 °C at this point. If sample is not stored, continue 
promptly to step 8. If sample has been stored at −80 °C, thaw 
quickly in a 37 °C water bath before proceeding to the next 
step.

	 8.	Add 1  mL of SD Solution and incubate for 30  min at 
37 °C. Then centrifuge at 2000–14,000 × g for 10 min at 4 °C, 
collect the supernatant as the crude AAV2 vector solution.

	 9.	Set up the prepacked AAV purification column.
	10.	Remove and top and bottom caps and drain the excess solution. 

Equilibrate the column with 10 mL of Equilibration Buffer.
	11.	Add the crude AAV2 vector solution from step 8 to the col-

umn and allow the solution to flow through.
	12.	Wash the column with 10 mL of the Washing Buffer.
	13.	Elute the AAV2 vectors with 3 mL of Elution Buffer in a sterile 

15 mL centrifuge tube.
	14.	Set up the Filter Device in the collection tube. Add 500 μL of 

the eluted AAV2 vector solution from step 12 to the Filter 
Device and centrifuge at 2000 × g for 10 min at 4 °C. Discard 
the flow-through.

Table 1 
Solution preparation for triple plasmid transfection

Order to add reagent Reagent Amount

Solution A

1 2× HBS 24.8 mL

2 NaH2PO4 250 μL

Solution B

1 10% TE Add to 25 mL

2 Transfer vector 125 μg

3 pXX2 125 μg

4 pXX6 375 μg

5 2 M CaCl2 3.1 mL
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	15.	Repeat step 13 until all viral solution has been applied to the 
Filter Device. Ensure that the final volume of solution in the 
Filter Device is <100 μL.

	16.	Apply 400  μL of Equilibration Buffer to the Filter Device. 
Centrifuge at 2000 × g for 20 min at 4 °C, and discard the 
flow-through. Ensure that the final volume of fluid in the Filter 
Device is <100 μL.

	17.	Add 200  μL of Suspension Buffer to the Filter Device and 
pipette at least 100 times to wash the membrane of the Filter 
Device. The amount of Suspension Buffer to recover the AAV2 
vectors can be adjusted to reach a desirable final titer to suit 
different settings.

	18.	Invert the Filter Device and recover the Suspension Buffer in a 
new collection tube. Centrifuge at 1000  ×  g for 1  min at 
4 °C. The solution recovered is the purified and concentrated 
rAAV2 particles.

	 1.	Prepare 1 μg of linearized vector plasmid by restriction digest. 
Purify the linearized plasmid with purification kit (PCR clean-
up systems).

	 2.	Assay the concentration of the linearized plasmid by spectro-
photometry. To make up the 1 × 109 vg/5 μl of the standard 
in 500 μL of TE buffer, refer to the formula as below.

	

The amount of linearized plasmid in L of TEbuffer
vector plasm

500

=
iid length ×
×

660
6 022 103. 	

(1)

	 3.	Make a serial tenfold dilution in TE buffer by adding 100 μL 
of 1 × 109 vg/5 μl linearized plasmid to 900 μL of TE buffer. 
Successfully dilute the rest of the series to yield a total of eight 
dilutions.

	 1.	Make 10,000- and 100,000-fold dilution of AAV2 vectors in 
TE buffer.

	 2.	Prepare the quantitative PCR master mix in a 1.5 mL Eppendorf 
tube as seen in Table 2 (25 μL/reaction).

	 3.	Dispense 20 μL of PCR master mix into triplicate wells of a 
96-well plate. Dispense 5 μL of each standard and 10,000- and 
100,000-fold dilution of AAV2 vectors from step 1.

	 4.	Seal the 96-well plate using ultraclear cap film, load the plate in 
the real-time PCR machine, and run using the program seen in 
Table 3.

3.2.3  Preparation 
of Standards

3.2.4  AAV2 Titration 
by Quantitative PCR
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Table 2 
PCR mastermix for AAV2 titration

Volume (μL)

dH2O 7.3

Fast SYBR green master mix 12.5

Forward primer (100 μM) 0.1

Reverse primer (100 μM) 0.1

Standards or diluted vectors 5.0

Table 3 
PCR settings for AAV2 titration

Cycle number Denature Anneal/extend

1 95 °C, 10 min

2–40 95 °C, 15 s 60 °C, 60 s

	 5.	Calculate the final AAV2 vector genome copy using the for-
mula as below:

Titer viral genome mL , , vg mL/ /( ) = × + ×( )×C C1 210 000 100 000 100

Where C1 and C2 is average copy number of respective 10,000- and 
100,000-fold diluted AAV2 vectors from quantitative PCR runs.

	 1.	Make a 100 μm diameter needle by manually pulling a glass 
capillary tube with a Sutter P-97 pipet puller. The end of the 
capillary tube will be heated and pulled until it reaches the 
desired diameter (100 μm).

	 2.	Connect the 100 μm diameter needle to a winged infusion set 
by a bit clay (removing the needle from the tubing).

	 3.	Fill a 10 mL syringe with sterile saline and connect to another 
end of winged infusion set (trim the tip of capillary needle to 
allow for flow per se). Eject sterile saline to fill the dead space 
in the tubing and capillary needle.

	 4.	Dissemble 10 mL syringe and connect the winded infusion set 
to 10 μL Hamilton syringe which is mounted to a UMP3-2 
Ultra Micro Pump. Next, aspirate approximately 1 μL of air, 
into the tip of the capillary needle. This will separate the saline 

3.3  In Vivo AAV 
Delivery in Mouse 
Retina

Sandy S. Hung et al.
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from the injection substances and provide a visible cue indicat-
ing the end of the injection during the surgical procedure.

	 5.	Aspirate injection substance containing the desired volume of 
viral vectors. The amount can be 1 μL for mouse.

	 6.	Anesthetize mouse by allowing mouse to inhale isoflurane. 
Pull apart the eyelids with curved dressing forceps to expose 
the eye for injection.

	 7.	Prior to injection, make a guide tunnel by carefully inserting a 
30-gauge needle directly into the sclera away 1 mm from lim-
bus of mouse. Do not go too deep or you may hit the lens or 
retina.

	 8.	Inject 1 μL of viral vectors through the guide hole into the 
vitreous by Ultra Micro Pump.

	 9.	After surgery, apply one drop of Chlorsig and wake the mouse 
from anesthesia. The mouse should be kept on a heating pad 
to maintain normal body temperature during the procedure.

	 1.	Mouse is euthanized by intraperitoneal injection of pentobar-
bital (350 mg/kg Lethabarb).

	 2.	Enucleate the eyeball and fix with ice-cold 4% PFA for 1 h, and 
then transfer into Phosphate-Buffered Saline (PBS) (see Note 5).

	 3.	Remove the cornea in a circular way along the ora serrate using 
small micro scissor. Gently pull out the lens and remove as 
much vitreous as possible by blunt-edged forceps (see Note 6).

	 4.	Place the eyecup onto a microscopic slide with PBS. To achieve 
a flat preparation, make four incisions from the periphery half 
way to the optic nerve head by micro scissors. Carefully detach 
the retina from the eyecup using forceps and separating bluntly 
from optic nerve head to periphery retina.

	 5.	Staining of retina:
(a)	 Fix the retina with 75% ethanol at 4 °C for 30 min and 

wash twice with PBS.
(b)	 Incubated the retina with 1% Triton X-100 at room tem-

perature for 20 min, then wash twice with PBS.
(c)	 Use NucBlue® Live ReadyProbes® reagent (1 drop in 1 mL 

PBS) to stain the nucleus for 10 min at room temperature. 
Wash with PBS afterward.

(d)	Carefully dry the area around retina with Kimwipes. Apply 
a drop of mounting medium to preserve fluorescence, 
cover with coverslip and keep in a storage box at 4 °C for 
longer use.

	 6.	Retinal cell quantification (percentage of YFP disruption) is 
performed using individual fluorescent images captured at 

3.4  In Vivo Validation 
of Retinal Genome 
Editing

3.4.1  Retinal 
Wholemount
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×400 magnification. The efficiency of YFP disruption is deter-
mined by the proportion of YFP-negative cells among 
mCherry-expressing cells (Fig. 2).

	 1.	After removing the cornea, lens, and vitreous from enucleated 
eye ball, the retina is dissected out and place in a 1.5 mL cen-
trifuge tube with cold PBS.

	 2.	 Retinal dissociation is performed using Papain dissociation 
system following the manufacturer’s protocol for dissociation 
medium preparation and dissociation procedure [10].

	 3.	 AAV2 transduced retinal cells (mCherry positive) are sorted 
by FACS from three dissociated retinas.

	 4.	 The percentage of YFP disruption is quantified by FACS and 
sorted cells are subjected to TA-cloning assay for validating 
the CRISPR-mediated indel frequency as described previously 
Subheading 3.1.3, step 3.

Dark-adapted full-field ERG was utilized to examine retinal func-
tion as described previously [11, 12].

	 1.	For recording from both eyes, four electrodes are needed. 
Prepare electrodes by attaching silver wire to platinum leads. 
Use masking tape to insulate the connections leaving a 1 mm 
rounded tip of silver wire exposed to make contact with the 
eye. For the reference electrodes, create a 4–5 mm diameter 
loop for the electrode to slide around the equator of the eye 
without squeezing the eye.

3.4.2  Retinal 
Dissociation and FACS

3.5  Retinal Function 
and Morphology 
Assessment

3.5.1  Electro-
retinography for Retinal 
Function Assessment

Fig. 2 CRISPR/Cas-mediated gene editing of retinal cells in vivo. Higher magnification of flat-mount images, 
displaying differences in YFP expression following AAV2-mediated delivery of SpCas9/LacZ-sgRNA (upper 
images) or SpCas9/YFP-sgRNA (lower images). Scale bar: 20 μm

Sandy S. Hung et al.
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	 2.	Chloride the silver tips by immersing them into 0.9% saline 
and connecting the leads to a 9 V battery and completing the 
circuit using another length of conductive wire. Chloride for 
10 s until the silver wire is coated with a layer of white salt. 
Prior to use, lightly dust off any excess salt, which can damage 
the cornea.

	 3.	Mice are dark-adapted overnight (12 h) prior to recording [13].
	 4.	Unwanted light exposure is minimized during anesthesia and 

electrode setting to ensure maximal retinal sensitivity and opti-
mize recording of ganglion cell response. Throughout prepara-
tion use a headlight to provide dim red illumination. This helps 
to maintain dark-adaptation prior to signal recording.

	 5.	Anesthetize mice using an intraperitoneal injection of ketamine 
(60 mg/kg) and xylazine (5 mg/kg).

	 6.	Dilate pupils using one drop of 0.5% tropicamide and place a 
drop of 0.5% proxymetacaine onto each eye for corneal anes-
thesia. Leave for 5 s and dab off any excess fluid from the mar-
gin of the eyelids.

	 7.	Place mice on a platform warmed using circulating heated 
water (Lauda). Electrically warmed heating pads will generate 
electrical noise.

	 8.	Insert the needle electrode into the tail about half way up.
	 9.	Gently place the loop electrodes around each eye, using tape or 

Velcro to ensure that the loops remain around the equator of 
the eyes. Ensure that the loops do not squeeze the eyes as this 
will increase eye pressure, which can cause a reduction in the 
ERG.

	10.	Using micromanipulators to allow for fine adjustment position 
the tips of the active electrodes to gently touch the corneal 
apex. Place a small drop of contact gel onto the active elec-
trode tip to improve electrical contact and maintain corneal 
hydration. Avoid letting the lubricant make contact with both 
active and reference electrodes. Connect all leads.

	11.	Move the stimulus so that the eyes are in the plane of the 
Ganzfeld sphere. Close the faraday cage.

	12.	Allow at least 5 min for redark adaption, to let the eye recover 
full scotopic sensitivity after electrode placement.

	13.	Stimuli are delivered starting with the dimmest light level 
(−6.35 log cd·s/m2) and progressing to the brightest (2.07 
log cd·s/m2). Signal averaging may be needed to remove 
random noise arising from animal (breathing and other 
small in voluntary movements) and environment related 
sources of noise. Average enough signals for a signal to 
noise ratio of >5.

CRISPR/Cas Editing of the Retina
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	14.	Signals are acquired using a data acquisition system (ML785 
Powerlab 8SP) using Scope™ software with 2560 points at a 
4-kHz sampling rate with band-pass filter settings of 0.3–
1000 Hz (−3 dB).

	15.	 The very first electronegative component of the ERG waveform 
(the a-wave) in response to the brightest stimuli can be modelled 
using a delayed-Gaussian function (Fig. 3a), which describes the 
underlying P3 generated by the photoreceptors [14]. The maxi-
mal amplitude (designated RmP3) returned by this model reflects 
photoreceptor function (number of photoreceptors, outer seg-
ment length or density of nonspecific cationic channels). The sec-
ond and largest component of the ERG waveform (the b-wave) 
is the combination of the photoreceptoral and an ON bipolar cell 
component. Subtracting the delayed-Gaussian model from the 
raw ERG waveform reveals a putative ON bipolar cell response 
(P2). The amplitude of each P2 waveform can be plotted as a 
function of intensity and modeled with classical agonist-receptor 
characteristics using a hyperbolic curve [15]. This model returns 
a maximum amplitude, which provides an index of bipolar cell 
integrity. The small high frequency wavelets that overlie the P2 
leading edge, known as oscillatory potentials (OPs), can be iso-
lated from the P2 using a digital band-pass filter (50–180 Hz, 
−3 dB), to provide an index of amacrine cell derived inner retinal 
inhibitory pathways. Finally, the positive STR (pSTR), which can 
be measured near absolute light threshold is a good indicator of 
retinal ganglion cell function in rodents (Fig. 3a) [11].

	 1.	Place the animal in the mouse platform add a drop of ocular 
lubricant to smooth the corneal surface.

	 2.	For retinal imaging choose the mouse retinal lens and the 
“Mouse Porter”. Enter animal identification details. Choose 
the appropriate reference arm position for the mouse retina as 
directed by the manufacturer.

	 3.	Choose a scan pattern, for example 1.4 × 1.4 mm volume scan 
with a depth of 1.7 mm (1000 A-scans per B-scans, 200 hori-
zontal B-scans evenly spaced in the vertical dimension).

	 4.	Align the optical axis of the eye along the objective lens. Move 
the objective lens to within 10–15 mm from the eye.

	 5.	Choose “free run” which provides simultaneously a vertical 
B-scan along with an en-face image. Align the eye such that the 
region of interest (e.g., the optic nerve) is located at the center 
of the imaging area.

	 6.	Once the region of interest is centered, stop “free run” and 
choose “Aim”, which allows both vertical and horizontal 
B-scans through the center of the imaging area to be viewed at 
the same time. Adjust horizontal and vertical B-scan so that 
they are both straight. Acquire the volume.

3.5.2  Optical Coherence 
Tomography for Retinal 
Morphology Assessment
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	 7.	Image analysis can be undertaken via automated segmentation or 
manual segmentation. Manual segmentation by a masked 
observer can be undertaken using FIJI software (https://fiji.sc/). 
B-scans through the center of the optic nerve are analyzed by 
manually tracing the inner boundary of the retinal nerve fiber 
layer (inner limiting membrane), the outer boundary of the 

Fig. 3 Retinal function and morphology assessment. (a) Scotopic ERG response analysis. (b) Optical coherence 
tomography analysis

CRISPR/Cas Editing of the Retina
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retinal nerve fiber layer, the inner plexiform layer and Bruch’s 
membrane. From these boundaries Total retinal thickness 
(inner limit membrane to retinal pigment epithelium), retinal 
nerve fiber layer (RNFL; inner retinal surface to nerve fiber 
layer) and ganglion cell complex (GCC) thickness (inner reti-
nal surface to inner plexiform layer). Thicknesses across a 
region of 200–400 μm from the center of the optic nerve and 
from both nasal and temporal retina are averaged (Fig. 3b).

4  Notes

	 1.	 Genomic DNA extraction using the QuickExtract solution 
results in a crude genomic prep and is used for low starting cell 
numbers. If there are sufficient cell numbers after FACS sort-
ing the DNA mini kit (e.g., QIAamp) can be used instead to 
obtain purer genomic DNA extracts.

	 2.	 Do not allow cells to become overconfluent as the transfection 
ability will be compromised. If cells do become overconfluent, 
passage several times at a sub-confluent level before using for 
transfection.

	 3.	 Cells are very sensitive and fragile. Change medium on 4–5 
dishes at a time, and leave 1 mL of old medium on cells so they 
do not dry out. Remove and replace with 9 mL medium, very 
gently using 25 mL disposable pipette.

	 4.	 Precipitate should be very fine and solution should look like 
diluted milk.

	 5.	 If the dissection cannot be performed immediately after enu-
cleated, eyes should be fixed in 4% PFA for 1 h and then kept 
in PBS at 4 °C. It is highly recommended that the retina dis-
section should be performed as soon as possible after enucle-
ation, best within 3–5  days; otherwise the eyes generally 
become too soft to dissect well.

	 6.	 To achieve high-quality retinal images, it is essential to remove 
as much vitreous as possible without retinal damage.
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Chapter 10

AAV Gene Augmentation Therapy for CRB1-Associated 
Retinitis Pigmentosa

C. Henrique Alves and Jan Wijnholds

Abstract

Mutations in the CRB1 gene account for around 10,000 persons with Leber congenital amaurosis (LCA) 
and 70,000 persons with retinitis pigmentosa (RP) worldwide. Therefore, the CRB1 gene is a key target 
in the fight against blindness. A proof-of-concept for an adeno-associated virus (AAV)-mediated CRB2 
gene augmentation therapy for CRB1-RP was recently described. Preclinical studies using animal models 
such as knockout or mutant mice are crucial to obtain such proof-of-concept. In this chapter we describe 
a technique to deliver AAV vectors, into the murine retinas, via the subretinal route. We also present pro-
tocols to detect expression of the therapeutic protein by fluorescence immunohistochemistry and to per-
form histological studies using ultra-thin sections stained with toluidine blue. These techniques in 
combination with electroretinography and visual behavior tests are in principle sufficient to obtain proof-
of-concept for new gene therapies.

Key words Gene therapy, Adeno-associated virus (AAV), CRB2, Retinitis pigmentosa, Subretinal 
injection, Immunohistochemistry and eye histology

1  Introduction

Human gene therapy as a medicine, using adeno-associated virus 
(AAV) as a delivery system, became a reality in 2012 when Glybera® 
(alipogene tiparvovec) received a market approval from the 
European Medicines Agency (EMA) [1]. AAV gene therapy also 
holds great promise to treat retinal dystrophies proved by the great 
number of successful reports recently described in the literature, 
amongst them are potential treatments for: Leber congenital amau-
rosis type 2 (LCA2) (RPE65) [2], Choroideremia (CHM or REP-
1) [3], Achromatopsia (CNGA3) [4], wet age-related macular 
degeneration (AMD) (VEGFR1/FLT) [5], Leber hereditary optic 
neuropathy (LHON) (ND4) [6], and autosomal recessive retinitis 
pigmentosa (arRP) (MERTK) [7]. Most of these studies involved 
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gene transfer to a single cell type and short coding sequences (under 
4 kb) encoding enzymes, channels or secreted factors. Mutations in 
the Crumbs homologue-1 (CRB1) gene cause severe autosomal 
recessive retinal dystrophies such as LCA8 and RP12. These are the 
genetic cause of chronic and disabling vision disorders in approxi-
mately 80,000 patients worldwide [7–9].

The development of a gene therapy to CRB1-retinopathies 
seems more of a challenge compared to the genes previously men-
tioned due to its large cDNA (4.2 kb) which approaches the AAV 
packaging limit (~4.7–4.9 kb). The CRB1 gene encodes a large 
transmembrane protein, of 1402 amino acids, with a large extracel-
lular domain consisting of epidermal growth factor (EGF) and 
laminin-globular domains, a single transmembrane domain and a 
small intracellular C-terminus of 37 amino acids [10]. However, 
using vector optimizations such as a short promoter and synthetic 
polyadenylation sequence, and codon optimization it is possible to 
efficiently package human CRB1 cDNA in AAV vectors and to 
express CRB1 in vivo [11]. Another strategy to overcome the size 
limitation is to use the 3.85 kb codon-optimized CRB2 cDNA as 
replacement [12]. The CRB2 protein is highly similar to CRB1 in 
structure, although it has a shorter extracellular domain, and stud-
ies performed in mice suggest that in the retina it has similar func-
tions in maintenance of cell to cell adhesion [12–15]. In the retina, 
both CRB1 and CRB2 localize to the subapical region, above the 
adherens junctions at the outer limiting membrane. In human reti-
nas, CRB1 is located in Müller glial cells and cone and rod photo-
receptors, while CRB2 is localized at the subapical region in Müller 
glial cells but not photoreceptors [16–18]. In mice, the protein 
expression pattern is reversed [19]. Expressing the therapeutic vec-
tor in at least three different cell types requiring CRB function, 
Müller glial cells, rod and cone photoreceptors, also constitutes a 
challenge. This obstacle is overcome using an ubiquitous pro-
moter, that drives expression in the three cell types using a AAV 
capsid that is able to efficiently transduce all three cell types, as for 
example, AAV2/9 or AAV2/ShH10Y445F, when injected subreti-
nally [11, 12, 20, 21].

In this chapter we describe protocols to deliver AAV vectors 
into the mouse eye via the subretinal route and how to process the 
eyes in order to perform fluorescence immunohistochemistry and 
histological analysis in ultra-thin sections stained with toluidine 
blue. As example, we present AAV2/ShH10Y445F mediated expres-
sion of human CRB2 injected subretinally into the eye of a 
mouse lacking Crb2. CRB2 protein was detected by fluorescence 
immunohistochemistry in retinal frozen sections. Moreover, to 
demonstrate the potential of the histology protocol described in 
this chapter, we show, as example, light microscope images from 
control and Crb2 cKO retinas from 1- and 3-month-old mice.

C. Henrique Alves and Jan Wijnholds
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2  Materials

	 1.	Anesthesia mixture: 100 μL Ketamine, 25 μL Xylazine, 375 μL 
0.9% NaCl.

	 2.	0.9% NaCl in sterile H2O.
	 3.	1.5 mL microcentrifuge tube.
	 4.	1 mL syringe.
	 5.	25 G needle.

	 1.	Post-natal day 23 Crb2 conditional knockout mice crossed 
with Chx10-Cre transgenic mouse line (Crb2 cKO) and the 
respective controls (see Note 1).

	 1.	AAV2/ShH10Y455F-CMV-hCRB2 virus vector stock: >1010 
genomes copies/μL AAV2/ShH10Y455F-CMV-hCRB2.

	 2.	AAV2/ShH10Y455F-CMV-GFP virus vector stock: >1010 
genomes copies/μL AAV2/ShH10Y455F-CMV-GFP. The indi-
vidual purified virus concentrated stocks in PBS are stored at 
−80 °C (see Notes 2 and 3).

	 3.	Virus vector mix: 1  ×  1010 genomes copies/μL AAV2/
ShH10Y455F-CMV-hCRB2 containing 1 × 109 genomes copies/
μL AAV2/ShH10Y455F-CMV-GFP.

	 1.	Appropriate personal protective equipment: gloves, eyes safety 
goggles, lab coat, FFP2 respirator mask covering the mouth 
and nose.

	 2.	 Absorbent pads.
	 3.	 1% Fast green FCF solution.
	 4.	 0.1% Poloxamer-188.
	 5.	 Anesthesia.
	 6.	 5 μL model 75 RN Hamilton syringe and a custom made 34 

gauge needle (HAM7803-05-RN NEEDLE(33/10mm/4 
angle 40°)S.

	 7.	 Operating microscope.
	 8.	 Small #5 skin-forceps.
	 9.	 5 mg/mL Tropicamide.
	10.	 ViscoTears® polyacrylic acid eye gel carbomer.
	11.	 7–10 mm in diameter glass cover slips.
	12.	 10 mg/mL Chloramphenicol ointment.
	13.	 Cotton swab.
	14.	 Heating mat.

2.1  Anesthesia

2.2  Eye Injection

2.2.1  Mice

2.2.2  Viral Vectors

2.2.3  Solutions, 
Materials, and Supplies

Gene Therapy for Retinitis Pigmentosa
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	 1.	Yellow tissue marking dye.
	 2.	 Phosphate buffered saline (PBS): 2.6 mM KH2PO4, 26 mM 

Na2HPO4, 145 mM NaCl, pH 7.2.
	 3.	 4% Paraformaldehyde (PFA): 4% PFA in PBS.
	 4.	 15% Sucrose: 15% sucrose in PBS.
	 5.	 30% Sucrose: 30% sucrose in PBS.
	 6.	 Preincubation buffer: 1% Bovine serum albumin (BSA, frac-

tion V), 10% normal serum, 1% Triton X-100 solution in PBS 
(see Note 4).

	 7.	 Primary antibody incubation buffer: 1% BSA, 3% normal 
serum, 1% Triton X-100 solution in PBS (see Note 4).

	 8.	 Secondary antibody incubation buffer: 1% normal serum in 
PBS (see Note 4).

	 9.	 Aluminum foil.
	10.	 Normal goat serum.
	11.	 Rabbit anti-mouse CRB2 antibody.
	12.	 Cyanine Cy™3 labeled goat anti-rabbit IgG affinipure F(ab′)2, 

fragment (H+L).

	 1.	2 mL Microcentrifuge tubes.
	 2.	 Cryo-embedding media, Tissue-Tek® O.C.T. compound.
	 3.	 10 × 10 × 5 mm Cryomold® biopsy, square.
	 4.	 Dry ice.
	 5.	 Cryotome cryostat.
	 6.	 25 × 75 mm Microscope slides Superfrost® Plus.
	 7.	 Antibodies.
	 8.	 Vertical staining jar.
	 9.	 Humidified chamber.
	10.	 Orbital shaker.
	11.	 24 × 50 mm Glass coverslips.
	12.	 VECTASHIELD® hardSet antifade mounting medium with 

DAPI.
	13.	 Fluorescence or confocal laser scanning microscope.

	 1.	PBS.
	 2.	4% PFA: 4% PFA in PBS.
	 3.	30, 50, 70, 90, and 96% Ethanol.
	 4.	Technovit® 7100 embedding kit: 500 mL Glycol Methacrylate 

monomer, 5 × 0.6 g packs Hardener I, and 40 mL Hardener II.
	 5.	Technovit® 3040 powder, yellow.

2.3  Immuno-
histochemistry

2.3.1  Solutions

2.3.2  Materials 
and Supplies

2.4  Histology

2.4.1  Solutions
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	 6.	Technovit® universal liquid.
	 7.	Technovit infiltration solution (Technovit 1): 1 sachet 

Hardener I (1 g) with 100 mL Glycol Methacrylate monomer 
Technovit® 7100

	 8.	Technovit polymerization solution (Technovit 2): 15  mL 
Technovit 1 with 1 mL Hardener II, freshly prepared.

	 9.	0.5% Toluidine blue in H2O.

	 1.	2 mL microcentrifuge tubes.
	 2.	 Small glass recipient.
	 3.	 Histoblocs for histoform S.
	 4.	 10 × 16 × 6.5 mm Histoform S Teflon embedding form.
	 5.	 Microtome.
	 6.	 TC65 disposable tungsten carbide blades.
	 7.	 22 × 75 mm microscope slides.
	 8.	 Coplin staining jar.
	 9.	 Entellan® mounting medium.
	10.	 24 × 50 mm glass coverslips.
	11.	 Light microscope.

3  Methods

	 1.	Centrifuge the purified virus stock suspensions shortly and 
store the collecting tube on ice (see Note 5).

	 2.	Prepare the mix of 1  ×  1010 genomes copies/μL AAV2/
ShH10Y445F CMV-CRB2 containing 1 × 109 genomes copies/
μL AAV2/ShH10Y445F CMV-GFP from the virus stocks. The 
addition of AAV2/ShH10Y445F CMV-GFP will help to identify 
the injection area during fluorescence microscopy.

	 3.	Add fast green to the virus preparation at a final concentration 
of 0.1%, addition of the fast green will help to evaluate the suc-
cess and place of the injection (see Note 6).

	 1.	Weigh the mouse.
	 2.	Anesthetize the mouse by intraperitoneal injection of 5  μL 

anesthesia mixture per gram body weight. The final concentra-
tions of anesthetics will be 100 mg/kg Ketamine and 5 mg/kg 
Xylazine. The mouse will develop adequate anesthesia in 
approximately 5 min.

	 3.	For pupillary mydriasis apply tropicamide eye drops. The pupil 
is fully dilated within 2–3 min.

2.4.2  Materials 
and Supplies

3.1  Eye Injection

3.1.1  Preparation 
of the Virus

3.1.2  Anesthesia 
and Preparation of Mice
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Subretinal injection is performed under direct visualization using 
an operating microscope.

	 1.	 Wash the needle and the syringe with PBS containing 0.001% 
Poloxamer-188, to prevent AAV aggregation.

	 2.	 Fill the syringe with 1 μL vector suspension. Prime the needle 
in order to remove any air bubbles (see Note 7).

	 3.	 Place the mouse over an absorbent pad and position the ani-
mal with its nose pointing to the right size of the surgeon and 
its eye facing up toward the ring light and the microscope over 
a heating map.

	 4.	 Fixing the eye holding the tunica conjunctiva with forceps, in 
order to pop the eye up.

	 5.	 Add gel carbomer on the cornea and cover it with a glass cov-
erslip (Fig. 1).

	 6.	 Place the needle at the inferior site of the ora serrata. The tip 
of the needle should be positioned with the aperture turned 
down (Fig. 1).

	 7.	 Advance the needle ab externo transsclerally into the subretinal 
space. Penetrate slowly the retina until the tip of the needle is 
visible underneath of it.

3.1.3  Subretinal Injection

Fig. 1 Schematic representation of the subretinal injection. Technical setup for the intraocular injection. Using 
an operating microscope and under illumination the fundus is visualized by means of a glass coverslip over a 
drop of hydrogel on the cornea (a). Subretinal injections are performed transsclerally. A anterior, P posterior. 
The needle is placed in the subretinal space, when a certain volume, of a virus preparations, is injected the 
retina will detach from the retinal pigment epithelium (RPE) creating a bleb. The virus will then be in contact 
with photoreceptors (cones and rods), RPE, and Müller glial cells (b). INL inner nuclear layer, OLM outer limiting 
membrane, ONL outer nuclear layer, RPE retinal pigment epithelium
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	 8.	 Slowly inject 1 μL of the fluid subretinally, a green bleb under 
the retina will appear once the injection is placed correctly.

	 9.	 To reduce outflow keep the needle in place for a few seconds, 
and then withdraw it slowly.

	10.	 Clean the eye with a small cotton swab and apply chloram-
phenicol ointment to the cornea to prevent drying eyes.

	11.	 Rinse the needle three times with PBS containing 0.001% 
Poloxamer-188, followed by three times with sterile water. 
Disassemble the syringe/needle and let it dry.

	12.	 Keep the animals on a heating map until they are fully recov-
ered from the anesthesia.

	13.	 Take notes about the injection site, bleb formation and as well 
as any side effects.

The analysis of the therapeutic protein expression can be per-
formed by fluorescence immunohistochemistry in frozen sections. 
Please note, that the time required to obtain high levels of expres-
sion of the transgene depends on the transgene itself and on the 
AAV capsid used. In this particular example we analyzed the CRB2 
expression 2 months after injection of 1010 genome copies per μL 
of ShH10Y445F-CMV-CRB2 into the subretinal space of mouse 
retinas lacking CRB2.

	 1.	Euthanize the mouse.
	 2.	 Mark the top dorsal part of the eye by placing a small drop of 

yellow tissue marking dye on the sclera and let it dry for a few 
seconds.

	 3.	 Enucleate the eye with a small curved end scissor.
	 4.	 Fixation: place the eye in a 2 mL microcentrifuge tube with 

approximately 1.5 mL of 4% PFA for 20 min at room tempera-
ture (~20 °C) (see Note 8).

	 5.	 Wash the eye shortly in PBS.
	 6.	 Sucrose embedding: incubate the eye in 15% sucrose for 

30 min.
	 7.	 Incubate the eye in 30% sucrose for approximately 60  min 

(until the eye has sunk).
	 8.	 Blocking: orientate the eye by placing the top dorsal part, 

marked previously, of the eye facing the top of the cryomold 
and the cornea the left size (Fig. 2).

	 9.	 Cover the eye with cryo-embedding media and freeze it by 
placing the cryomold over dry ice until the tissue is frozen 
completely.

	10.	 Wrap in aluminium foil and store at −80 °C until ready for 
sectioning.

3.2  Immuno-
histochemistry

3.2.1  Tissue Processing
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	11.	 Sectioning: transfer the frozen tissue block to a cryotome 
cryostat (e.g., −20 °C) prior to sectioning and allow the tem-
perature of the frozen tissue block to equilibrate to the tem-
perature of the cryotome cryostat.

	12.	 Orientate the tissue block in a way that the cornea is perpen-
dicular to the knife, to reduce the contact area between knife 
and lens. Beware of the dorsal-ventral orientation of the 
sections.

	13.	 Section the frozen tissue block into a desired thickness (typi-
cally 7–10 μm) using a cryotome (see Note 9).

	14.	 Place the tissue sections onto glass slides.
	15.	 Air-dry the sections for at least 1 h.
	16.	 Store the sections at −80 °C until needed.

	 1.	Thaw the sections for 30 min at room temperature.
	 2.	 Rehydrations: incubate the slides in PBS for 20  min. Once 

rehydrated do not to let the sections dry.

3.2.2  Immuno-
histochemistry (See Note 
10)

Fig. 2 Schematic representation of the correct orientation of the eye during the embedding in cryomold (a) or 
in the histoform (b). Schematic representation of the blocking procedure (c–f). Photography of a Technovit 
block (g). Schematic representation of the orientation of the eye relatively to the cryotome knife (h). The lens 
should face perpendicular to the knife. ON optic nerve
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	 3.	 Prepare the preincubation and primary antibody incubation 
buffers needed during this incubation period (see Note 11).

	 4.	 Blocking: incubate the sections in a humid chamber with 
~150 μL of preincubation buffer per slide for 1  h at room 
temperature. Once the secondary antibody used in this exam-
ple was raised in goat we use normal goat serum.

	 5.	 Remove the preincubation buffer by passing the slides by PBS.
	 6.	 Primary antibody incubation: dilute the primary antibody to 

the desired concentration in the primary antibody incubation 
buffer and add ~150 μL to each slide (see Note 12). In this 
example we use an home-made rabbit anti-mouse CRB2 
antibody (1/1000, EP13[17]).

	 7.	 Incubate the slides with the first antibody for 16 h at 4 °C (see 
Note 13).

	 8.	 Washing: wash the sections three times 10 min each in PBS 
with gentle shaking.

	 9.	 Secondary antibody incubation: add the fluorophore-
conjugated secondary antibody, with specificity against the 
primary antibody, to the secondary antibody incubation buffer 
and incubate for 1 h, in the dark, at room temperature (see 
Note 14). In this particular example we used a Cyanine Cy™3 
goat anti-rabbit IgG (1/500).

	10.	 Washing: wash the sections two times 10 min each in PBS with 
gentle shaking.

	11.	 Remove the excess of fluid and add a drop mounting medium 
and cover with a coverslip.

	12.	 Visualize the staining under a fluorescence or a confocal laser 
scanning microscope (Fig. 3).

Immunohistochemistry followed by fluorescence or confocal 
microscopy is a useful method to study protein expression and 
localization in tissues after transduction with a gene therapy viral 
vector. As a standard method we perform three colors microscopy 
using DAPI as a counter-staining of the nuclei, GFP-
autofluorescence or Alexa Fluor®488 or Cy™2  in combination 
with Alexa Fluor®555 or Cy™3. Before performing immunohisto-
chemistry we used fluorescence microscopy to fast access the qual-
ity of the cryo-sections or GFP-expression by simply rehydrating 
the cryo-sections and mounting the slides with a mounting medium 
containing DAPI. Thereafter, immunohistochemistry and confocal 
microscopy are performed. This last one offers several advantages 
over conventional optical microscopy, including controllable depth 
of field, the elimination of image degrading out-of-focus informa-
tion, and the ability to collect serial optical sections from thick 
specimens. Hereby, we described a simple protocol to perform 
confocal imaging.

3.3  Confocal 
Microscopy
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We perform confocal microscopy using a Leica SP8 micro-
scope with hybrid detectors (HyD), using the LAS AF software. As 
standard procedure we perform 3-colors sequential image record-
ing using the between frames method.

	 1.	 Turn on the lasers: access the “Configuration” mode by click-
ing the Laser icon, activate the necessary lasers: UV-405 nm, 
visible-488  nm and -552  nm by clicking on their on/off 
button.

	 2.	 Select the appropriate beam splitter, or use autoselect.
	 3.	 If not in place, select 40× (oil) objective (see Note 15).
	 4.	 Set Parameters in “Acquisition” Mode: Format, or number of 

pixels in the scan area by selecting XYZ Format to the desired 
scan format (1024 × 1024 pixels).

	 5.	 Set scan Speed to 200 Hz.
	 6.	 Set the Pinhole to 1 Airy Unit.

Fig. 3 Efficient expression of human CRB2 after AAV-CRB2 injection in Crb2 cKO 
retinas. Endogenous mouse CRB2 expressed at the subapical region in wild type 
retinas (a) and did not express in Crb2 cKO retinas (b). After 2 months post-injection 
in Crb2 cKO retinas of 1010 genome copies of subretinally AAV2/ShH10Y445F-CMV-
CRB2 (targeting photoreceptors, Müller glial cells, and RPE) (c, d) in addition to 109 
genome copies of the GFP virus. CRB2 protein was detected at the subapical region 
and in the apical membrane of RPE cells. Crb2 cKO retinas displayed Cre-GFP 
positive bipolar cells due to the Chx10 promoter. INL inner nuclear layer, ONL outer 
nuclear layer, RPE retinal pigment epithelium. Scale bar: 10 μm
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	 7.	 Averaging six lines to remove noise from high gain settings 
(see Note 16).

	 8.	 Set Zoom to 1.
	 9.	 Set the sequential acquisition: Click SEQ in the “Acquisition” 

Mode to open the Sequential Scan control window.
	10.	 Click twice Plus in the “Sequential Scan” control window to 

add another two sequences.
	11.	 For Scan1 set all laser powers to zero except the 552 nm laser, 

turn on the HyD detectors by clicking ON. Select the fluoro-
chrome Alexa 555 to see the emission spectrum.

	12.	 For Scan2 set all laser powers to zero except the 488 nm laser, 
turn on the HyD detectors by clicking ON. Select the fluoro-
chrome Alexa 488 to see the emission spectrum.

	13.	 For Scan3 set all laser powers to zero except the 405 nm laser, 
turn on the HyD detectors by clicking ON. Select the fluoro-
chrome DAPI to see the emission spectrum.

	14.	 Define the emission wavelength range to be collected by mov-
ing the sliders (gates). Do not overlap detector range with 
active laser line; minimal distance 8–10 nm.

	15.	 Select “Switching” mode to switch between frames.
	16.	 Using the “Live scanning” mode, adjust focus.
	17.	 Adjust the detector gain and the offset values as well as the 

intensity of the excitation wavelengths. Move emission-bar 
underneath emission spectrum (at least 10  nm right of the 
laser line). Open up laser power a few %. Set gain to 10% 
(minimum level).

	18.	 Use QLUT to judge over/under exposition.
	19.	 Rotate the scan field in order to have the images in the same 

orientation; this can be achieved by use the slider, numerical 
factor, or control panel knob.

	20.	 Stop the Live scan.
	21.	 Click Start to start the sequential scan.
	22.	 With the buttons Load and Save in the Sequential Scan dialog, 

you can load a previously saved sequential scan setting or save 
the current setting.

While frozen sections are of advantage to perform fluorescence 
immunohistochemistry the same does not hold for histological 
studies, due to the physical process of freezing and cryo-sectioning 
it might be difficult to obtain consecutive high quality sections that 
allow to analyze the retinal structure in detail. We recommend to 
use instead ultra-thin sections of eyes embedded in glycol methac-
rylate (Technovit®) stained with toluidine blue, a basic thiazine 

3.4  Histology

Gene Therapy for Retinitis Pigmentosa



146

metachromatic dye with high affinity for acidic tissue components. 
Using this protocol it is possible to obtain consecutive sections as 
thin as 1 μm. Thinner sections provide improved detail. Also, the 
matrix provides good support to cellular components, offering 
improved morphology.

	 1.	Euthanize the mouse.
	 2.	 Mark the top dorsal part of the eye by placing a small drop of 

yellow marking dye and let it dry for a few seconds.
	 3.	 Enucleate the eye with a small curved end scissor.
	 4.	 Place the eye in a 2 mL microcentrifuge tube with approxi-

mately 1.5 mL 4% PFA for 20 min at room temperature.
	 5.	 Wash the eye shortly in PBS.
	 6.	 Dehydration: incubating the eye in 30% ethanol for 30 min at 

room temperature.
	 7.	 50% ethanol for 30 min.
	 8.	 70% ethanol for 30 min.
	 9.	 90% ethanol for 30 min.
	10.	 90% ethanol for 30 min.
	11.	 96% ethanol for 30 min.
	12.	 96% ethanol for 30 min.
	13.	 Transfer the eye to a small glass recipient.
	14.	 Preinfiltration: prepare the final concentration of the dehydra-

tion series in equal parts with basic solution Technovit® 7100 
(e.g., 2 mL 96% ethanol:2 mL of Technovit® 7100 basic solu-
tion), incubate the eye 30 min at room temperature.

	15.	Prepare Technovit infiltration solution (Technovit 1) by 
dissolving 1 sachet containing 1 g of Hardener I in 100 mL 
Technovit® 7100 in a clean (detergent-free) glass or polyethyl-
ene container for approximately 10 min (see Note 17).

	16.	 Infiltrate the specimens with Technovit 1 for 16 h at room 
temperature in 3–4 mL of the infiltration solution.

	17.	 Polymerization: prepare fresh Technovit polymerization 
solution (Technovit 2) by mixing 15  mL Technovit 1 with 
1 mL Hardener II.

	18.	 Fill the histoform embedding form cavities halfway with the 
Technovit 2 polymerization solution using a disposable 
pipette, position the prepared specimen therein and fill the 
form (warning: only the cavity, not the entire recess). Let 
polymerize for 2 h at room temperature. The slightly sticky 
surface (inhibition layer) can be removed with a lint-free 
disposable cloth.

3.4.1  Eye Processing
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	19.	 Orientate the eye by placing the top dorsal part, marked previ-
ously, of the eye facing the top of the histoform and the cornea 
the left size (Fig. 2c).

	20.	 Blocking and archiving: once the Technovit 2 has hardened, 
place the histobloc support element in the opening in the 
Teflon embedding form.

	21.	 Mix the Technovit® 3040 powder to Technovit® universal 
liquid until it is as viscous as possible (mixing ratio 2–3 
volumetric parts of powder to 1 volumetric share of liquid). 
Pour the mixed material into the opening in the histobloc 
(Fig. 2d–f).

	22.	 Wait for 5–10 min till the Technovit hardens and the histobloc 
tightly binds to the specimen.

	23.	 Remove the block with the specimen from the Teflon mold.

	 1.	Tightly clamp the blocks in the totem cam devices on the rota-
tion microtome.

	 2.	Cut thin sections, 1–3 μm thick.
	 3.	Using forceps collect every fifth section, so the sections are 5 

or 15 μm apart of each other.
	 4.	Place section floating in distilled water on a microscope slide. 

Let dry for 16 h at 60 °C.
	 5.	Place the de-plasticized sections in the 0.5% toluidine blue 

stain solution for 15–30  s. A 1 μm-section must be stained 
longer than a 5 μm section for the desired stain intensity.

	 6.	Wash the slides under abundant tap water and let dry again for 
several hours at 60 °C until completely dried.

	 7.	Mount the slides using Entellan® mounting medium, and let 
them dry for several hours.

	 8.	Visualize the staining under a light microscope (Fig. 4).

4  Notes

	 1.	 In Crb2 cKO mice, CRB2 is ablated from progenitor cells 
[15], in these mice Chx10-Cre is fused to GFP. In adult mice 
Cre-GFP protein expression is detected in bipolar cells.

	 2.	 The addition of Poloxamer-188 solution at a final concentration 
of 0.001% to the viral preparation will decrease aggregation of 
the virus and prevent sticking of the virus to plastics and to the 
needle/syringe, preventing the loss of viral particles during 
preparation and injection. Moreover, pipette tips and syringe/
needle should be rinsed with 0.001% Poloxamer-188 in PBS 
before pipetting the virus.

3.4.2  Sectioning 
and Toluidine Blue Staining

Gene Therapy for Retinitis Pigmentosa



148

	 3.	 The pAAV2-GFP plasmids consist of the flanking inverted 
terminal repeats (ITRs) of AAV2, the full-length CMV pro-
moter, the eGFP cDNA, the woodchuck post-transcriptional 
regulatory element and the SV40 polyadenylation sequence. 
The pAAV2- CRB2 plasmids consist of the flanking ITRs of 
AAV2, full-length CMV driving expression of the human 
codon optimized CRB2 cDNA, with or without a synthetic 
and short intron sequence and a 48 bp synthetic polyadenyl-
ation sequence [12].

	 4.	 Prepare always fresh solutions. A 20% BSA solution can be 
prepared, aliquoted and stored at −20 °C.

	 5.	 Centrifuge the purified virus suspension shortly and store the 
collecting tube on ice.

	 6.	 The addition of fast green to the virus preparation will allow 
to visualize the injection place, if subretinal the dye will be 
confined in the bleb, however if intravitreal the entire vitreous 
cavity will become green.

	 7.	 The syringe filling with AAV should be performed inside of a 
biosafety cabinet class 2. Prime the needle/syringe in order to 
remove any air bubble in the solution.

	 8.	 The time of fixation for 20 min with 4% PFA is critical for 
some antibody staining’s. In a comparison of wild type against 
Crb1 knockout retinas lacking CRB1, excessive fixation caused 
unspecific staining of cones by anti-CRB1, whereas antigen 
retrieval caused unspecific staining at the outer limiting 
membrane in Crb1 knockout retinas.

	 9.	 Use an angle of 6°. The suggested cryostat temperature is 
between −18 and −21 °C. The section will curl if the speci-
men is too cold. If it is too warm, it will stick to the knife. 
The integrity of the anti-roll glass is important to have high 
quality sections.

	10.	 Carry out incubations in a humidified chamber to avoid tissue 
drying out, which will lead to nonspecific binding and high 
background staining. A shallow plastic box with a sealed lid 
and wet tissue paper in the bottom is an adequate chamber. 
Keep slides off the paper and lay flat so that the reagents do 
not drain off.

	11.	 The secondary antibody may cross react with endogenous 
immunoglobulins in the tissue. Minimize this by pretreating 
the tissue with normal serum from the species in which the 
secondary was raised. The use of normal serum before the 
application of the primary also eliminates Fc receptor binding 
of both the primary and secondary antibody. BSA is included 
to reduce nonspecific binding caused by hydrophobic 
interactions.
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	12.	 Dilute the primary antibody to the manufacturer’s recommen-
dations or to a previously optimized dilution.

	13.	 Appropriate controls are critical for the accurate interpretation 
of results. A negative control should be included using the 
incubation buffer with no primary antibody to identify non-
specific staining of the secondary reagents. Additional controls 
can be employed to support the specificity of staining gener-
ated by the primary antibody. These include absorption con-
trols, isotype matched controls, tissue type controls. In this 
particular case the use of a knockout (negative control) and a 
wildtype retina (positive control) is very useful to test the spec-
ificity of the staining. Note, that degenerating retinas normally 
present higher fluorescence background.

	14.	 To perform multicolor immunohistochemistry we recom-
mend the use of Alexa Fluor®488 or Cy™2  in combination 
with Alexa Fluor®555 or Cy™3 conjugated to the secondary 
antibodies. This combination allows a good separation of the 
excitation emission spectrum. It is also possible to combine 
the previous two antibodies with others, e.g., Alexa Fluor®649 
or Cy™5.

Fig. 4 Loss of CRB2 results in retinal disorganization. Toluidine-stained light 
microscope pictures, of retina sections, from the control (a, c) and from the Crb2 
cKO (b, d) at different ages: (a, b) 1 M; (c, d) 3 M. Control retinas showed no 
abnormalities. Crb2 cKO showed progressive loss of photoreceptors and disrup-
tions of the outer limiting membrane. Scale bar: 20 μm. GCL ganglion cell layer, 
INL inner nuclear layer, ONL outer nuclear layer, RPE retinal pigment epithelium
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	15.	 If more detail is need a 63× objective can be used if available, 
however the software also offers the possibility to perform 
digital zoom, in our case digital zoom of 2× works well and 
avoids the need to change the objective.

	16.	 The accumulation sums up the intensities of several passes and 
may lead to saturation of the data space.

	17.	 When sealed, the Technovit 1 infiltration solution is stable for 
a maximum of 4 weeks at 4 °C.
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Chapter 11

Dual AAV Vectors for Stargardt Disease

Ivana Trapani

Abstract

Stargardt disease (STGD1), due to mutations in the large ABCA4 gene, is the most common inherited 
macular degeneration in humans. Attempts at developing gene therapy approaches for treatment of 
STGD1 are currently ongoing. Among all the vectors available for gene therapy of inherited retinal dis-
eases, those based on adeno-associated viruses (AAV) are the most promising given the efficacy shown in 
various animal models and their excellent safety profile in humans, as confirmed in many ongoing clinical 
trials. However, one of the main obstacles for the use of AAV is their limited effective packaging capacity 
of about 5  kb. Taking advantage of the AAV genome’s ability to concatemerize, others and we have 
recently developed dual AAV vectors to overcome this limit. We tested dual AAV vectors for ABCA4 deliv-
ery, and found that they transduce efficiently both mouse and pig photoreceptors, and rescue the Abca4−/− 
mouse retinal phenotype, indicating their potential for gene therapy of STGD1. This chapter details how 
we designed dual AAV vectors for the delivery of the ABCA4 gene and describes the techniques that can 
be explored to evaluate dual AAV transduction efficiency in vitro and in the retina, and their efficacy in the 
mouse model of STGD1.

Key words Stargardt disease, Gene therapy, AAV vectors, Dual AAV hybrid, Dual AAV 
trans-splicing

1  Introduction

Stargardt disease (STGD1; MIM#248200), the most common 
autosomal recessive early-onset macular degeneration in humans 
[1], is caused by mutations in ABCA4 [coding sequence (CDS): 
6822  bp], which encodes the photoreceptor (PR)-specific all-
trans-retinal transporter [1, 2]. In the absence of a functional 
ABCA4 protein, vitamin A aldehyde forms bis-retinoid adducts 
that are deposited in retinal pigment epithelial (RPE) cells during 
the process of disc shedding and phagocytosis. Consequently, 
abnormally high levels of lipofuscin pigments accumulate in the 
RPE, triggering RPE-cell death and causing secondary PR degen-
eration [1]. This event leads to the rapid and progressive loss of 
central vision, color vision, and discriminate fine vision experienced 
by STGD1 patients.
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Direct gene replacement represents an attractive therapeutic 
option for treatment of an autosomal recessive disease as STGD1, 
since delivering a wild-type functioning copy of the ABCA4 gene 
to diseased PR would theoretically result in restoration of visual 
function. However, the identification of an efficient vector for the 
delivery of the ABCA4 gene to the retina has been hampered by 
both the large size of the ABCA4 CDS and the localization of the 
ABCA4 protein to the PR cell layer that requires the use of vectors 
able to transduce this specific layer. Indeed, while the ability of vec-
tors with high packaging capacity, such as lentiviruses (LV), adeno-
viruses (Ad), and nonviral vectors, to efficiently transduce adult PR 
remains controversial [3, 4], vectors based on adeno-associated 
viruses (AAV), which have higher PR transduction capability and 
have been successfully used in various human trials for ocular dis-
eases [3, 5, 6], have a canonical packaging capacity of about 4.7 kb 
[7, 8] and therefore would not be able to package the large ABCA4 
CDS.  Others and we, however, have recently shown that AAV 
packaging capacity can be successfully expanded, in order to deliver 
large genes (i.e., genes with a CDS larger than 5 kb) to the retina, 
through the use of dual AAV vectors [9–12]. This approach relies 
on the use of two separate (dual) AAV vectors, each one carrying a 
half of a large gene. Upon coinfection of the target cell from both 
vectors, the two halves will be reconstituted because of the ability 
of AAV genomes to concatamerize via intermolecular recombina-
tion. Various dual AAV strategies have been described (referred to 
as trans-splicing, overlapping and hybrid dual vector strategies; 
Fig. 1) and have been used to efficiently deliver large genes to dif-
ferent tissues [13–15]. In the trans-splicing approach, the 5′-half 
vector has a splice donor (SD) signal at the 3′ end, while the 3′-half 
vector carries a splice acceptor (SA) signal at the 5′end that allow 
trans-splicing of a single large mRNA molecule following tail-to-
head concatemerization of the two AAV [13]. In the overlapping 
approach, the dual AAV genomes share overlapping sequences, 
thus the reconstitution of the large gene expression cassette relies 
on homologous recombination [14]. The third dual AAV approach 
(hybrid) is a combination of the two previous approaches and it is 
based on the addition of a highly recombinogenic exogenous 
sequence (recombinogenic region or RR) to the trans-splicing vec-
tors, in order to increase their recombination efficiency [15–17]. 
This recombinogenic sequence is placed downstream of the SD 
signal in the 5′-half vector and upstream of the SA signal in the 
3′-half vector, so that, after recombination, it is spliced out from 
the mature RNA. The recombinogenic sequences used so far in 
order to induce the recombination between dual AAV hybrid vec-
tors derive either from a region of the alkaline phosphatase gene 
(AP) [15, 17] or from the phage F1 genome (AK) [16]. We have 
compared dual AAV strategies side-by-side in the mouse and pig 
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retina and have found that dual AAV trans-splicing and hybrid AK 
vectors transduce efficiently PR and reduce lipofuscin accumula-
tion in Abca4−/− mice [9, 12]. Thus, they can be explored for 
treatment of STGD1 disease.

Here, the rationale behind the cloning strategies we used to 
generate dual AAV vectors is described as well as the techniques 
that can be used to assess dual AAV efficiency in vitro and in vivo, 
both in the mouse and pig retina.

2  Materials

	 1.	 Plasmid pZac2.1-CMV-hABCA4-SV40: The plasmid (Fig.  2) 
has been generated using as backbone the pZac2.1 plasmid, a 
kind gift of Dr. James M.  Wilson (Department of Medicine, 
Perelman School of Medicine, University of Pennsylvania). It 
includes: inverted terminal repeats (ITR) from AAV serotype 2; 
the Cytomegalovirus (CMV) immediate-early enhancer/promoter 
region followed by a chimeric intron (U47119.2 bp 857–989) 
composed of the 5′-donor site from the first intron of the human 
β-globin gene and the branch and 3′-acceptor site from the intron 
that is between the leader and the body of an immunoglobulin 
gene heavy chain variable region; the full-length human ABCA4 
(hABCA4) CDS (NM_000350.2, bp 105–6926), with a 3×flag 

2.1  Generation 
of Dual AAV Construct

Prom CDS 5’ SD

SA pA

ITR

CDS 3’

ITR

ITR ITR

Prom CDS 5’ SD RR

SA pARR
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CDS 3’
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ITR ITR

Prom CDS 5’

pA

ITR

CDS 3’

ITR

ITR ITR

OVERLAPPING

TRANS-SPLICING

HYBRID

Fig. 1 Schematic representation of dual AAV vector strategies. ITR: inverted terminal repeats, Prom promoter, 
CDS coding sequence, SD splicing donor signal, SA splicing acceptor signal, RR recombinogenic region, pA 
polyadenylation signal. Pointed lines show overlapping regions available for homologous recombination, 
dashed lines show the splicing occurring between SD and SA
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tag at the 3′end before the stop codon; the SV40 polyadenylation 
signal.

	 2.	 Plasmid pAAV2.1 [18], used as DNA template for the ampli-
fication of the AK sequence.

	 3.	 Mutagenesis primer 1: primer 5′-GGAGCTGGGAAAACC 
A C C A C C T T C A A T T G A G G A A C C C C T A G T G 
ATGGAGTTGG-3′ of which the first half aligns to the end of 
exon 19, and the second half to the 3′ITR of plasmid pZac2.1-
CMV-hABCA4-SV40. Additionally, the MfeI restriction site is 
included in the middle of the primer (underlined sequence), in 
order to allow further cloning of the SD and AK region in the 
plasmid generated after mutagenesis.

	 4.	 Mutagenesis primer 2: primer 
5 ′-CCAACTCCATCACTAGGGGTTCCTCAATTG 
AAGGTGGTGGTTTTCCCAGCTCC-3′, reverse comple-
mentary of mutagenesis primer 1.

	 5.	 Mutagenesis primer 3: plus strand primer 
5′-CCAACTCCATCACTAGGGGTTCCTGGATCCGTC 
CATCCTGACGGGTCTGTTGC-3′ of which the first half 
aligns to the 5′ITR and the second half to the beginning of exon 
20 of plasmid pZac2.1-CMV-hABCA4-SV40. Additionally, a 
BamHI restriction site is included in the middle of the primer 
(underlined sequence) in order to allow further cloning of the 
SA and AK region.

CMV

pZac2.1 - CMV - hABCA4 - SV40
exon 19-20 junc�on

FseI

NdeI

Fig. 2 Schematic representation of pZac2.1-CMV-hABCA4-SV40. ITR inverted terminal repeats, CMV cyto-
megalovirus immediate-early enhancer/promoter, hABCA4 human ABCA4 coding sequence, 3×flag 3×flag 
tag, SV40 polyadenylation signal, F1 Ori phage F1 replication origin, AmpR ampicillin resistance
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	 6.	 Mutagenesis primer 4: primer 5′-GCAACAGACCCGTCAGG 
ATGGACGGATCCAGGAACCCCTAGTGATGGAG 
TTGG-3′, reverse complementary of mutagenesis primer 3.

	 7.	 Forward hABCA4 primer 1: primer 
5′-ACGGAGGATCCAGAGCACCCAG-3′ annealing to a 
region of the hABCA4 CDS upstream of the FseI restriction 
site. The FseI site is used for further cloning of the PCR prod-
uct into the vector backbone.

	 8.	 Reverse hABCA4 primer 2: primer 5′-AGAAACGCAAGAGTC 
T T C T C T G T C T C G A C A A G C C C A G T T T C TAT T 
G G T C T C C T T A A A C C T G T C T T G T A A C C T T 
GATACTTACAAGGTGGTGGTTTTCCCAGCTCC-3′ 
annealing to the end of exon 19 and carrying a 5′tail which 
includes the SD (underlined sequence).

	 9.	 Forward AK primer 3: primer 5′-GTAAGTATCAAGGTTACA 
AGACAGGTTTAAGGAGACCAATAGAAACTGGGC 
T T G T C G A G A C A G A G A A G A C T C T T G C G T 
TTCTGGGATTTTTCCGATTTCGGC-3′ annealing to the 
AK region and carrying a 5′ tail, which includes the SD 
(underlined sequence).

	10.	 Reverse AK primer 4: primer 
5′-CAATTGGAAAGATGCCACCTGAAATTATAAACG-3′ 
annealing to the end of the 32-bp long region which follows 
the AK sequence and carrying a 5′ tail which includes the MfeI 
restriction site (underlined sequence). The MfeI site is used 
for further cloning of the PCR product into the vector 
backbone.

	11.	 Forward AK primer 5: primer 
5′-GGATCCGGGATTTTTCCGATTTCGGC-3′ annealing 
to the AK region and carrying a tail that includes the BamHI 
restriction site (underlined sequence). The BamHI site is used 
for further cloning of the PCR product into the vector 
backbone.

	12.	 Reverse AK primer 6: primer 5′-CTGTGGAGAGAAAGGCAAA 
G T G G A T G T C A G T A A G A C C A A T A G G T G 
CCTATCGAAAGATGCCACCTGAAATTATAAACG-3′ 
annealing to the end of the 32-bp long region which follows 
the AK sequence and carrying a tail, which includes the SA 
(underlined sequence).

	13.	 Forward hABCA4 primer 7: primer 
5′-GATAGGCACCTATTGGTCTTACTGACATCCACT 
T T G C C T T T C T C T C C A C A G G T C C A T C C T 
GACGGGTCTGTTGC-3′ annealing to the beginning of 
exon 20 and carrying a tail, which includes the SA (underlined 
sequence).

Dual AAV Vectors for Stargardt Disease
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	14.	 Reverse hABCA4 primer 8: primer 
5′-AAGGTCAGCCAGCGTCTCCTCC-3′ annealing to a 
region of the hABCA4 CDS after the NdeI restriction site. 
The NdeI site is used for further cloning of the PCR product 
into the vector backbone.

	15.	 Reverse SD primer 9: primer 
5′-CAATTGAGAAACGCAAGAGTCTTCTCTGTCTC-3′ 
annealing to the end of the SD and carrying a tail, which 
includes the MfeI restriction site (underlined sequence). The 
MfeI site is used for further cloning of the PCR product into 
the vector backbone.

	16.	 Forward SA primer 10: primer 
5′-GGATCCGATAGGCACCTATTGGTCTTACTGACA-3′ 
annealing to the beginning of the SA and carrying a tail, which 
includes the BamHI restriction site (underlined sequence). 
The BamHI site is used for further cloning of the PCR prod-
uct into the vector backbone.

	17.	 QuickChange II XL Site-Directed Mutagenesis Kit (Agilent 
Technologies).

	18.	 dNTPs mix.
	19.	 10× Pfu buffer.
	20.	 Pfu DNA Polymerase.
	21.	 Taq DNA Polymerase.
	22.	 TOPO-TA cloning kit (Thermo Fisher Scientific).
	23.	 One shot TOP10 chemically competent E. coli cells (e.g., from 

Thermo Fisher Scientific).
	24.	 Restriction enzymes: FseI, MfeI, BamHI, NdeI.
	25.	 10× T4 DNA Ligase Buffer.
	26.	 T4 DNA Ligase.
	27.	 15 mL conical centrifuge tubes.
	28.	 Plasmid miniprep kit.
	29.	 LB medium: 10 g tryptone, 5 g yeast extract, 10 g NaCl per 

liter. Sterilize by autoclaving. Once the LB medium is at room 
temperature, supplement with the appropriate antibiotic.

	1.	 pΔF6 helper plasmid, which contains the adenovirus E2A, E4, 
and VA RNA helper genes [19].

	2.	 6-well plates.
	3.	 50 mL polypropylene tubes.
	4.	 1.5 mL centrifugation tubes.
	5.	 0.3 M CaCl2. Sterilize by using 0.22 μm filter.
	6.	 2× Hepes Buffered Saline (2× HBS): 50 mM HEPES, 280 mM 

NaCl, 1.5 mM Na2HPO4. Dissolve in H2O. Adjust pH to 7.1. 
Sterilize by using 0.22 μm filter (see Note 1).

2.2  Evaluation 
of Transduction 
Efficiency in HEK293 
Cells
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	7.	 DMEM growing medium: Dulbecco’s modified Eagle’s 
medium (DMEM) with sodium pyruvate, l-glutamine and 
high glucose, supplemented with 10% fetal bovine serum and 
antibiotics/antimycotic (100  U/mL Penicillin, 100 μg/mL 
Streptomycin, 0.25 μg/mL Amphotericin B).

	8.	 Serum-free DMEM: DMEM with pyruvate, l-glutamine, and 
high glucose, without serum and without antibiotics/
antimycotic.

	1.	 1.5 mL centrifugation tubes.
	2.	 Protein assay kit.
	3.	 Bucket with ice.
	4.	 Liquid nitrogen or dry ice ethanol slurry to freeze cell lysates.
	5.	 RIPA lysis buffer: 150  mM NaCl, 1% NP40, 0.5% sodium 

deoxycholate, 0.1% SDS, 1  mM EDTA, 50  mM Tris–HCl 
pH  8, supplemented with Protease Inhibitor Cocktail 1× 
(cOmplete, EDTA-free Protease Inhibitor Tablets, Roche) 
and 1 mM phenylmethylsulfonyl (PMSF).

	6.	 Benchtop centrifuge.

	 1.	 6% polyacrylamide gel.
	 2.	 PVDF membrane.
	 3.	 Anti-3×flag antibody (Monoclonal ANTI-FLAG® M2, 

Sigma-Aldrich).
	 4.	 HRP-conjugated secondary antibody.
	 5.	 Chemiluminescent substrate.
	 6.	 2× sample buffer: 0.5 M Tris–HCl pH 6.8, 20% Glycerol, 2% 

SDS, 0.02% Bromophenol blue, 8  M Urea, 10% 
2-mercaptoethanol.

	 7.	 Running buffer: 25  mM Tris base, 192  mM Glycine, 0.1% 
SDS.

	 8.	 Transfer buffer: 25  mM Tris base, 192  mM Glycine, 20% 
methanol.

	 9.	 TBST: 20  mM Tris–HCl pH  7.5, 150  mM NaCl, 0.05% 
Tween 20.

	10.	 Blocking buffer: 5% milk in TBST.
	11.	 Electrophoresis and protein blotting apparatus.
	12.	 CCD camera-based imager.

	1.	 4 week-old C57BL/6J mice.
	2.	 Scissors and forceps for eye injection and dissection.
	3.	 30 G needle.

2.3  ABCA4 Protein 
Extraction

2.4  Western Blot 
Procedure

2.5  Evaluation 
of Transduction 
Efficiency In Vivo
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	4.	 Hamilton syringe equipped with a 33 G needle.
	5.	 PBS + 5% glycerol: PBS supplemented with 5% glycerol. Used 

here as the AAV vector storage buffer and thus as buffer to 
dilute the AAVs. In case that the AAV storage buffer is differ-
ent than use that buffer to dilute the vectors.

	6.	 Anesthetic.
	7.	 0.5% Tropicamide.
	8.	 Antibiotic cream for ocular use.
	9.	 Stereoscopic microscope.

	 1.	 Large White pigs.
	 2.	 Endotracheal tube (Magill type).
	 3.	 23 G needle.
	 4.	 1 mL syringe with 30-G needle.
	 5.	 Trocars.
	 6.	 Light fibers.
	 7.	 Subretinal injection needle: An extendible 41 G (23G/0.6 mm) 

subretinal injection needle (D.O.R.C. Dutch Ophthalmic 
Research Center, Zuidland, The Netherlands) connected to a 
1 mL syringe.

	 8.	 Scalpel, scissors and forceps for eye dissection.
	 9.	 Corneal lens.
	10.	 PBS + 5% glycerol: PBS supplemented with 5% glycerol. Used 

here as the AAV vector storage buffer and thus as buffer to 
dilute the AAVs. In case that the AAV storage buffer is differ-
ent than use that buffer to dilute the vectors.

	11.	 Anesthetic.
	12.	 2% Sevoflurane: 2% Sevoflurane mixed with air/oxygen.
	13.	 5% Povidone-iodine solution.
	14.	 2% Hypromellose.
	15.	 Gentomil/Bentelan: mix 1 volume of 40 mg/mL Gentomil 

with 1 volume of 0.75 mg/mL Bentelan.
	16.	 Stereoscopic microscope.

	 1.	 1 month-old Abca4−/− mice.
	 2.	 2 mL centrifuge tubes.
	 3.	 Scissors, forceps and scalpel for eye dissection.
	 4.	 Bucket with ice.
	 5.	 25 × 75 × 1 mm Glass slides.

2.6  Injection of Dual 
AAV Vectors in the Pig 
Retina

2.7  Evaluation 
of the Number 
of Lipofuscin Granules 
in the Mouse Model 
of STGD1 by Electron 
Microscopy
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	 6.	 Parafilm.
	 7.	 Grid support for EM sections (Formvar support film hexago-

nal, 100 mesh, copper grids).
	 8.	 0.4  M PHEM buffer: 240  mM PIPES, 100  mM HEPES, 

8 mM MgCl2, 40 mM EGTA. Adjust pH at 6.9 with NaOH.
	 9.	 Fixative solution: 2% paraformaldehyde (PFA), 0.2% glutaral-

dehyde (GTA), 0.1 M PHEM.
	10.	 Storage solution: 0.5% PFA, 0.1 M PHEM.
	11.	 12% gelatin in 1× PBS (pH  7.4); 5% gelatin in 1× PBS 

(pH 7.4); 2% gelatin in 1× PBS (pH 7.4).
	12.	 2.3 M sucrose in 0.1 M sodium phosphate buffer at pH 7.4.
	13.	 0.15% Glycine: 0.15% glycine in 1× PBS.
	14.	 2% Uranyl acetate. Prepare in water.
	15.	 Mixture of Uranyl Acetate and methylcellulose: 0.4% Uranyl 

acetate dissolved in 1.8% methyl cellulose.
	16.	 Electron microscope such as a FEI Tecnai-12 electron micro-

scope equipped with a VELETTA CCD digital camera.
	17.	 iTEM software: Transmission Electron Microscopy imaging 

platform iTEM software.
	18.	 Rotating wheel.

3  Methods

To generate dual AAV plasmids, we use the pZac2.1-CMV-
hABCA4-SV40 plasmid as starting backbone (Fig. 2). The plasmid 
includes the hABCA4 CDS with a 3×flag tag at the 3′-end in order 
to allow efficient protein detection by Western Blot (WB). The two 
separate dual AAV plasmids (5′ and 3′) contain either the pro-
moter, followed by the N-terminal portion of the transgene CDS 
(5′ plasmid), or the C-terminal portion of the transgene CDS, fol-
lowed by the polyadenylation signal (3′ plasmid).

Dual AAV vectors which rely on splicing for transgene reconsti-
tution, such as dual AAV trans-splicing and hybrid vectors, are gen-
erated by splitting the gene at an endogenous exon–exon junction. 
Thus, we split the hABCA4 CDS between exons 19–20 (5′ half: 
NM_000350.2, 105–3022 bp; 3′ half: NM_000350.2, bp 3023–
6926; see Note 2), which is approximately in the middle of the CDS, 
in order to generate two half vectors of approximately the same 
length, taking also into account the length of the regulatory ele-
ments. The SD and SA signals contained in dual AAV trans-splicing 
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and hybrid vector plasmids are as follows: 5′-GTAAGTATCAAGGTTA 
C A A G A C A G G T T T A A G G A G A C C A A T A G A A A C 
TGGGCTTGTCGAGACAGAGAAGACTCTTGCGTTTCT-3′ 
(SD; U47120.2, bp 890–971) whose sequence is included in reverse 
hABCA4 primer 2 and in forward AK primer 3; 
5 ′ - G ATA G G C A C C TAT T G G T C T TA C T G A C AT C C A 
CTTTGCCTTTCTCTCCACAG-3′ (SA; U47120.2, bp 972–
1022) whose sequence is included in forward hABCA4 primer 7 
and reverse AK primer 6. The SD must be placed right after the end 
of exon 19, while the SA must be placed right before the beginning 
of exon 20, so that no additional bases are included in the hABCA4 
CDS after recombination and splicing.

The recombinogenic region we use in hybrid AK vectors is 
derived from the phage F1 genome (Gene Bank accession number: 
J02448.1; bp 5850–5926; sequence: 
5′-GGGATTTTTCCGATTTCGGCCTATTGGTTAAAAAATG 
A G C T G A T T T A A C A A A A A T T T A A C G C 
GAATTTTAACAAAAT-3′). This sequence is found in the F1 ori-
gin of replication of many commonly used plasmids, including 
pAAV2.1. For cloning purposes, the AK sequence is followed by a 
32 bp-long region (sequence: attaacgtttataatttcaggtggcatctttc) in 
each of the dual AAV hybrid AK vectors.

	 1.	 Using mutagenesis primers 1 and 2 and the protocol described 
in the mutagenesis kit, generate a plasmid backbone which 
includes only the promoter and the hABCA4 CDS up to exon 
19, by deletion mutagenesis of pZac2.1-CMV-hABCA4-SV40 
plasmid (see Note 3). Design primers so that the first half 
aligns to the end of exon 19, and the second half to the 3′ITR. 
Thus, mutagenesis using these primers results in the deletion 
of the second half of the hABCA4 CDS, and of all the remain-
ing bases that are included in the original backbone, between 
the end of the hABCA4 CDS and the 3′ ITR.

	 2.	 Follow the steps below to generate a fragment including the 
SD and AK region by overlapping PCR. Set up the first PCR 
reaction by mixing 10× Pfu buffer, dNTPs, forward hABCA4 
primer 1, reverse hABCA4 primer 2, Pfu DNA polymerase, 
Taq DNA polymerase, DNA template (plasmid generated in 
step 1 or pZac2.1-CMV-hABCA4-SV40 plasmid), and water 
in a final volume of 50 μL (see Tables 1 and 2).

	 3.	 Set up the second PCR reaction by mixing 10× Pfu buffer, 
dNTPs, forward AK primer 3, reverse AK primer 4, Pfu DNA 
polymerase, Taq DNA polymerase, DNA template (pAAV2.1), 
and water in a final volume of 50 μL (see Tables 1 and 2).

	 4.	 Set up the third PCR reaction by mixing as DNA template 
1/10th of the first PCR, 1/10th of the second PCR, 10× Pfu 
buffer, dNTPs, forward hABCA4 primer 1, reverse AK primer 

3.1  Cloning strategy 
of the Plasmid Used 
to Produce 5′ Hybrid 
AK AAV Vector
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4, Pfu DNA polymerase, Taq DNA polymerase and water in a 
final volume of 50 μL (see Tables 1 and 2). This overlapping 
PCR is used for the amplification of the 5′ hybrid AK full-
length product.

	 5.	 Subclone the product of the overlapping PCR in the TOPO 
cloning vector according to the protocol specified by the 
provider.

	 6.	 Transform in TOP10 cells according to the protocol specified 
by the provider.

	 7.	 Pick 5–10 colonies and culture them overnight in 15 mL coni-
cal centrifuge tubes with 5  mL LB medium containing an 
appropriate antibiotic.

	 8.	 Using a plasmid miniprep kit, isolate the plasmid DNA from 
the colonies and analyse the DNA by restriction analysis to 
identify positive clones (i.e., colonies which contain the over-
lapping PCR product cloned in the TOPO vector).

Table 1 
PCR protocol

Reagent Quantity

10× PFU buffer 5 μl

Primers (see Note 4) 500 nM

dNTPs mix 0.2 mM  
(each nucleotide)

Pfu DNA polymerase 1.5 U

Taq DNA polymerase 1 U

DNA template 50 ng

H2O Up to 50 μL

Table 2 
PCR cycling steps

Temperature Time Cycle

95 °C 5 min 1

95 °C 45 s 35

3–5 °C below primers’ Tm
(around 55 °C)

30 s

68 °C 2 min/kb

72 °C 7 min 1

Tm melting temperature
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	 9.	 Sequence the DNA of the positive clones using primers spe-
cific for the vector. For this, provide the plasmid DNA and 
primers to a sequence service provider.

	10.	 Digest the TOPO vector containing the overlapping PCR by 
FseI and MfeI restriction enzymes.

	11.	 Clone the obtained fragment in the plasmid generated by 
mutagenesis in step 1 (digested with FseI and MfeI restric-
tion enzymes), according to the ligase protocol detailed in 
Table 3.

	12.	 Transform the whole volume of ligation in TOP10 cells, 
according to the protocol specified by the provider.

	13.	 Pick 5–10 colonies, culture them overnight, isolate plasmid 
DNA from the colonies and analyse DNA by restriction analy-
sis to identify positive clones.

	14.	 Amplify a positive clone in order to obtain an adequate amount 
of plasmid DNA for AAV vector production (see Note 6).

	 1.	 Using the mutagenesis primers 3 and 4 and the protocol 
described in the mutagenesis kit, generate a plasmid backbone 
which includes the hABCA4 CDS from exon 20 to the end, 
the 3×flag tag and SV40 polyA by deletion mutagenesis of 
pZac2.1-CMV-hABCA4-SV40 plasmid (see Note 3). Design 
primers so that the first half aligns to the 5′ITR and the second 
half to the beginning of exon 20. Thus, mutagenesis using 
these primers results in deletion of the first half of the hABCA4 
CDS and all the remaining bases that are included in the origi-
nal backbone between the end of the 5′ ITR and the begin-
ning of the hABCA4 CDS.

	 2.	 Follow the steps below to generate a fragment including the 
AK region and the SA by overlapping PCR. Set up the first 
PCR reaction by mixing 10× Pfu buffer, dNTPs, forward AK 
primer 5, reverse AK primer 6, Pfu DNA polymerase, Taq 

3.2  Cloning Strategy 
of the Plasmid Used 
to Produce 3′ Hybrid 
AK AAV Vector

Table 3 
Ligase protocol

Reagent Quantity

Backbone DNA 25 ng

Insert DNA Molar ratio of 3:1 of insert to 
vector (see Note 5)

10× T4 DNA Ligase Buffer 2 μL

T4 DNA Ligase 2 μL

H2O Up to 20 μL

Keep 30 min at room temperature and then overnight at 16 °C
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DNA polymerase, DNA template (pAAV2.1) and water in a 
final volume of 50 μL (see Table 1).

	 3.	 Set up the second PCR reaction by mixing 10× Pfu buffer, 
dNTPs, forward hABCA4 primer 7, reverse hABCA4 primer 
8, Pfu DNA polymerase, Taq DNA polymerase, DNA template 
(plasmid generated in step 1 or pZac2.1-CMV-hABCA4-SV40 
plasmid), and water in a final volume of 50 μL (see Table 1).

	 4.	 Set up the third PCR reaction by mixing as DNA template 
1/10th of the first PCR, 1/10th of the second PCR, 10× Pfu 
buffer, dNTPs, forward AK primer 5, reverse hABCA4 primer 
8, Pfu DNA polymerase, Taq DNA polymerase, and water in a 
final volume of 50 μL (see Table 1). This overlapping PCR is 
used for the amplification of the 3′ hybrid AK full-length 
product.

	 5.	 Subclone the product of the overlapping PCR in the TOPO 
cloning vector according to the protocol specified by the 
provider.

	 6.	 Transform in TOP10 cells according to the protocol specified 
by the provider.

	 7.	 Pick 5–10 colonies and culture them overnight in 15 mL coni-
cal centrifuge tubes with 5  mL LB medium containing an 
appropriate antibiotic.

	 8.	 Using a plasmid miniprep kit, isolate the plasmid DNA from 
the colonies and analyse the DNA by restriction analysis to 
identify positive clones.

	 9.	 Sequence the DNA of the positive clones using primers spe-
cific for the vector. For this, provide the plasmid DNA and 
primers to a sequence service provider.

	10.	 Digest the TOPO vector containing the overlapping PCR by 
BamHI and NdeI restriction enzymes.

	11.	 Clone the obtained fragment in the plasmid generated by muta-
genesis in step 1, (digested with BamHI and NdeI restriction 
enzymes), according to the ligase protocol detailed in Table 3.

	12.	 Transform the whole volume of ligation in TOP10 cells, 
according to the protocol specified by the provider.

	13.	 Pick 5–10 colonies, culture them overnight, isolate plasmid 
DNA from the colonies and analyse DNA by restriction analy-
sis to identify positive clones.

	14.	 Amplify a positive clone in order to obtain an adequate amount 
of plasmid DNA for AAV vector production (see Note 6).

Dual AAV trans-splicing vectors are designed to be identical to 
hybrid vectors except for the absence of the AK recombinogenic 
region. Thus, the corresponding plasmids are generated as detailed 
below.

3.3  Cloning Strategy 
of Plasmids Used 
to Produce Dual AAV 
trans-Splicing Vectors
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	 1.	� Set up a PCR reaction by mixing 10× Pfu buffer, dNTPs, 
forward hABCA4 primer 1, reverse SD primer 9, Pfu DNA 
polymerase, Taq DNA polymerase, DNA template (5′ hybrid 
AK plasmid generated in Subheading 3.1) and water in a final 
volume of 50 μL (see Tables 1 and 2).

	 2.	 Subclone the product of the PCR in the TOPO cloning vector 
according to the protocol specified by the provider.

	 3.	 Transform in TOP10 cells according to the protocol specified 
by the provider.

	 4.	 Pick 5–10 colonies and culture them overnight in 15 mL coni-
cal centrifuge tubes with 5 mL LB medium containing an 
appropriate antibiotic.

	 5.	 Isolate plasmid DNA from the colonies and analyse DNA by 
restriction analysis to identify positive clones.

	 6.	 Sequence the DNA of the positive clones using primers spe-
cific for the vector.

	 7.	 Digest the TOPO vector containing the overlapping PCR by 
FseI and MfeI restriction enzymes.

	 8.	 Clone the obtained fragment in the 5′ hybrid AK plasmid 
(generated in Subheading 3.1), digested with FseI and MfeI 
restriction enzymes, according to the ligase protocol detailed 
in Table 3.

	 9.	 Transform the whole volume of ligation in TOP10 cells, 
according to the protocol specified by the provider.

	10.	 Pick 5–10 colonies, culture them overnight, isolate plasmid 
DNA from the colonies and analyse DNA by restriction analy-
sis to identify positive clones.

	11.	 Amplify a positive clone in order to obtain an adequate amount 
of plasmid DNA for AAV vector production (see Note 6).

	 1.	 Set up a PCR reaction by mixing 10× Pfu buffer, dNTPs, for-
ward SA primer 10, reverse hABCA4 primer 8, Pfu DNA poly-
merase, Taq DNA polymerase, DNA template (3′ hybrid AK 
plasmid generated in Subheading 3.2) and water in a final vol-
ume of 50 μL (see Tables 1 and 2).

	 2.	 Subclone the product of the PCR in the TOPO cloning vector 
according to the protocol specified by the provider.

	 3.	 Transform in TOP10 cells according to the protocol specified 
by the provider.

	 4.	 Pick 5–10 colonies and culture them overnight in 15 mL coni-
cal centrifuge tubes with 5 mL LB medium containing an 
appropriate antibiotic.

3.3.1  5′ Plasmid

3.3.2  3′ Plasmid
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	 5.	 Isolate plasmid DNA from the colonies and analyse DNA by 
restriction analysis to identify positive clones.

	 6.	 Sequence the DNA of the positive clones using primers spe-
cific for the vector.

	 7.	 Digest the TOPO vector containing the overlapping PCR by 
BamHI and NdeI restriction enzymes.

	 8.	 Clone the obtained fragment in the 3′ hybrid AK plasmid 
(generated in Subheading 3.2), digested with BamHI and 
NdeI restriction enzymes, according to the ligase protocol 
detailed in Table 3.

	 9.	 Transform the whole volume of ligation in TOP10 cells, 
according to the protocol specified by the provider.

	10.	 Pick 5–10 colonies, culture them overnight, isolate plasmid 
DNA from the colonies and analyse DNA by restriction analy-
sis to identify positive clones.

	11.	 Amplify a positive clone in order to obtain an adequate amount 
of plasmid DNA for AAV vector production (see Note 6).

	 1.	 Produce AAV2 vectors from the four plasmids generated in 
Subheadings 3.1, 3.2, 3.3.1 and 3.3.2 (see Note 7), and deter-
mine the titer.

	 2.	 Test dual AAV vector transduction efficiency in HEK293 cells 
according to the following steps. All the steps have to be car-
ried out in a cell culture hood using proper aseptic culture 
practices.

	 3.	 Plate 1 × 106 HEK293 cells in 6-wells plates, in order to reach 
an optimal confluence for AAV infection of about 70% on the 
day after. Keep the cells in DMEM growing medium.

	 4.	 The day after, change the medium with 2 mL of fresh DMEM 
growing medium, then transfect cells with pΔF6 helper plas-
mid using the calcium phosphate method (see Note 8). 
Specifically: prepare a mix of 0.3 M CaCl2 and pΔF6 helper 
plasmid (150 μL of CaCl2 and 1.5 μg of pΔF6 helper plasmid 
are required for each well) and mix thoroughly. In a 50 mL 
polypropylene tube prepare 2× HBS (150 μL are required for 
each well) and slowly (drop-wise) add the mix of CaCl2 and 
pΔF6 helper plasmid while bubbling air through HBS with a 
pipette (see Note 9); wait at least 5 min, until fine precipitates 
will form in the solution, then add 300 μL of the mix in each 
well, without removing the medium.

	 5.	 Four hours after transfection remove the medium and wash 
the cells with serum-free DMEM.

	 6.	 Incubate the cells with the infection mix (see Note 8) which is 
composed of each of the dual AAV vectors at a multiplicity of 
infection (MOI; see Note 10) of 105 genome copies (GC)/

3.4  Evaluation 
of Transduction 
Efficiency in HEK293 
Cells
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cell (total MOI 2 × 105 GC/cell) and serum-free DMEM up 
to 700 μL (see Note 11).

	 7.	 Two hours post-infection add 2  mL of DMEM growing 
medium.

	 8.	 Harvest the cells 72 h post-infection in 1.5 mL centrifugation 
tubes.

	 9.	 Centrifuge at 2500 × g for 5 min at 4 °C.
	10.	 Directly proceed to protein extraction or store the cell pellet at 

−80 °C.

All the steps have to be performed at 4 °C.

	1.	 Lyse the cell pellet (deriving from one well of the 6-well plate) 
in 30–50 μL of RIPA lysis buffer.

	2.	 Keep the lysate 30 min on ice.
	3.	 Perform a freeze and thaw step by freezing on liquid nitrogen 

or dry ice ethanol slurry and thawing on ice.
	4.	 Isolate protein lysate from the cell pellet by centrifugation at 

16,000 × g for 10 min at 4 °C and transfer it to a new 1.5 mL 
centrifugation tube.

	5.	 Measure the protein concentration in the lysate using an 
appropriate protein assay kit. Use 30–50 μg of proteins for 
further Western blot analysis as described in the next section.

	 1.	 Add a volume of 2× sample buffer to the protein lysate.
	 2.	 Keep the mix obtained 15 min at 37 °C.
	 3.	 Run the samples on a 6% polyacrylamide gel in running buffer 

at 130 V for about 3 h.
	 4.	 Transfer the proteins from the gel to a PVDF membrane by 

overnight blotting (see Note 12) in transfer buffer at 30 V in a 
cold room and the day after for 1 h at 100 V, still in a cold room.

	 5.	 Remove the membrane from the blotting apparatus.
	 6.	 Block 1 hour in blocking buffer at room temperature.
	 7.	 Incubate with anti-3×flag antibodies (to detect the 3×flag tag 

located at the C-terminus of the ABCA4 protein produced 
from dual AAV vectors) diluted 1:1000 in blocking buffer for 
2 h at room temperature (see Note 13).

	 8.	 Remove the antibody and wash the membrane three times for 
5 min with TBST.

	 9.	 Incubate the membrane with HRP-conjugated secondary 
antibody diluted in blocking buffer for 45  min at room 
temperature.

	10.	 Remove the secondary antibody and wash the membrane 
three times for 10 min with TBST.

3.5  ABCA4 Protein 
Extraction

3.6  Western Blot 
Procedure
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	11.	 Apply the chemiluminescent substrate to the blot and capture 
chemiluminescent signals using a CCD camera-based imager.

	12.	 Blot the membrane with an appropriate normalizer of high 
molecular weight (see Note 14).

	1.	 Produce AAV8 vectors from the plasmids generated in 
Subheadings 3.1, 3.2, 3.3.1 and 3.3.2 (see Note 7), and deter-
mine the titer.

	2.	 Prepare the dual AAV vector mix by mixing freshly thawed 
vectors. A dose of at least 1 × 109 GC of each vector per eye is 
recommended; depending on the titer of the vector prepara-
tions, use the highest dose achievable taking into account that 
the final volume that will be injected in the subretinal space is 
1 μL and that the same number of GC of each vector must be 
contained in this volume. As an example, if a mix of vector A 
and B has to be injected and vector A has a titer of 3 × 1012 
GC/mL and vector B has a titer of 7 × 1012 GC, the maximum 
dose of 2, 1 × 109 GC of each vector per eye can be used by 
mixing 0.7 μL of vector A and 0.3 μL of vector B (see Note 
15). If in need of diluting vectors, use the same solution in 
which the vectors are dissolved (i.e., PBS or PBS  +  5% 
glycerol).

	3.	 Anesthetize C57BL/6J mice (see Note 16) and apply 1–2 drops 
of 0.5% tropicamide on mouse eyes in order to dilate the pupils.

	4.	 Place the mouse under the microscope and pull out slightly the 
eye from the globe by applying a small pressure around the eye.

	5.	 Perform subretinal injection as previously described [20]. 
Briefly, carefully cut the conjunctiva at the level of the limbus, 
and perform a sclerotomy through the use of a 30 G needle; 
finally introduce the needle (33 G) of a Hamilton syringe in the 
subretinal space in the temporal side through the space created 
by the sclerotomy and release 1 μL of vector solution.

	6.	 After removal of the syringe, apply an antibiotic cream on the 
eyes of the mice.

	7.	 At least 1 month post-injection sacrifice the mice, remove the 
eye completely intact by cutting at the level of the optic nerve, 
remove the cornea, the lens and the vitreous with the help of 
scissors and forceps, and harvest the neural retina (see Note 17).

	8.	 Immediately freeze and store the retinas at −80  °C or lyse 
them in 30–50 μL of lysis buffer and proceed to WB analysis 
as described in Subheadings 3.5 and 3.6. A maximum amount 
of 200 μg should be used in WB analysis to avoid overloading 
of the gel.

	9.	 After blotting and incubation of the membrane with 3×flag 
antibodies to detect the 3×flag tag included in the ABCA4 
protein, blot the membrane also with an appropriate normal-
izer of high molecular weight (see Note 18).

3.7  Evaluation 
of Transduction 
Efficiency In Vivo

3.7.1  Injection of Dual 
AAV Vectors in the Mouse 
Retina
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	 1.	� Prepare vector mix just before injections taking into account 
that a dose of 1 × 1011 GC of each vector per eye is recommended 
and 100  μL of vectors mix solution will be injected in the 
subretinal space. Also, needles used for injections in pigs have 
a large dead volume, so it is recommended to prepare at least 
250 μL of vectors mix solution per each eye. If in need of 
diluting vectors, use the same solution in which vectors are 
dissolved (i.e., PBS or PBS + 5% glycerol).

	 2.	 Anesthetize Large White pigs and perform tracheal intubation 
to keep pigs under general anesthesia with 2% sevoflurane.

	 3.	 Apply povidone–iodine solution periocularly and on the cor-
nea, before and after the injection procedure.

	 4.	 Perform subretinal injection with the help of a microscope as 
previously described [21]. Briefly, perform two sclerotomies 
with a 23 G needle in the temporal and in the nasal side of the 
eye (3–4 mm from the limbus).

	 5.	 Position a trocar on each side of the eye, in order to allow the 
insertion of a light fiber from the temporal side and of the 
subretinal needle from the nasal side.

	 6.	 Load 250 μL of vector mix solution in a 1 mL syringe con-
nected to the subretinal injection needle.

	 7.	 Slowly inject 100 μL in the subretinal space, in the nasal area, 
illuminating the posterior pole with the light fiber, without 
vitreous removal, under direct observation with a stereoscopic 
microscope and the help of a lens placed on the cornea through 
a film of 2% hypromellose.

	 8.	 After injection, remove about 0.1  mL of aqueous humor, 
using a 1 mL syringe with 30-G needle, in order to avoid an 
increase in intraocular pressure.

	 9.	 At the end of surgery, after removal of the light fiber, subreti-
nal needle and trocars, release 500 μL of Gentomil/Bentelan 
solution in the conjunctiva. Additionally, systemic antibiotic 
administration is advised.

	10.	 One month post-injection sacrifice the pigs by exposure to a 
lethal dose of anesthetic.

	11.	 Remove the eye completely intact by cutting at the level of the 
optic nerve, remove the cornea, the lens and the vitreous with 
the help of scalpel and forceps, and harvest the neural retina, 
separating the putative site of injection from the remaining 
part of the retina (see Notes 17 and 19).

	12.	 Immediately freeze and store the retinas at −80  °C or lyse 
them in 150 μL (each of the region of the retina, or use 300 μL 
if lysing whole retinas) of lysis buffer and proceed to WB anal-
ysis as described in Subheadings 3.5 and 3.6. A maximum 

3.7.2  Injection of Dual 
AAV Vectors in the Pig 
Retina
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amount of 200 μg should be used in WB analysis to avoid 
overloading of the gel.

	13.	 After blotting of the membrane with 3×flag antibodies to 
detect the 3×flag tag included in the ABCA4 protein, blot the 
membrane also with an appropriate normalizer of high molec-
ular weight (see Note 18).

The efficacy is evaluated by counting the number of lipofuscin 
granules, which accumulate in the RPE of Abca4−/− mice com-
pared to WT [22], by electron microscopy (EM).

	 1.	 Perform subretinal injection of dual AAV vectors in Abca4−/− 
mice (see Note 20), as described in Subheading 3.7.1 (see 
Note 21).

	 2.	 At least 3 months later, sacrifice the mice, mark the temporal 
(injected) side of the eyes before harvesting and place the eyes 
in fixative solution.

	 3.	 Fix the eyes overnight in the dark then wash three times for 
5 min in 0.1 M PHEM buffer and proceed with embedding in 
gelatin or store the eyes in storage solution.

	 4.	 Prepare the eyes for embedding: remove the cornea and the 
lens from the eye and dissect the area of interest (temporal half 
of the eye). If an AAV expressing a marker gene has been 
injected along with dual AAV vectors, dissect the area of inter-
est by looking at marker gene expression (i.e., brown dots if 
using tyrosinase).

	 5.	 Keep the dissected area in 2% gelatin for 30 min at 37 °C.
	 6.	 Change to 5% gelatin for 30 min at 37 °C.
	 7.	 Change to 12% gelatin for 30 min at 37 °C.
	 8.	 Proceed to embedding in a thin slab of 12% gelatin (obtained 

by putting a drop of gelatin between two glass slides, covered 
with parafilm and distanced by 0.2–0.3 mm spacers).

	 9.	 Keep the glass slides on ice for 30 min.
	10.	 Remove the gelatin block from the glass slides, move it in a 

2 mL centrifuge tube filled with 2.3 M sucrose and leave over-
night on a rotating wheel at 4 °C.

	11.	 The day after remove the sample from the wheel and store at 
4 °C or proceed to sectioning.

	12.	 Section the gelatin block (T = −120 °C; thickness = 60 nm) 
and transfer the section ribbon on grid support for EM.

	13.	 Wash the grids two times for 2 min with 0.15% glycine.
	14.	 Wash the grids eight times for 1 min with H2O.
	15.	 Incubate the grids on ice, with 2% Uranyl Acetate for 6 min.

3.8  Evaluation 
of the Efficacy 
in the Mouse Model 
of STGD1
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	16.	 Wash the grids on ice with a mixture of Uranyl Acetate and 
methyl cellulose.

	17.	 Incubate the grids on ice with a mixture of Uranyl Acetate and 
methyl cellulose for 6 min.

	18.	 Pick up and dry the grids, and store them in a grids box.
	19.	 Acquire electron microscopy images using a FEI Tecnai-12 

electron microscope equipped with a VELETTA CCD digital 
camera at the 20,000× magnification.

	20.	 Use the images to count the number of lipofuscin granules 
within each field of view (25 μm2) using iTEM software.

4  Notes

	 1.	 Solutions do not need to be freshly made for each transfec-
tion. They can be stored at −20 °C for long periods or at 4 °C 
for shorter.

	 2.	 The splitting site can influence the efficiency of the splicing, 
thus it is recommended to use the same exon-exon junction 
we have successfully tested.

	 3.	 The mutagenized plasmid should be wholly sequenced to 
double-check that both a precise deletion has occurred and 
that no additional mutations have been included in the plas-
mid during the mutagenesis reaction.

	 4.	 The highest grade of primer purification after synthesis should 
be used for primers intended for cloning (SDS-page or HPLC).

	 5.	 Nanograms of insert to be used can be calculated considering 
the relative length of the backbone and insert, according to 
the formula: required mass insert (g) = desired insert to back-
bone molar ratio × mass of backbone (g) × ratio of insert to 
backbone lengths. As an example, if the backbone is 3000 bp-
long and the insert is 1000 bp-long, 25 ng of insert should be 
used in the ligase according to the protocol provided [required 
mass insert (g) = 3 × 25 × 10−9 × 1000/3000].

	 6.	 Plasmid intended to be used for AAV vector production should 
be purified with a kit that ensures removal of endotoxins dur-
ing plasmid preparation.

	 7.	 AAV vectors are produced by triple transfection of HEK293 
cells followed by two rounds of CsCl2 purification, according 
to the published protocol [23]. For the in vitro experiments, 
produce AAV2 vectors which efficiently transduce HEK293 
cells [24], while produce AAV8 vectors for the experiments 
performed in vivo in the mouse and pig retina, since this sero-
type efficiently transduces photoreceptors [21, 25] but poorly 
infects HEK293 cells. Suspend AAV vectors in PBS  +  5% 
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glycerol, aliquot and store at −80 °C until use. Given the small 
volumes needed for subretinal injections, it is suggested to 
prepare 20 μL aliquots of the vectors.

	 8.	 In order to check the efficiency of transfection and infection 
procedures it is advisable to use one well of the plate for trans-
fection of a plasmid encoding for a reporter gene (in parallel 
with helper plasmid transfection, using the same reagents and 
transfection protocol) and one well of the plate in which cells 
have been transfected with the helper plasmid for further 
infection with an AAV vector encoding for a reporter gene (in 
parallel with dual AAV infection, using same reagents, infec-
tion protocol and AAV serotype).

	 9.	 Extensive bubbling is crucial for correct precipitates formation 
and consequently effective transfection. Thus, to promote 
bubbling, it is suggested to prepare a mix of at least 5 mL of 
CaCl2 + 5 mL of HBS, even if in need of transfecting few wells.

	10.	 MOI corresponds to the number of viral particles per cell; as 
an example, a MOI of 1 means infecting with 1 AAV vector 
per cell.

	11.	 Infections must be performed in the minimum amount of 
medium that completely covers the bottom of the plates; if 
scaling up the plate format for the infection, use an adequate 
amount of medium, without exceeding.

	12.	 Assemble the transfer sandwich making sure no air bubbles are 
trapped in the sandwich.

	13.	 Overnight incubation at 4 °C might be explored to enhance 
detection of low amounts of protein.

	14.	 Filamin A protein might be used as normalizer or loading con-
trol for WB on cellular lysates.

	15.	 It is suggested to prepare a total mix of at least 30 μL to avoid 
handling too small volumes and to be sure that the needle of 
the syringe will be completely submerged in the mix, avoiding 
intake of air.

	16.	 It is important to check that the mouse strain that will be used 
in expression studies does not carry any gene causative of reti-
nal degeneration (as example, C57BL/6N have been found to 
carry the rd8 mutation of the Crb1 gene [26]).

	17.	 Since ABCA4 is physiologically expressed only in PR, dissec-
tion of the neural retina from the RPE is suggested to evaluate 
specifically dual AAV-mediated ABCA4 expression in 
PR. However, when using a ubiquitous promoter, such as the 
CMV, that will drive ABCA4 expression both in PR and in the 
RPE, cross-contamination of the neural retina with RPE dur-
ing dissection process may result in a WB signal that cannot be 
precisely ascribed to PR. Thus, to more precisely assess ABCA4 
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expression in PR, it is advisable to use a promoter that drives 
gene expression exclusively in PR, such as the rhodopsin pro-
moter [25].

	18.	 Dysferlin protein might be used as normalizer or loading con-
trol for WB on retinal lysates.

	19.	 A record of the area in which injection was performed should 
be taken at the time of surgery in order to allow dissection of 
the injection site from the uninjected portion of the retina. 
This is crucial to enrich the sample with ABCA4 expression for 
further WB analysis. If then intense ABCA4 expression is found 
in the enriched area in WB analysis, an equal volume of enriched 
and not enriched samples can be pulled together for further 
WB analysis in order to show expression in the whole retina.

	20.	 The use of Abca4−/− mice on an albino background for elec-
tron microscopy analysis is preferable since lipofuscin granules 
in the RPE might be more easily identified on an albino than 
on a pigmented background.

	21.	 For electron microscopy analysis, coinjection of a virus that 
expresses a gene that allows tracking of the injection site at 
harvesting is suggested (at a dose of 1:5 or less of dual AAV 
dose). If using albino mice, the tyrosinase gene might be 
included [27].
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Chapter 12

Optogenetic Retinal Gene Therapy with the Light Gated 
GPCR Vertebrate Rhodopsin

Benjamin M. Gaub, Michael H. Berry, Meike Visel, Amy Holt, 
Ehud Y. Isacoff, and John G. Flannery

Abstract

In retinal disease, despite the loss of light sensitivity as photoreceptors die, many retinal interneurons sur-
vive in a physiologically and metabolically functional state for long periods. This provides an opportunity 
for treatment by genetically adding a light sensitive function to these cells. Optogenetic therapies are in 
development, but, to date, they have suffered from low light sensitivity and narrow dynamic response 
range of microbial opsins. Expression of light-sensitive G protein coupled receptors (GPCRs), such as 
vertebrate rhodopsin, can increase sensitivity by signal amplification, as shown by several groups. Here, we 
describe the methods to (1) express light gated GPCRs in retinal neurons, (2) record light responses in 
retinal explants in vitro, (3) record cortical light responses in vivo, and (4) test visually guided behavior in 
treated mice.

Key words Retinitis pigmentosa, Congenital blindness, Retinal gene therapy, Optogenetics, 
Translational medicine, Visual prosthetics, Light-gated receptors

1  Introduction

Inherited retinal degenerative diseases are a significant unmet med-
ical problem, affecting one in 3000 people worldwide [11–13]. 
There is currently only one FDA approved treatment for retinal 
degeneration, the Second Sight Electronic prosthesis [14]. There 
are currently a few Phase I/II gene therapy clinical trials started, 
nearly all for patients in the early stages of monogenic disease 
where there are surviving photoreceptors to treat. These trials, 
which are encouraging, are mostly limited to “gene replacement” 
for disease resulting from recessive null mutations in causative 
genes with a coding region below 8 kb, the size cutoff for AAV or 
lentiviral vectors.

In retinal disease, many retinal interneurons survive in a physi-
ologically and metabolically functional state for long periods 
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(years), providing an opportunity for treatment by genetically add-
ing a light sensitive function to these cells [15, 16]. One approach 
used by several groups is to add a light-receptive function to the 
surviving inner retinal neurons by expressing a microbial opsin [1, 
2, 3, 5, 7–10]. In 2014, the FDA approved a clinical trial for RST-
001 (RetroSense Inc.), an intravitreal AAV2 vector to transfer 
Channelrhodopsin-2 (ChR2) to retinal ganglion cells [17]. 
GenSight, Inc., is beginning a clinical trial using intravitreal AAV 
to deliver ChrimsonR to cone inner segments [4] in patients with 
severe vision deficit from rod cell death, and loss of the light-
sensitive cone outer segments.

Poor light sensitivity is one of the biggest challenges to the 
optogenetic vision restoration. The threshold intensity required to 
activate ChR2-sensitized bipolar cells and ganglion cells is 1015 
photons/cm2  s [9, 10]  (see  Fig.  1). Halorhodopsin (NpHR) 
expressed in cones has slightly better light sensitivity, requiring a 
minimum of 1013 photons/cm2 s to generate a measurable photo-
current [3]. In comparison, activation threshold of the endoge-
nous photopigments in rods (106 photons/cm2 s) and cones (1010 
photons/cm2 s) is substantially lower [9].

Furthermore, microbial opsins have limited sensitivity range—
ChR2 and NpHR only adapt to intensity changes of 2–3 orders of 
magnitude, whereas rods and cones adjust their responses to 8–9 
orders of magnitude [3, 4]. ChR2 and NpHR operating as a single 
unit (without a GPCR cascade), require very high intensity light 
for stimulation. Additionally, the bright light intensity must be 
carefully regulated so as to not saturate the cell response, which 
could cause failure of the cells to follow high frequency stimulation 
[18, 19].

Recently, Acucela, Inc. has licensed a human rhodopsin based 
optogenetic gene therapy [20] for treatment of RP from the Univ. 
of Manchester [21], which promises to have higher sensitivity than 
ChR2 variants. In their study, AAV-mediated expression of rho-
dopsin into both RGCs and inner nuclear layer neurons generated 
reproducible responses to light pulses at the intensities as low as 
1012 photons/cm2  s, within the range of the irradiance encoun-
tered in our daily life. We have found very similar sensitivities by 
AAV mediated expression of rhodopsin in specific retinal cell classes 
(see Fig. 1) [22].

In all these approaches, the early responses from patients will 
tell us much about what is needed for a workable retinal prosthetic. 
While awaiting those exciting results, it is clear that these approaches 
have shortcomings: (1) microbial gene expression in a mammalian 
tissue is a potential concern, (2) once expressed, the opsin cannot 
be silenced in case of adverse reaction, and (3) microbial opsins 
operate over a narrow range of light and only at very high intensity, 
an intensity that is likely to cause light damage to the surviving 
retinal cells over time.

Benjamin M. Gaub et al.
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Here, we describe a gene therapy based method to deliver the 
light gated mammalian GPCR vertebrate rhodopsin to the retina of 
blind mice. We show how to verify expression of rhodopsin in retinal 
tissue and how to probe the treated retina for light responses in vitro. 
Further, we describe in detail how to test light responses in vivo, first 
by recording visually evoked responses in the visual cortex and sec-
ond, by testing visually guided behavior in treated mice.

2  Materials

	 1.	Retinal degeneration mice: rd1, rd10 strains. Control mice 
with wildtype retina on similar genetic background: C57/
BL-J.

	 2.	1 μl of AAV >1013 vg/ml per eye to be injected.
	 3.	72  mg/kg Ketamine and 64  mg/kg xylazine for general 

anesthesia.
	 4.	0.5% Proparacaine, 2.5% phenylephrine, 1% tropicamide for 

topical anesthesia of the cornea.
	 5.	Sharp 30-G needle (disposable tuberculin syringe).
	 6.	Blunt 32 G 1-cm Hamilton syringe.
	 7.	Operating Microscope with foot-controlled motorized focus.

2.1  Intraocular AAV 
Injection

Fig. 1 Comparison of the light sensitivities of natural and artificial photoreceptor systems. Rod and cone pho-
toreceptor sensitivities and melanopsin-expressing retinal ganglion cell sensitivity are compared with those of 
halorhodopsin (NpHR), wild-type channelrhodopsin 2 (ChR2), and vertebrate rhodopsin installed in various cell 
types. Light sensitivities are given in photons/cm2 s The wavelengths for the respective therapeutic approaches 
are color-coded and indicated as numbers in white. All optogenetic channel light sensitivities are based on 
in vitro retinal whole-mount recordings from retinal ganglion cells (Figure modified from [27])

Optogenetic Retinal Gene Therapy
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	 8.	1% phenol red in PBS.
	 9.	Heating pad.
	10.	See video of injection procedure at JOVE [23].

	 1.	Microscope slides and coverslips.
	 2.	4% paraformaldehyde (PFA).
	 3.	Phosphate Buffered Saline (PBS).
	 4.	Fine forceps.
	 5.	Fine scissors.
	 6.	Agarose.
	 7.	Vibratome sectioning device.
	 8.	Vectashield mounting medium with DAPI.
	 9.	Fluorescent microscope with digital imaging camera, com-

puter and software.
	10.	Blocking buffer: 10% normal goat serum (NGS), 1% BSA, 

0.5% Triton X-100 in PBS (pH 7.4).
	11.	Appropriate combinations of primary and secondary antibod-

ies (optional).

	 1.	Dissection stereomicroscope.
	 2.	Darkroom with dim red light.
	 3.	Fine scissors, forceps and scalpel.
	 4.	Small incubator.
	 5.	Organotypic cell culture inserts (Millicell, Millipore).
	 6.	60-channel perforated MEA1060 multi electrode array system 

with constant vacuum pump (Multi Channel Systems).
	 7.	MEA chamber pMEA 100/30iR-Tpr (Multi Channel 

Systems).
	 8.	Mesh weight (Slice grids, Scientific Instruments).
	 9.	Ames media (Sigma).
	10.	Constant perfusion system to supply oxygenated Ames media 

(32 °C).
	11.	Heating system for media.
	12.	Illumination system for optogenetic stimulation (DG-4, Sutter 

Instruments).
	13.	Green band pass filter 510/50 nm (Thorlabs).
	14.	Upright microscope.
	15.	MCS rack software (Multi Channel Systems).
	16.	Analysis software: Offline Sorter (Plexon).

2.2  Verification 
of Gene Expression

2.3  In Vitro 
Multielectrode Array 
(MEA) Recordings 
of Retina Response
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	 1.	2 mg/kg Chlorprothixene.
	 2.	1.5 g/kg Urethane for general anesthesia.
	 3.	Isoflurane for general anesthesia.
	 4.	Temperature controller, rectal probe, and heating pad.
	 5.	1% Tropicamide.
	 6.	Silicone oil.
	 7.	Syringe with 25 G needle.
	 8.	Fine forceps and scissors.
	 9.	Acrylic glue (Ortho-Jet BCA).
	10.	Betadine solution.
	11.	Marker pen.
	12.	Small ruler.
	13.	Handheld dental drill with foot pedal control.
	14.	Custom made metal head plate.
	15.	Borosilicate glass (1.5  mm OD, 1.16  mm ID, Warner 

Instruments).
	16.	Horizontal puller (Sutter Instruments).
	17.	Artificial cerebrospinal fluid (ACSF): 124 mM NaCl, 2.5 mM 

KCl, 2.0 mM MgSO4, 1.25 mM KH2PO4, 26 mM NaHCO3, 
10 mM glucose, 4 mM sucrose, 2.5 mM CaCl2. Note: When 
the components are first mixed, the ACSF solution may be 
slightly milky, but it should clear when aerated with 95% O2, 
5% CO2, after which the pH of the medium should be 7.4.

	18.	Microscope and micromanipulator.
	19.	LED light source with fiber optic light guide (455  nm, 

15 mW/cm2, Thorlabs).
	20.	Axoclamp 200B amplifier (Axon Instruments).
	21.	I/O board (Lab-PC-1200, National Instruments).
	22.	Custom made acquisition software written in MatLab.

	 1.	Plastic box (dimensions l = 60 cm, w = 40 cm, h = 30 cm) with 
a light compartment (l = 25 cm, w = 40 cm, h = 30 cm) with 
white walls and a dark compartment (l = 35 cm, w = 40 cm, 
h = 30 cm) with black walls and small area between the two 
compartments (h = 5 cm, w = 10 cm).

	 2.	Ethanol.
	 3.	Light source (custom 5 × 6 LED array (447.5 nm Rebel LED, 

Luxeon star).
	 4.	Video camera.

2.4  In Vivo Visually 
Evoked Potential (VEP) 
Recordings of Cortical 
Response

2.5  Visually Guided 
Behavior: Open Field 
Test

Optogenetic Retinal Gene Therapy
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	 1.	Y-maze (or modified radial arm maze).
	 2.	Transparent escape platform.
	 3.	Ethanol.
	 4.	Light source (custom LED array (5 × 6 LEDs, 447.5 nm Rebel 

LED, Luxeon star).
	 5.	Video camera.
	 6.	6 cm diameter glass beaker.

	 1.	Coulbourn shock chamber Habitest with test cage.
	 2.	Ethanol.
	 3.	Light source (custom 5 × 6 LED array (447.5 nm Rebel LED, 

Luxeon star).
	 4.	Freeze-frame acquisition software.

3  Methods

	 1.	For targeted expression of vertebrate rhodopsin in ON-bipolar 
cells, prepare a plasmid containing a 4× repeat of the metabo-
tropic glutamate receptor 6 promoter (4×grm6) followed by 
the rat rhodopsin gene tagged C-terminally with a yellow fluo-
rescent protein. The DNA cassette should be flanked on either 
side by inverted terminal repeat (ITR) domains. Package and 
purify Adeno associated virus serotype 2 with the rAAV2/2(4YF) 
capsid following the protocol of Visel et al. [24]

	 2.	For further instructions on DNA preparation and AAV packag-
ing and purification, see Notes 1–3 and refer to the methods 
paper by Visel et al. [24]

	 1.	To prepare for intraocular injection, anesthetize mice by intra-
peritoneal injection of 72  mg/kg ketamine and 64  mg/kg 
xylazine. When the mice are not responding to toe pinch any-
more, anesthetize the eyes with a drop of 0.5% proparacaine 
and dilate the pupils with a drop of 2.5% phenylephrine fol-
lowed by a drop of 1% tropicamide. Wait for >1 min between 
drug applications.

	 2.	For intravitreal injections (see Note 4), make an incision poste-
rior of the ora serrata using a sharp 30-G needle. Then feed a 
1–2 μl volume containing about 5 × 1011 viral genomes of AAV 
diluted in PBS (with 1% phenol red as contrast agent) through 
the incision site and inject into the vitreous using a blunt 32 G 
Hamilton syringe. It is critical to avoid damaging the lens with 
the syringe as this will lead to cataracts. Leave the Hamilton 
needle tip in the eye for >60 s to allow homogenization and 
reduce the efflux.

2.6  Visually Guided 
Behavior: Forced 
2-Choice Water Maze 
Task

2.7  Visually Guided 
Behavior: Light Cued 
Fear Conditioning

3.1  DNA Preparation 
and AAV Production

3.2  Intraocular AAV 
Injection
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	 1.	Verify gene expression 4–6 weeks post injection by fluorescent 
imaging (see Note 5).

	 2.	To isolate the retina, sacrifice mice, enucleate the eyes and fix 
in 4% paraformaldehyde for 1 h. Remove the cornea by making 
a circular incision around the ora serrata using scissors. Place 
two forceps around the edges of the eyecup and carefully tear 
the retina from the sclera. Make radial cuts to flatten the retina 
thereby forming the typical clover-leaf shape. Then use retinal 
whole mounts for antibody staining (see Note 5). Alternatively, 
mount whole mounts directly on a glass slide using Vectashield 
mounting medium with DAPI to stain cell nuclei. Now these 
retinas are ready for imaging, ideally with a confocal 
microscope.

	 3.	To prepare retinal sections, embed whole mount retinas in aga-
rose and make transverse sections of 150 μm thickness using a 
vibratome device at medium speed with maximum vibration. 
Mount retinal slices on glass slides using Vectashield or stain 
with antibodies.

	 4.	For antibody staining (see Note 5), incubate whole mounts or 
sections in blocking buffer for 2 h at RT on a shaker. Apply 
primary antibodies over night at 4  °C or for 4 h at RT and 
apply secondary antibodies for 2 h at RT. It is important to 
wash the tissue 3 × 10 min with PBS between antibody appli-
cations and before imaging to reduce fluorescence 
background.

	 1.	For MEA experiments, use mice 6–10 weeks after AAV injec-
tion. First, prepare whole mounts as described in Subheading 
3.3.2 with modifications. Place the cloverleaf retina onto an 
organotypic membrane (Millipore) instead of glass slide and 
do not fix the samples as this would kill biological activity. 
Place the excised retina photoreceptor cell side down on the 
Millipore membrane, add a drop of Ames medium on the ret-
ina and transfer the filter to an incubator to let the retina settle 
for >30  min prior to experiments. Perform dissection and 
experiments in a dark room with minimal red light to prevent 
bleaching of 11-cis-retinal (see Note 6).

	 2.	Take the Millipore membrane with the whole mounted retina 
and use a scalpel to cut around the edges of the retina and leave 
~5 mm of margin. Use forceps to place the retina ganglion cell 
side down in the center of the MEA array. In order to prevent 
the retina from floating and to improve electrode contact and 
signal-to-noise, place a mesh weight on the retina. The contact 
of tissue and electrodes can be further improved by applying 
vacuum to the base of the retina through the MEA chamber 
using the constant vacuum pump. All the tubing to and from 

3.3  Tissue 
Preparation 
and Verification 
of Expression

3.4  In Vitro 
Multielectrode Array 
(MEA) Recordings 
of Retina Response
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the MEA chamber and vacuum pump must be preloaded with 
buffer. It is important that no air bubbles enter the tubing as 
they interfere with the constant vacuum. During recording, 
provide a constant perfusion of oxygenated Ames media 
(32 °C) to the recording chamber to support neural activity.

	3.	 The retina is now ready to be stimulated with light. Optogenetic 
stimulation requires strong light sources that emit only the 
desired wavelength of light. This can be achieved with an LED 
system which emits monochromatic light or bandpass filtered 
white light from an arc lamp. If possible, couple the illumina-
tion through the imaging objective and calibrate light intensi-
ties using a handheld power meter.

	4.	 Acquire data with MCS rack software at 25 kHz frequency and 
filter data below 300 Hz and above 2000 Hz. Simultaneously 
record light stimulation parameters as TTL pulses. When fin-
ished with acquisition, convert voltage traces to spike trains off-
line. Apply principal components analysis using an offline 
sorting software (e.g., Plexon) to sort spikes recorded at one 
electrode into single units, and define them as “cells.” Export 
single unit spike clusters to MatLab for further analysis.

	 1.	To prepare for VEP recordings, anesthetize mice. Induce anes-
thesia with 5% isoflurane for 3 min and then reduce to 0.5–1%. 
Inject mice with chlorprothixene (2 mg/kg, intraperitoneally), 
wait 5  min and then inject mice with urethane (1.5  g/kg, 
intraperitoneally). Supplement the anesthesia throughout the 
surgery with 0.5–1% isoflurane. Dilate pupils with 1% tropi-
camide, then add a drop of silicon oil to prevent the eyes from 
drying out. Maintain body temperature of anesthetized mice 
using a DC temperature controller with rectal probe and a 
heating pad set to 37 °C.

	 2.	Clean mouse head with betadine solution for disinfection. 
Grab the scalp with forceps at center of head half way between 
eyes and ears and remove scalp with scissors. Then use a syringe 
with 25G needle to clean the skull by scratching to remove the 
muscle and membrane. This step is very important otherwise 
the glue will not hold. With a small ruler, locate the visual cor-
tex by coordinates (1.7  mm lateral to midline and 0.7  mm 
anterior to lambda) and mark the location with a pen. Apply 
glue around the marked location and attach a small custom 
made metal head plate by pressing for ~30 s. Wait 10 min for 
the glue to cure. Use a handheld drill with foot pedal control 
to make a small craniotomy and durotomy over the primary 
visual cortex. Supply a drop ACSF every 2–3 min to prevent 
the tissue of drying out. Take care to avoid damaging blood 
vessels.

3.5  In Vivo Visually 
Evoked Potential (VEP) 
Recordings of Cortical 
Response
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	 3.	Pull electrodes with a resistance of 3  MΩ from borosilicate 
glass (1.5 mm OD, 1.16 mm ID) using a horizontal puller and 
fill them with ACSF.

	 4.	Transfer mice to the microscope and place them on a heating 
pad. Then, position the ACSF-filled electrode over the crani-
otomy and slowly lower it to a final depth of 400 μm, to layer 
4 of the visual cortex.

	 5.	To stimulate the retina, use an LED system or a band pass fil-
tered white light source coupled to a fiber optic guide. Position 
the end of the fiber optic guide 1 cm away from the contralat-
eral eye.

	 6.	Stimulate the eye and record visually evoked potentials. Amplify 
responses at 10 kHz frequency, band pass filter at 2 kHz, digi-
tize using an I/O board in a computer and average responses 
over multiple trials of optogenetic stimulation. Export, analyze 
and graph the voltage traces in MatLab.

	 1.	Begin by spraying the box meticulously with ethanol to pre-
vent odor from previous experiments to impact visually guided 
behavior.

	 2.	Position the light source (see Note 7) over the light 
compartment.

	 3.	Bring mice into the testing room in their home cages, transfer 
them to the open field box (see Note 8) with their littermates 
and allow them to habituate to the new environment for 
45 min. Then, put mice back in their home cage and test them 
individually.

	 4.	First, place a mouse in the light compartment of the box in a 
randomized starting position and allow a maximum of 3 min 
for the mouse to discover that there is a second 
compartment.

	 5.	Start the trial (5 min) as soon as the mouse crosses into the 
dark compartment, and record the time spent in the light com-
partment. Mice that cross the opening only once and stay in 
the dark compartment for entire time (5  min) are 
disqualified.

	 6.	Use permanent records (video) to analyze the percent of time 
spent in the light and dark compartment.

	 1.	First, spray the maze meticulously with ethanol to prevent 
odor from previous experiments to impact visually guided 
behavior.

	 2.	Fill the Y-maze with water at 20 °C (see Note 9).

3.6  Visually Guided 
Behavior: Open Field 
Test

3.7  Visually Guided 
Behavior: Forced 
2-Choice Water Maze 
Task
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	 3.	Place a light source (see Note 7) at the end of one of the 
“escape arms” that cues the location of the escape platform. 
Add the platform directly under the light source.

	 4.	Position a video camera above the maze to make permanent 
records of the experiment. A wide angle lens is preferable (e.g., 
GoPro camera).

	 5.	Bring mice into the testing room in their home cages and 
transfer them into new cages located on a heating pad and next 
to a space heater to warm the mice after every trial. Keep the 
room dark for the entire time of the experiment.

	 6.	Habituate mice to the maze one day before the start of an 
8-day trial. Place mice onto the platform for 1  min. Then 
release the mice at increasing distances from the platform and 
finally release them from the chute for ten trials. Repeat with 
the platform on the opposite side.

	 7.	Additionally, habituate the mice each day before the start of 
the experiment by placing them onto the platform for 1 min 
on both sides and returning them to the cage.

	 8.	For each trial, remove mice from their cage, place them in a 
glass beaker (6 cm diameter) and then slowly (10–60 s) lower 
them into the water opposite of the divider. It is important that 
the mouse decides when to exit the beaker. If the beaker is 
lowered too fast, mice are stressed and will not perform well. 
Give the mouse a maximum of 60 s to find the platform. Trials 
in which mouse found the hidden platform without entering 
the alternative arm first are counted as correct trials. Trials in 
which the mouse explored the alternative arm first or takes 
longer than 60  s to find the platform are counted as failed 
trials.

	 9.	After the trial, dry the mouse with paper towels, place it into a 
warm chamber with a space heater and allow it to rest for at 
least 3 min before the next trial. All mice perform ten trials per 
session with two sessions a day, with a total of 20 trials per 
mouse per day for 8 consecutive days. Move the platform and 
the light cue between trials according to the following pattern: 
LRRLRLLRLR and RLLRLRRLRL on alternating days.

	 1.	Prior to the experiment, inject control mice with sham injec-
tions (PBS) to control for the virus treatment.

	 2.	The experiment is done over three consecutive days: habitua-
tion on day 1, training on day 2 and testing on day 3.

	 3.	Start every day by spraying the Habitest chamber meticulously 
with ethanol to prevent odor from previous experiments to 
impact visually guided behavior.

3.8  Visually Guided 
Behavior: Light Cued 
Fear Conditioning
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	 4.	On day 1, bring the animals into the testing room in their 
home cages and then acclimatize them individually to the 
Coulbourn shock chambers for 30 min.

	 5.	On day 2, train the mice by subjecting them to paired or 
unpaired light cued fear conditioning. Training consists of 
5 min habituation to the chamber followed by three shock tri-
als at 0.7 mA. For paired trials synchronize the 20 s light cue 
(see Note 10) with 3× 2 s foot shocks at 4 s inter-shock-inter-
val with 40 s inter trial interval. For unpaired trials, provide the 
same amount of foot shocks and light cues but in a random 
order without synchronization. These brief, low current shocks 
provide the minimal aversive stimulus to create a fearful mem-
ory associated with a light cue.

	 6.	On day 3, test the animals in a fear probe trial. Change the 
floor of the chamber from the shock grid to a solid floor. Then 
allow the mice to habituate to the chamber for 5 min, and then 
present the same light stimulation protocol as on day 2, but 
without shock, while recording their movement and behavior 
with the Freeze-frame software.

	 7.	Use the video recordings to analyze conditioned fear behavior 
(time spent freezing, a typical rodent fear response) associated 
with the learned light cue.

4  Notes

	 1.	In order to construct a genomic plasmid for gene therapy, 
begin with a plasmid containing internal terminal repeat 
domains (ITR) and add promoter element, gene of interest 
and fluorescent reporter gene. If expression should be limited 
to one target cell type, use cell specific promoter elements 
(e.g., 4×grm6). Otherwise use generic promoter elements 
(CMV, EF1-alpha, hsyn). For DNA preparation it is important 
to transform the DNA into competent bacteria that lack recA 
(e.g., SURE2 or STBL 3) and grow the bacteria for <12 h to 
minimize homologous recombination which can render the 
ITRs nonfunctional.

	 2.	Package and purify AAVs following the protocol described by 
Visel et al. [24]. The choice of serotype is critical as this will 
determine the cells that the virus is targeting. For targeting 
ON-bipolar cells, we have found best results with the quadru-
ple tyrosine mutant AAV2(4YF). It is also important to con-
sider the route of delivery (subretinal vs. intravitreal) when 
choosing a serotype. AAV serotypes that penetrate deep into 
the retina like 7 m8 [25] or AAV2(4YF) [26] are crucial when 
choosing the route or intravitreal injection.

Optogenetic Retinal Gene Therapy
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	 3.	Determine the titer of AAVs via qPCR relative to inverted 
repeat domains (ITR) standard. Titers for these viruses should 
range between 1012-1014 viral genomes/ml.

	 4.	Two routes of intraocular AAV delivery are commonly used: 
subretinal and intravitreal injections. Intravitreal injections are 
preferred over subretinal injections as they are technically eas-
ier to deliver and produce pan-retinal expression in contrast to 
subretinal injections which produce a very local expression 
around the site of virus deposition covering less than a quarter 
of the retina.

	 5.	Antibody staining is required if the gene of interest is not 
tagged with a fluorescent reporter, otherwise no staining are 
required. In case the gene of interest is expressed in the distal 
layers (RGC or photoreceptor layer), whole mount imaging 
may be sufficient. For expression in inner retinal neurons, aga-
rose sections are required.

	 6.	After removal of the retina from the retinal pigment epithe-
lium RPE, the ligand for rhodopsin, 11-cis-retinal cannot be 
replenished. To prevent bleaching of 11-cis retinal, retinas 
must be handled in dark rooms under red light.

	 7.	For visually guided behavior experiments, it is important to 
have very strong light sources in order to have a homogenous 
illumination in a large area (e.g., light compartment of open 
field test: A = 0.1 m2). This can be achieved by custom built 
LED arrays (we used a 5 × 6 LED array).

	 8.	It is extremely important to handle the mice gently to mini-
mize stress. Stress-induced fear masks any learned behavior 
and will overwrite what the mice may have previously learned.

	 9.	Warm water will be less aversive leading to floating of mice. 
Cold water will put too much stress on the mice.

	10.	Using this behavioral paradigm, one can test for several levels 
of visual restoration. Begin with simple light recognition (light 
on vs. off) and then increase the difficulty of the task by testing 
for spatial pattern recognition (moving vs. static stimuli) or 
temporal pattern recognition (flashing vs. static stimuli).
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Chapter 13

CRISPR Repair Reveals Causative Mutation in a Preclinical 
Model of Retinitis Pigmentosa: A Brief Methodology

Wen-Hsuan Wu, Yi-Ting Tsai, Sally Justus, Galaxy Y. Cho, 
Jesse D. Sengillo, Yu Xu, Thiago Cabral, Chyuan-Sheng Lin, 
Alexander G. Bassuk, Vinit B. Mahajan, and Stephen H. Tsang

Abstract

CRISPR/Cas9 genome engineering is currently the leading genome surgery technology in most genetics 
laboratories. Combined with other complementary techniques, it serves as a powerful tool for uncovering 
genotype–phenotype correlations. Here, we describe a simplified protocol that was used in our publica-
tion, CRISPR Repair Reveals Causative Mutation in a Preclinical Model of Retinitis Pigmentosa, provid-
ing an overview of each section of the experimental process.

Key words CRISPR, Genome engineering, sgRNA construct design, Retinitis pigmentosa, 
Electroretinogram, Fundoscopy, Optical-coherence tomography

1  Introduction

In our publication, CRISPR Repair Reveals Causative Mutation in 
a Preclinical Model of Retinitis Pigmentosa [1], we identified which 
of two potentially pathogenic variants in a retinitis pigmentosa (RP) 
mouse model is responsible for the phenotype, namely, a rapid dys-
genesis of the retina postnatally, eventually leading to blindness. 
This publication resolved a century-long debate on whether a muta-
tion in the phosphodiesterase 6 beta (Pde6b) gene or a viral inser-
tion (Xmv-28) was responsible for the retinal degeneration, both of 
which are present in the mouse model. This discovery was only 
made possible by CRISPR genome engineering technologies. Here, 
we provide a brief description of the methods we used to conduct 
these experiments. While this protocol is specific to the aims of our 
previous paper, we hope that its overarching themes, tips, and tech-
niques can be repurposed for readers and inform or inspire their 
own CRISPR-based discoveries (see Note 1).
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2  Materials

	 1.	sgRNA Oligos (Integrated DNA Technologies Custom DNA 
oligos, see Table 1).

	 2.	T4 DNA ligase reaction buffer, 10×.
	 3.	T4 polynucleotide kinase.
	 4.	pSpCas9(BB) (we used pX335-U6-Chimeric_BB-CBh-

hSpCas9n(D10A) in this paper, Addgene plasmid ID: 42,335).
	 5.	Tango buffer (Fermentas/Thermo Scientific) or FastDigest buffer.
	 6.	FastDigest BbsI (BpiI) (Fermentas/Thermo Scientific).
	 7.	DTT, 10 mM.
	 8.	ATP, 10 mM.
	 9.	T7 DNA ligase (New England BioLabs).
	10.	PlasmidSafe ATP-dependent DNase (Epicentre).
	11.	10× PlasmidSafe buffer.
	12.	One Shot Stbl3 chemically competent E. coli (Life 

Technologies).
	13.	Lysogeny Broth (LB) medium supplemented with 100 μg/ml 

ampicillin. Prepare from a 100 mg/mL ampicillin stock.
	14.	LB agar plates supplemented with 100 μg/ml ampicillin.
	15.	ddH2O.

	 1.	pSpCas9(BB)-sgRNA constructs.
	 2.	DMSO.
	 3.	Primers (see Tables 2 and 3).
	 4.	Phusion Hot Start II High-Fidelity DNA Polymerase (Thermo 

Scientific).
	 5.	dNTP.
	 6.	ddH2O.
	 7.	AccuGENE™ 10× TBE Buffer.
	 8.	UltraPure Agarose.
	 9.	UltraPure DNase/RNase-free distilled water.
	10.	Cas9 protein (PNA Bio).
	11.	10× Cas9 nuclease buffer (NEB).
	12.	RNasin Plus RNase Inhibitor.

	 1.	FVB/N male and superovulated female mice.
	 2.	M16 medium (Specialty Media).

2.1  sgRNA 
Construction

2.2  sgRNA In Vitro 
Validation

2.3  Zygote Injection

Wen-Hsuan Wu et al.
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Table 1 
Donor template sequence for CRISPR-mediated correction of the Y347X mutation

ssODN Sequence (5′ → 3′)

NdeI-Pde6b ssODN AACAATGCAAGCATTCATTCCTTCGACCTCTGTTCTTTTCCCACAGC 
ACACCCCCGGCTGATCACTGGGCCCTGGCCAGTGGCCTTCCAACAT 
ATGTAGCTGAGAGTGGCTTTGTGAGTGTCCCTCTCCAGGCCTTGGC 
CTCTACTGGCCAGTGCTATGATATGTGCTAGCCTGCTACCTCCTATT 
AGCACATCCTGCTA

Table 2 
Oligo sequences for Pde6b sgRNA construction

sgRNA oligos Sequence (5′ → 3′)

sgRNA1-foward CACCGCCACTTTCTGCTACTTAGGT

sgRNA1-reverse AAACACCTAAGTAGCAGAAAGTGGC

sgRNA2-foward CACCGCTCCAGGCCTTGGCCTGTAC

sgRNA2-reverse AAACGTACAGGCCAAGGCCTGGAGC

sgRNA3-foward CACCGAGGGCCCAGTGATCAGCCGG

sgRNA3-reverse AAACCCGGCTGATCACTGGGCCCTC

sgRNA4-foward CACCGCCAACCTAAGTAGCAGAAAG

sgRNA4 reverse AAACCTTTCTGCTACTTAGGTTGGC

Table 3 
Primer sequences for PCR

Primers Sequence (5′ → 3′)

T7-sgRNA1-foward TTAATACGACTCACTATAGGGCCACTTTCTGCTACTTAGGT

T7-sgRNA2-foward TTAATACGACTCACTATAGGGCTCCAGGCCTTGGCCTGTAC

T7-sgRNA3-foward TTAATACGACTCACTATAGGGAGGGCCCAGTGATCAGCCGG

T7-sgRNA4-foward TTAATACGACTCACTATAGGGCCAACCTAAGTAGCAGAAAG

sgRNA-reverse AAAAGCACCGACTCGGTG

RD1-check-F CAAGAAGGCAGTAGGATTCCG

RD1-check-R TTGTCTTGCCTGCTTCTCATC

#10 ATGTACCGCCAGCGCAATGG

#JS610 CCCCGCCTTCTCAACAACCTGGGACGGGAG

#80 CTCTGTTTCTCTCCTGATACG

#81 ACCTGCATGTGAACCCAGTATT

CRISPR Genome Surgery for Retinitis Pigmentosa
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	 1.	Phusion Hot Start II High-Fidelity DNA Polymerase (Thermo 
Scientific).

	 2.	Primers (see Tables 2 and 3).
	 3.	dNTP.
	 4.	ddH2O.
	 5.	NdeI restriction enzyme.

	 1.	QIAprep or other spin miniprep kit.
	 2.	QIAQuick or other PCR purification kit.
	 3.	MEGAshortscript or other shortscript T7 Transcription kit.
	 4.	MEGAclear or other transcription cleanup kit.
	 5.	DNeasy or other blood and tissue kit.
	 6.	Surveyor Mutation Detection Kit (Integrated DNA 

Technologies).
	 7.	Zero Blunt TOPO PCR Cloning Kit (Life Technologies).

	 1.	100 mg/mL Ketamine.
	 2.	20 mg/mL Xylazine.
	 3.	PBS.
	 4.	Heating pad.
	 5.	1% Tropicamide ophthalmic solution.
	 6.	2.5% Phenylephrine ophthalmic solution.
	 7.	0.5% Proparacaine hydrochloride ophthalmic solution.
	 8.	2.5% Goniosol hypromellose ophthalmic demulcent solution.

	 1.	100 mg/mL Ketamine.
	 2.	20 mg/mL Xylazine.
	 3.	PBS.
	 4.	1% Tropicamide ophthalmic solution.
	 5.	2.5% Phenylephrine ophthalmic solution.
	 6.	0.5% Proparacaine hydrochloride ophthalmic solution.
	 7.	Systane Gel (Lubricant Eye Gel, Alcon).
	 8.	100 mg/mL AK-Fluor sodium fluorescein (Akorn Inc.).

	 1.	Burian-Allen bipolar mouse contact lens electrodes (Hansen 
Lab, La Jolla, California).

	 2.	Espion Electroretinogram (ERG) Diagnosys equipment 
(Diagnosys LLC).

	 3.	Ganzfeld dome (Diagnosys LLC).

2.4  Detection 
of Gene Correction or 
Disruption

2.5  Kits

2.6  Electrore­
tinogram Recordings

2.7  Fundoscopy 
Imaging

2.8  Equipment

Wen-Hsuan Wu et al.
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	 4.	Spectralis scanning laser confocal ophthalmoscope (OCT-SLO 
Spectralis 2; Heidelberg Engineering).

	 5.	Red LED headlight (Rayovac SPHLTLED-BB Sportsman 22 
Lumen 3 in 1 Headlight).

3  Methods

	 1.	Design and order custom ssODN donor templates that do not 
harbor disease-causing mutations in the gene of interest 
(Table 1). Instead, the sequences may contain silent mutations 
that can dually serve as sites for restriction enzyme cleavage 
during tests like RFLP assays, for example.

	 2.	Dilute the ssODN with nuclease-free water to 10 μM. Store at 
−20 °C.

	 1.	Use a CRISPR guide design software to develop the sequence. 
There are many software options and websites available for this 
purpose. We use Benchling (www.benchling.com), but other 
options include http://tools.genome-engineering.org, 
https://www.atum.bio/eCommerce/cas9/input, etc.

	 2.	Each site should offer detailed instructions for designing the 
guide using the software, but generally:
(a)	 Input the target genomic DNA sequence.
(b)	Aim to find a guide sequence as close to the target site as 

possible.
(c)	 Enhance sgRNA specificity by targeting the mutation site 

itself and by placing the mutation within 12 bps of the 3′ 
end of the sgRNA sequence.

	 3.	Order oligos as specified by the Benchling website (Table 2). 
See Note 2

	 1.	Resuspend sgRNA oligos with ddH2O to 100 μM and prepare 
the following mixture in order to phosphorylate and anneal 
the sgRNA oligos:

Ingredients Quantity (μL)

ddH2O 6.5

T4 PNK 0.5

10× T4 PNK buffer 1

sgRNA top (100 μM) 1

sgRNA bottom (100 μM) 1

Total 10

3.1  Single-Stranded 
Oligodeoxynucleotide 
(ssODN) Donor 
Template Design

3.2  Single Guide RNA 
(sgRNA) Design

3.3  sgRNA 
Construction

3.3.1  Prepare the Inserts

CRISPR Genome Surgery for Retinitis Pigmentosa
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	 2.	Anneal oligos with the following thermocycling parameters: 
37 °C for 30 min, then 95 °C for 5 min, and finally ramp down 
to 25 °C at 5 °C per min.

	 3.	Dilute to 1:200 (i.e., 1 μl of oligo to 199 μl RT ddH2O).

	 1.	Prepare the ligation reaction based on the parameters below, 
then incubate for 1 h while cycling 6 times, with alternating 
periods of 37 °C for 5 min and 23 °C for 5 min.

Ingredients Quantity (μL)

ddH2O to 20

T7 ligase 0.5

Tango buffer or FastDigest 
buffer, 10×

2

DTT, 10 mM 1

ATP, 10 mM 1

FastDigest BbsI 1

Diluted oligo duplex 2

pSpCas9(BB), 100 ng ×

Total 20

	 2.	Use PlasmidSafe exonuclease to remove any lingering linear-
ized DNA (optional, see below for mixture parameters).

Ingredients Quantity (μL)

Ligation reaction 11

ATP, 10 mM 1.5

PlasmidSafe buffer, 10× 1.5

PlasmidSafe exonuclease 1

Total 15

	 3.	Incubate at 37 °C for 30 min followed by 70 °C for 30 min.

	 1.	Transform the plasmid into E. coli according to the protocol 
accompanying the cells.

	 2.	The next day, pick 2–3 colonies and inoculate into 3 mL of LB 
medium with 100 μg/mL of ampicillin. Incubate at 37 °C and 
shake overnight.

	 3.	Following the manufacturer’s instructions, isolate the plasmid 
using the QIAprep spin miniprep kit.

	 4.	Use the U6-Fwd primer to sequence from the U6 promoter 
and verify the sequence.

3.3.2  Cloning 
the sgRNAs into Plasmid

3.3.3  Transforming 
Plasmid into 
Competent Cells

Wen-Hsuan Wu et al.
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	 1.	To prepare the T7-sgRNA template, use PCR amplification 
with the appropriate primer pair (Table 3) following the param-
eters below to add the T7 promoter sequence to the sgRNA 
template.

Ingredients
Quantity  
(per reaction, μL) Final

pSpCas9-sgRNA (5 ng/μL) 2 10 ng

Forward primer (10 μM) 1 0.2 μM

Reverse primer (10 μM) 1 0.2 μM

5× HF buffer 10 1×

​DMSO 1.5

Phusion high-fidelity DNA 
polymerase

0.5 –

dNTP (2.5 mM) 4 200 μM

ddH2O 30 –

Total 50

	 2.	Perform the PCR cycles as follows:

Cycle number Denature Anneal Extend

1 98 °C, 2 min

2–36 98 °C, 5 s 65 °C, 5 s 72 °C, 7 s

37 72 °C, 2 min

	 3.	Use a TBE buffer and 2% weight/volume (wt/vol) agarose gel 
to run the PCR product. The product size should be roughly 
120 bp.

	 4.	Following the manufacturer’s instructions, use the PCR purifi-
cation kit to purify the T7-sgRNA PCR product.

	 5.	Following the manufacturer’s instructions, use the 
MEGAshortscript T7 kit for in vitro transcription of sgRNA, 
using the purified PCR product as the template.

	 6.	Following the manufacturer’s instructions, use the MEGAclear 
kit to purify the sgRNA. Elute the sgRNA with nuclease-free 
water.

	 7.	Verify its quality by running on a gel (2% wt/vol agarose gel 
with TBE buffer) and assessing bands for possible sgRNA 
degradation.

	 8.	Using RNase-free water, dilute the sgRNA to 500 ng/μL.

3.4  In Vitro 
Validation of sgRNA 
Targeting

CRISPR Genome Surgery for Retinitis Pigmentosa
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	 9.	Prepare the target template: Using the appropriate primer pair 
(Table  3), perform a PCR-amplification using the following 
parameters:

Ingredients
Quantity (per 
reaction, μL) Final

Genomic DNA template from 
FVB/N mice (5 ng/μL)

2 10 ng

Forward primer (10 μM) 1 0.2 μM

Reverse primer (10 μM) 1 0.2 μM

5× HF buffer 10 1×

​DMSO 1.5

Phusion high-fidelity DNA 
polymerase

0.5 –

dNTP (2.5 mM) 4 200 μM

ddH2O 30 –

Total 50

	10.	Perform the PCR cycles as follows:

Cycle 
number Denature Anneal Extend

1 98 °C, 5 min

2–36 98 °C, 5 s 63 °C, 8 s 72 °C, 20 s

37 72 °C, 3 min

	11.	Run the PCR product on a gel (1.5% wt/vol agarose gel in TBE 
buffer). Verify its concentration and size (~845 bp is expected).

	12.	Following the manufacturer’s instructions, use the PCR purifi-
cation kit to purify the PCR product.

	13.	Complex the Cas9 protein, sgRNA, and target template 
together under the following conditions:

Ingredients Quantity (per reaction, μL) Final

Cas9 protein, 1 mg/mL 0.6 600 ng

sgRNA, 500 ng/μL 1 500 ng

Cas9 buffer (NEB), 10× 2 1×

Target template x 400 ng

RNAsin, 40 U/μL 0.1 0.2 U/μl

ddH2O to 20

Total 20

Wen-Hsuan Wu et al.
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	14.	Incubate at 37 °C for 2 h, then at 70 °C for 30 min.
	15.	Run on a gel (2% wt/vol agarose gel with TBE buffer) to esti-

mate sgRNA efficiency.

This involves pronuclear injection and oviduct transfer, which are 
standard procedures that are beyond the scope of this chapter. Briefly:

	 1.	Superovulate FVB/N females by mating with FVB/N males 
and obtain oocytes.

	 2.	Inject 3 ng/μL of sgRNA plasmid, 3 ng/μL of Cas9 protein, 
and 1 μM of ssODN into the FVB/N inbred zygotes under a 
depression slide chamber.

	 3.	Culture zygotes in M16 (Specialty Media) overnight and trans-
fer surviving zygotes into oviducts of 0.5-day postcoitum, 
pseudopregnant B6×CBA F1 females.

	 4.	Separate male and female offspring into individual cages at 
3 weeks after birth.

	 5.	Backcross offspring into the FVB/N background to assess the 
percentage/efficiency of the repair through germline transmis-
sion. See Note 3

	 1.	To identify CRISPR/Cas9-mediated gene correction or dis-
ruption in the Pde6brd1 locus, isolate DNA by performing tail 
clipping per institutional guidelines.

	 2.	Following the manufacturer’s instructions, use the blood and 
tissue kit to isolate genomic DNA from the samples.

	 3.	Amplify extracted DNA by PCR under the following condi-
tions using gene-specific primers (Table 3):

Ingredients Quantity (per reaction, μL) Final

Tail DNA x 10 ng

Forward primer (10 μM) 1 0.2 μM

Reverse primer (10 μM) 1 0.2 μM

5× HF buffer 10 1×

dNTP (2.5 mM) 4 200 μM

Phusion high-fidelity DNA 
polymerase

0.5

DMSO 1.5

ddH2O To 50

Total 50

3.5  Zygote Injection 
and Generation 
of Mice

3.6  Detection 
of Gene Correction or 
Disruption

3.6.1  Purification 
of the Gene-Edited PCR 
Fragments

CRISPR Genome Surgery for Retinitis Pigmentosa
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	 4.	Perform the PCR cycles as follows:

Cycle Number Denature Anneal Extend

1 98 °C, 5 min

2–36 98 °C, 5 s 63 °C, 8 s 72 °C, 20 s

37 72 °C, 3 min

	 5.	Following the manufacturer’s instructions, use the PCR purifi-
cation kit to purify the PCR products.

To identify homology-directed repair (HDR) events with addi-
tional restriction enzyme sites (RFLP assay):

	 1.	Digest the PCR products with the corresponding enzyme (in 
this case, we used NdeI). Incubate at 37 °C, 1 h.

	 2.	Run the digested samples on a gel (1.5% wt/vol agarose gel 
with TBE buffer).

	 3.	Verify the donor-targeted allele. There should be two smaller 
fragments cleaved upon enzyme treatment. In our example, 
the targeted one would be cleaved into ~340 and 500 bp frag-
ments, while the untargeted one would be intact, with a size of 
845 bp.

To identify nonhomologous end joining (NHEJ) events, analyze 
PCR products using the Surveyor® Mutation Detection Kit accord-
ing to the manufacturer’s instructions, here briefly:

	 1.	Denature and reanneal the PCR products by using the follow-
ing conditions: 95 °C for 10 min, then 95 °C ramp down to 
25 °C at 5 °C per min.

	 2.	Create the SURVEYOR nuclease S digestion mixture:

Ingredients
Quantity (per  
reaction, μL) Final

Annealed heteroduplex X 200-400 ng

SURVEYOR nuclease S 1

SURVEYOR enhancer S 1

MgCl2 solution supplied 
with kit, 0.15 M

0.1×

Total Y (10–40)

	 3.	Mix thoroughly and incubate at 42 °C for 1 h.

3.6.2  (Option A)

3.6.3  (Option B)

Wen-Hsuan Wu et al.
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	 4.	Add 0.1Y μL of Stop solution from the kit.
	 5.	Run the digested samples on a gel (1.5% wt/vol agarose gel 

with TBE buffer).
	 6.	Verify the NHEJ events by detecting two smaller fragments 

cleaved upon enzyme treatment.

To identify the detailed sequence change and calculate the percent-
age of HDR/NHEJ events after Cas9/sgRNA treatment, sub-
clone PCR products by using the Zero Blunt® TOPO® PCR 
Cloning Kit:

	 1.	Prepare TOPO cloning reaction:

Ingredients Quantity (per reaction, μL)

PCR product 0.5-4

Salt solution 1

H2O 0–3.5

TOPO vector 1

Total 6

	 2.	Mix gently and incubate at room temperature for 5 min.
	 3.	Transform into competent E. coli according to the protocol 

accompanying the cells.
	 4.	Spread each transformation on a LB agar plate with ampicillin 

(100 μg/mL). Incubate at 37 °C overnight.
	 5.	Pick >16 colonies from each plate and inoculate into 3 mL of 

LB medium with 100 μg/mL of ampicillin. Incubate at 37 °C 
and shake overnight.

	 6.	Following the manufacturer’s instructions, purify the plasmids 
by using the spin miniprep kit.

	 7.	Use the M13 forward primer (5′-GTAAAACGACGGCCAG-3′) 
or M13 reverse primer (5′-CAGGAAACAGCTATGAC-3′) for 
Sanger sequencing.

	 8.	Calculate the editing efficiency as (no. of modified clones)/
(no. of total clones).

	 1.	Dark-adapt mice overnight.
	 2.	Administer one drop of 1% Tropicamide ophthalmic solution 

and 2.5% Phenylephrine ophthalmic solution in each eye to 
dilate. Apply 0.5% Proparacaine hydrochloride ophthalmic 
solution to numb the cornea. Allow ten minutes to pass.

3.6.4  (Option C)

3.7  Electrore‑ 
tinogram Recordings

CRISPR Genome Surgery for Retinitis Pigmentosa
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	 3.	Use an anesthetic solution (1 mL of 100 mg/mL ketamine 
and 0.1 mL of 20 mg/mL xylazine in 8.9 mL PBS) at a con-
centration of 0.1 mL/10 g BW to anesthetize mice via intra-
peritoneal injection.

	 4.	Place mouse on a heating pad to maintain body temperature at 
37 °C.

	 5.	Place Burian-Allen bipolar mouse contact lens electrodes on 
each cornea and apply 2.5% Goniosol Hypromellose 
Ophthalmic Demulcent Solution.

	 6.	Place reference electrodes subcutaneously in the anterior scalp 
between the eyes. Place ground electrodes on the mouse’s back.

	 7.	Use the Espion ERG Diagnosys equipment to simultaneously 
obtain recordings from both eyes. For rod and maximal rod and 
cone responses, use white light pulses of 0.00130 and 3 cd × s/
m2 (White-6500K). Be sure to obtain recordings under dim red 
light illumination, which allows the investigator to observe the 
experiment while not affecting the test and light stimuli.

	 8.	Light-adapt mice in the Ganzfeld dome for 10 min.
	 9.	Use flashes of 30 cd × s/m2 (Xenon) to obtain cone cell record-

ings and suppress rod responses by using a background illumi-
nation of 30 cd/m2 (White-6500K).

	 1.	Administer one drop of 1% Tropicamide ophthalmic solution 
and 2.5% Phenylephrine ophthalmic solution in each eye to 
dilate. Apply 0.5% Proparacaine Hydrochloride ophthalmic 
solution to numb the cornea. Allow ten minutes to pass.

	 2.	Anesthetize mice by intraperitoneal injection of ketamine/ 
xylazine as described above (Subheading 3.7, step 3).

	 3.	Place mouse on a heating pad to maintain body temperature at 
37 °C.

	 4.	Apply a lubricating ophthalmic gel on the eye not being tested 
to protect against drying.

	 5.	Perform fundoscopy imaging procedures using the Spectralis 
scanning laser confocal ophthalmoscope using a 30° lens.

	 6.	Perform OCT imaging procedures using Spectralis and the 
55° lens.

	 1.	Order primers that span the Pde6b and Xmv-28 sequences: 
primer pair 1 = #10 and #JS610 for the 5′ junction, and primer 
pair 2 = #80 and #81 for the 3′ junction (Table 3) [2].

	 2.	Amplify FVB/N genomic DNA with/without CRISPR-
editing by PCR under the following conditions using junction-
specific primers (Table 3):

3.8  Fundoscopy 
Imaging

3.9  Xmv-28 Insertion 
Verification

Wen-Hsuan Wu et al.
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Ingredients
Quantity (per 
reaction, μL) Final

Genomic DNA template from FVB/ 
N mice (5 ng/μL)

2 10 ng

Forward primer (10 μM) 1 0.2 μM

Reverse primer (10 μM) 1 0.2 μM

5× HF buffer 10 1×

​DMSO 1.5

Phusion high-fidelity DNA polymerase 0.5 –

dNTP (2.5 mM) 4 200 μM

ddH2O 30 –

Total 50

	 3.	Perform the PCR cycles as follows:

Cycle number Denature Anneal Extend

1 98 °C, 5 min

2–36 98 °C, 5 s 60 °C, 5 s 72 °C, 90 s

37 72 °C, 10 min

	 4.	Confirm presence of insertion by running the PCR product on 
a gel (0.8% wt/vol agarose gel in TBE buffer). Verify the prod-
uct size (3.3  kb for 5′ junction and 2.4  kb for 3′ junction, 
respectively).

4  Notes

	 1.	Our protocols for CRISPR, sgRNA/template design, ERG 
acquisition, histology, etc. closely follow that set forth in the 
following publications, which we highly recommend readers to 
review [3–6].

	 2.	When designing the gRNA, a mutation that creates a novel 
PAM sequence is ideal. This is because if a mutation can create 
a PAM (ex: AGG), then the wild type form (ex: AGT) is 
unlikely to be recognized by Cas9 because of the lack of a 
PAM. In this way, Cas9 is more likely to be specific and only 
edit the allele with the mutation.

CRISPR Genome Surgery for Retinitis Pigmentosa
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	 3.	Regarding Subheading 3.5: Zygote injection and generation of 
mice, the method we have described has been reported by sev-
eral others to be an effective strategy. Yet, for our experiments, 
injection of the sgRNA and Cas9 protein did not work effica-
ciously. We therefore altered our method by injecting 5 ng/μL 
of plasmid and 1 μM of ssODN in a pronuclear fashion, an 
alternative that worked well for us and may be considered if the 
traditional sgRNA + Cas9 injection strategy does not work.
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Chapter 14

In-Depth Functional Analysis of Rodents by Full-Field 
Electroretinography

Vithiyanjali Sothilingam, Regine Mühlfriedel, Naoyuki Tanimoto, 
and Mathias W. Seeliger

Abstract

Full-field electroretinography (ERG) belongs to the gold-standard of electrophysiological test systems in 
ophthalmology and reflects the sum response of the entire retina to light stimulation. The assessment of 
the retinal function is a fundamental diagnostic technique not only in the clinical ophthalmology it is also 
indispensable in the ophthalmic research, in particular, in therapeutic approaches where the in vivo follow 
up of the benefit after treatment is absolutely necessary. Several current therapeutic approaches have dem-
onstrated long-lasting amelioration in respective disease models and show promise for a successful transla-
tion to human patients. In this chapter we provide electroretinography protocols of experimental data 
which may serve as informative features for upcoming gene therapeutic approaches and clinical trials.

Key words Electroretinography, Gene therapy, Rodents, Mouse, Rod, Cone

1  Introduction

Electroretinography (ERG) is a non-invasive electrophysiological 
method which is standardized by the International Society for 
Clinical Electrophysiology of Vision (ISCEV) since 1989 for clini-
cal application to facilitate a global comparability of the ERG pro-
tocols [1–3]. In basic ophthalmic research, ERG is also a well 
established functional diagnostic method to assess outer retinal 
functionality and is comparable to human use [4, 5]. The establish-
ment of specific protocols is an important but often underestimated 
factor to monitor successful molecular therapy in retinal degenera-
tions and essential for the translation to human patients [6–9]. In 
the disease model of retinitis pigmentosa or achromatopsia where 
predominantly one type of photoreceptors (PR), either cone or 
rod, is affected and the corresponding electrical response of the PR 
subtype is completely abolished, the detection of even minor 
improvements is required following a therapeutic intervention. 
However, the mostly unaffected counterpart needs a well-designed 
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set of ERG test conditions to optimize sensitivity and specificity of 
such protocols in preparation of human clinical trials [7–9]. In this 
chapter, we show details about the experimental procedure during 
ERG examinations and appropriate protocols designed to use in 
therapeutic interventions.

2  Materials

	 1.	Full-field ERG system: a signal amplification system, a PC-based 
control and recording unit, a monitor screen (see Note 1). The 
ERG measurement in mice needs an additional set up if the 
ERG system for human application is used.

	 2.	A small box with two manipulators (for the active electrodes 
which should be adjustable in three dimensions to facilitate 
positioning).

	 3.	Two active electrodes (see Notes 2 and 3) and two short needle 
electrodes used as a reference and a ground electrode.

	 4.	A heating pad on the small box (maintains stable body tem-
perature throughout the experiment).

	 5.	Mydriatic drops (e.g., Mydriaticum Stulln, Pharma Stulln) for 
pupil dilation.

	 6.	Methylcellulose (e.g., Methocel 2%, Omnivision GmbH) for 
eye moistening.

	 7.	Anesthesia: Ketamine (66.7  mg/kg body weight), xylazine 
(11.7 mg/kg body weight), Normal Saline (0.9% NaCl).

	 8.	Electronic scale (set to minimum one position after the deci-
mal point).

	 9.	Mouse cage and cage lid (see Note 4).
	10.	Large box: To allow continuous dark adaptation of mice during 

ERG measurement. The mice cages are kept in a container and 
are additionally covered with a dark-colored, thick blanket.

	11.	Dim-red light: To preserve dark adaptation of mice during 
ERG examination the room has to be completely dark and the 
minimum light source which should be used is a noninterfer-
ing dim-red light (e.g., battery-operated bicycle lamp).

3  Methods

The arrangements often begin one day before the analysis. For the 
overnight dark adaptation (at least longer than 6 h) of mice the 
room has to be completely dark, meaning that even after a period 
of time (ca. 20 min) the room is dark. Optimally the examination 
room should have a double-door system so that one can enter or 

3.1  Preparation 
Before ERG 
Examination

Vithiyanjali Sothilingam et al.
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leave the room without incidence of light which would disturb the 
dark adaptation during investigation.

	 1.	To allow continuous dark adaptation, first one should enter the 
room using a dim-red light and without other light entering.

	 2.	Before other arrangement begins, insert the mice cages into a 
large container, close it and covered it with a light-impermeable 
blanket. The following steps can then be carried out under reg-
ular lighting.

	 3.	The ERG equipment has to be turned on and anesthesia be 
prepared. Afterward the room light is again turned off and all 
other preparations are performed using dim-red light.

	 4.	The mouse is weighed and the appropriate amount of anes-
thetic is given subcutaneously to the mouse. Then insert the 
mouse into a cage and wait until narcotized.

	 5.	For the dilation of the pupil mydriatic eye drops are applied to 
both eyes.

	 6.	The anesthetized mouse is placed symmetrically on a small box 
which is heated to body temperature (see Note 5).

	 7.	The first (disposable stainless) needle electrode is applied sub-
cutaneously as a reference at the forehead region and the sec-
ond ground electrode equally at the back near the tail.

	 8.	The positioning of the active electrodes includes moistening of 
these electrodes with methylcellulose and positioning of them 
on the surface of both corneas (see Note 6).

	 9.	After the impedance of each electrode is checked (see Note 7), the 
small box is placed into the full-field bowl so that the eyes are 
placed well into the center and the ERG measurement can be 
started.

Essential aspects that determine the contribution of the retinal 
neurons to ERG include stimulus conditions, background illumi-
nation (which influences retinal adaptation levels) and duration of 
the stimulus. Therefore it is necessary that appropriate ERG proto-
cols have to be tailored in order to specifically analyze visual signals 
of retinal neurons. ERG recordings are usually divided into two 
groups according to the frequency of stimuli, the so-called single 
flash which represents an intensity series and the flicker ERG with 
a change in frequency from very low to high. These measurements 
are performed either under dark-adapted (scotopic) or light-
adapted (photopic) conditions, including a static background light 
of 30 cd × s/m2. For a fast estimation of retinal functionality single 
flash protocols are a minimum requirement (Fig. 1). However, for 
a thorough analysis of major bipolar cell contributions of the rod 
and cone pathways specific flicker protocols are required [11]. 

3.2  ERG Recording 
Day

3.3  ERG Protocols

Electroretinography in Rodents
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Especially, the combination of both single-flash and flickering ERG 
paradigms are valuable for discrimination of the functional pathol-
ogy of animal models with negative ERG [12, 13]. Importantly, 
the designed murine ERG intensity and flicker series in our labora-
tory meet the standards of the International Society for Clinical 
Electrophysiology of Vision (ISCEV) for clinical full-field electro-
retinography which guarantee a high compatibility. The ISCEV 
standards are hereinafter highlighted in bold [2, 3].

Fig. 1 Single flash ERG intensity series (adapted from [10]). (a) Dark-adapted 
(scotopic) and (b) light-adapted (photopic) recording series of a C57BL/6 mouse. 
Light levels up to 10 mcd × s/m2 reflect pure rod system activity (orange marked 
area) and ERG traces above 10 mcd × s/m2 represent mixed rod and cone system 
activities (orange and green marked area). Light-adapted ERG measurements 
under a steady background illumination of 30 cd × s/m2 starting at 0.01 cd × s/
m2 allow to obtain information exclusively about cone system contribution (green 
marked area). The rod system is usually saturated and cannot react under these 
conditions [4, 5]. ISCEV standards are pointed out in bold letters

Vithiyanjali Sothilingam et al.
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	 1.	Scotopic single flash intensity series includes steps at 
0.0001, 0.001, 0.01, 0.03, 0.1, 0.3, 1.0, 3.0, 10.0, and 
30.0 cd × s/m2 (Fig. 1a).

	 2.	Scotopic flicker frequency series at 3.0 cd × s/m2 ISCEV stan-
dard flash (SF) intensity includes frequencies at 0.5, 1, 2, 3, 5, 
7, 10, 12, 15, 18, 20, and 30 Hz.

After a 10 min adaptation to a static background light of 
30 cd/m2 the light-adapted (photopic) protocol series starts.

	 3.	Photopic single flash intensity series: 0.01, 0.03, 0.1, 0.3, 1.0, 
3.0, 10.0, and 30.0 cd × s/m2 (Fig. 1B).

	 4.	Photopic flicker frequency series at 3.0 ISCEV SF intensity 
(from 0.5 to 30  Hz) contains equal intermediate frequency 
steps as in scotopic flicker series.

These parameters should be adjusted to ensure minimal fluctua-
tions of the baseline and signal to noise ratio. Our recommendation 
for the single flash protocol is to average ten responses with inter-
stimulus intervals of 5 (for <1.0  cd  ×  s/m2) or 17  s (for 1.0–
30  cd ×  s/m2). For the flicker protocols, responses are averaged 
either 20 times (for 0.5–3 Hz) or 30 times (for 5 Hz and above). 
For all four protocols the band-pass filter cut-off frequencies are 0.3 
and 300 Hz analog to human ISCEV standard.

The electroretinogram in response to a flash of light is a biphasic 
ERG waveform with an initial negative component, the a-wave, 
and a subsequent positive component, called b-wave (Fig. 2). A 
third component of the ERG are the oscillatory potentials (OPs), 
a number of higher-frequent and low amplitude wavelets on top of 
the b-wave varying in size and number with increasing stimulus 
intensities. The initial a-wave is dominated by photoreceptor outer 
segment activity and the following b-wave component reflects the 
activity of ON bipolar cells [4, 5, 14].

3.3.1  Stimulation 
Strength

3.3.2  Stimulation 
Duration and Filter 
Parameters

3.4  ERG Data 
Analysis and 
Presentation

Fig. 2 Major ERG components. A typical dark-adapted ERG waveform at a higher 
light intensity consists of an a-wave (negative deflection) and a b-wave (positive 
deflection) including oscillatory potentials (black arrows)

Electroretinography in Rodents
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	 1.	For a first evaluation of the overall retinal functionality the 
b-wave amplitude (in microvolt) and latency (time, expressed 
in milliseconds, between the start of the stimulus and the 
peak of the b-wave) of single flash ERG responses are mea-
sured (see Note 8).

	 2.	For specific questions, the a-wave but also the positive deflec-
tion of the flicker ERG responses is analyzed (see Note 9).

	 3.	For an adequate overview of the data distribution, we suggest a 
nonparametric presentation of the data as a box-and-whisker-
plot, including the 5, 25, 50 (median), 75, and 95% quantiles. 
The values of the amplitude/latency of the ERG data are then 
plotted verse the intensity/frequency on a graph.

	 4.	Additionally, it is recommended to show a representative 
response series (e.g., treated verse untreated eye) from each 
group. In some other cases, an overlay of the responses may 
provide information about the configuration of the ERG wave-
form (see Note 10).

4  Notes

	 1.	ERG systems for clinical application can be used for rodents, 
however they should comply with the current industrial 
standard issued by the ISCEV.

	 2.	We use ring electrode made of gold wire.
	 3.	ERG responses are obtained from both eyes simultaneously to 

verify proper positioning of active electrodes and comparing ERG 
responses between right and left eyes, e.g., it is particularly neces-
sary when the untreated eye is used as an internal control [6–8].

	 4.	Depending on the mouse line, sometimes a mouse jumps heav-
ily during anesthesia, thus the cage should be covered with a 
cage lid. Do not keep mice in cage with litter to avoid corneal 
injury. Disposable soft wipes are used in our lab to cover the 
bottom of the cage.

	 5.	The symmetrical positioning is important for equal stimulation 
of both eyes.

	 6.	The distance between the active electrode and the cornea is an 
essential parameter which influences the noise level as well as 
the fluctuation of the signal baseline.

	 7.	The impedance of the active electrodes is a good indicator for 
the right positioning. Large impedances usually mean that the 
contact between active electrode and cornea is too distant, 
whereas very small impedances may mean that the electrodes 
are strongly attached to the corneal surface and may influence 
the ocular circulation.

Vithiyanjali Sothilingam et al.
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	 8.	Due to large oscillations in murine ERG, the maximal positive 
deflection may not resemble the peak of b-wave. Therefore, it 
is suggested to fit an imaginary curve on the b-wave (see Fig. 2) 
which roughly runs through the midpoints between minimum 
and maximum of oscillations [4, 5].

	 9.	In contrast to single flash responses, the a- and b-wave analogues 
and oscillations of the b-wave analogue diminish with increasing 
flicker frequency in a flicker frequency series. For this reason, the 
amplitude of the flicker responses is measured from the trough to 
the peak of each response for all frequencies.

	10.	The comparison of the waveforms by a superposition is indis-
pensable in cases where the time course of the voltage change 
cannot be fully analyzed and described by the quantitative 
analysis of the response amplitudes [15–18].
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Chapter 15

Advanced Ocular Injection Techniques for Therapy 
Approaches

Regine Mühlfriedel, Marina Garcia Garrido, Christine Wallrapp, 
and Mathias W. Seeliger

Abstract

Treatment approaches for inherited eye diseases require local therapeutic molecule delivery by intra-
ocular injection. One important factor that can influence the study outcome is the quality of intra-
ocular administration. The intracompartmental structure (e.g., vitreous) of the eye allows a 
sustainable release of therapeutic biologicals using an intravitreal delivery. The protocol described 
here aims at providing the details relevant to perform a transscleral pars plana intravitreal transfer in 
small eyes using a genetically modified stem cell system. The fact that cells and therewith visually 
distinct particles are implanted, allows for the assessment of the implantation site and the distribu-
tion, and possibilities for temporal follow up studies—hence, valuable information becomes available 
which can be used to fine-tune the intravitreal delivery technique.

Key words Intraocular delivery, Transscleral pars plana injection, Retina, Mouse eye, Photoreceptor 
cells, Intravitreal implantation, In vivo imaging, Micro CellBeads®

1  Introduction

The accessibility for routine surgery and its immune privileged state 
make the eye an ideal target for intraocular therapeutic treatments of 
inherited eye diseases. Depending on the aetiology, the progression 
of disease and the availability of therapeutic compounds or vector 
systems, two different local application routes are suitable for thera-
peutic treatments. As many inherited vision-threatening eye diseases 
are caused by mutations in photoreceptor and/or retinal pigment 
epithelium (RPE) genes, the therapy for such diseases requires local 
viral vector delivery by subretinal administration [1–5]. The subreti-
nal space is an excellent target because subretinal delivery places 
injected material in contact with the plasma membrane of the photo-
receptor (PhR) and the RPE cells. In genetic diseases, specific resto-
ration of gene function by gene replacement approaches would seem 
an ideal therapeutic strategy [6–13]. Recombinant, replication-
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deficient adeno-associated viral (rAAV) vectors are increasingly being 
used in gene therapy trials in the central nervous system [14–17] and 
are currently among the most frequently used viral vector systems in 
clinical trials for ocular disorders, e.g., Leber congenital amaurosis 
(LCA) linked to RPE65 deficiency [18–23], Choroideremia [24] 
and Achromatopsia [25]. The genetic heterogeneity, the often late 
diagnosis of retinal disorders and the high treatment costs could be a 
drawback for this treatment strategy. For that reasons, neuroprotec-
tion outlines a therapeutic strategy for treatment of retinal neurode-
generative disease that is independent of the mutation and applicable 
regardless of the primary genetic defect and the aetiology of the 
degeneration. The intracompartmental structure (e.g., vitreous) of 
the eye allows for a sustainable release of therapeutic biologicals, e.g., 
neurotrophic factors preventing any systemic effects of substances 
using an intravitreal delivery. The development of efficient ocular 
delivery micro systems is of great importance for the achievement of 
sustained long life neuroprotective effects of proteins [26–30]. 
However, there are other studies that have not succeeded to restore 
function [31, 32], likewise neurotrophic factors were failing to bring 
any benefit when tested in human clinical trials for, for example, 
Parkinson disease (GDNF, [33]) or amyotrophic lateral sclerosis 
(CNTF, [34]). Apart from disease model-specific factors, one impor-
tant factor that can influence the study outcome is the quality of 
intraocular administration. Since there are no large animal models 
available for most retinal disorders, genetically modified mouse mod-
els are commonly used in preclinical proof-of-concept studies. 
However, because of the relatively small murine eye, adverse effects 
of the ocular delivery procedure itself may interfere with the thera-
peutic outcome. To overcome limiting effects of subretinal delivery, 
a detailed protocol for optimized subretinal injection technique was 
described recently [35]. The protocol presented here, aims at provid-
ing the details of a procedure for the transscleral pars plana intravit-
real transfer in small eyes using a genetically modified stem cell system 
(micro CellBeads®, provided by CellMed AG, a BTG company). 
CellBeads® were designed as cell-based implants for a sustained local 
delivery of bioactive factors or markers [36–40]. For the use in pre-
clinical studies, the mean diameter of the corebead was miniaturized 
from 400 to 160–180 μm. Each micro CellBead consists of about 
50–70 factor-secreting mesenchymal stem cells encapsulated in a 
spherically shaped immuno-isolating alginate matrix, they can easily 
be visualized and the assessment of the implantation, localization and 
distribution for such type of biological cell compounds is possible. 
This system has provided valuable properties which can be used for 
the fine-tuning of the intravitreal delivery. The intravitreal injection 
technique described here should be applicable in experiments involv-
ing any type of cell solution serving as biological compounds in neu-
roprotective approaches.
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2  Materials

	 1.	Ketamine/xylazine: Mixture of ketamine (working solution: 
66.7 mg/kg) and xylazine (working solution: 11.7 mg/kg).

	 2.	Bioactive compounds stored at −80 °C.
	 3.	Eagle’s minimum essential medium (EMEM): EMEM supple-

mented with 10% FCS and 2 mM l-glutamine.
	 4.	Ringer’s solution (Sigma-Aldrich).
	 5.	Tropicamide eye drops.
	 6.	Hydrogel: Carbomer hydrogel (Vidisic®).
	 7.	Ointment: Dexamethason and Gentamicin ointment 

(Dexamytrex®).
	 8.	Frozen micro CellBeads® aliquots (cryopreserved miniaturized 

CellBeads® in 10% DMSO, 2  ml vial, provided by CellMed 
AG, a BTG company, Alzenau, Germany).

	 1.	Operating microscope.
	 2.	1 ml insulin syringes (BD Microlance TM).
	 3.	26-gauges sterile needles.
	 4.	Sterile curved surgical forceps.
	 5.	Glass coverslips (7–10 mm in diameter).
	 6.	Cell strainer (100 μm nylon, BD Falcon).
	 7.	Cell culture dishes (35 × 10 mm, CELLSTAR®).
	 8.	Warming blanket.
	 9.	Water bath at 37 °C.

3  Methods

	 1.	Quickly thaw the frozen aliquot containing about 500 
CellBeads® in a water bath at 37 °C.

	 2.	Transfer completely the content of the vial in a small cell cul-
ture dish (35 × 10 mm) filled with 2 ml EMEM.

	 3.	Incubate the CellBeads® in EMEM for about 5 min by room 
temperature.

	 4.	To remove the excess of DMSO, put the CellBeads® into a cell 
strainer and wash them with 1 ml Ringer’s solution for five times.

	 5.	By rinsing carefully, transfer the CellBeads® in a new cell cul-
ture dish filled with 1 ml Ringer’s solution (CellBeads® should 
be covered completely by the buffer).

	 6.	The CellBeads® can be kept in the buffer at room temperature 
and used within the next 4 h in the experiment.

2.1  Anaesthesia, 
Solutions and Agents

2.2  Surgical 
Instruments 
and Supplies

3.1  Preparation 
of the Cell Suspension 
for Intravitreal 
Delivery

Ocular Therapeutic Delivery Techniques
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	 1.	Before starting the experiment, sterilize the surgical instru-
ments and needles by incubating them with 70% ethanol for 
10–15 min. Rinse needles three times with sterile water.

	 2.	Anaesthetize the mouse by subcutaneous injection of the pre-
pared mixture of ketamine and xylazine. The mouse will 
develop adequate anaesthesia in approximately 5 min.

	 3.	For pupillary mydriasis apply tropicamide eye drops on 
both eyes. The pupil is fully dilated within 2–3  min. If 
necessary, another drop of tropicamide has to be placed 
on the cornea when the pupil is not adequately dilated up 
to that point in time. After dilation, it should take less 
than 5 min to complete the surgery.

Intravitreal injection is performed under direct visualization using 
an operating microscope.

	 1.	Shortly before implantation of CellBeads®, fill a 1 ml insulin 
syringe with about 20 μl of CellBeads® suspension containing 
approximately 30 CellBeads® and attach the sterile needle.

Prevent air bubbles in the solution (see Note 1).
	 2.	Position the mouse with its nose facing away (e.g., application 

in the ventral part) or toward (e.g., application in the dorsal 
part) the surgeon and its right eye facing up toward the ring 
light and the microscope.

	 3.	Drop the hydrogel on the cornea of both eyes. Cover the right 
eye with a glass coverslip. Visualize the fundus in such a way 
that its blood vessels and the optic nerve head could be clearly 
seen (see Note 2). This serves as a means to assess the condi-
tion of the eye before injection and as a control for the postop-
erative condition of the retina. The coverslip is not removed 
during the surgery procedure.

	 4.	Grasp the Tunica conjunctiva with the forceps at the favoured 
site (e.g., dorsal part) and place the sterile needle at the inferior 
site of the Ora serrata. The tip of the needle should be posi-
tioned with the aperture facing upward (Fig. 1).

	 5.	Advance the needle transsclerally ab externo into the vitreous. 
Inject the micro CellBeads® suspension as soon as the tip of the 
needle breaches the sclera/RPE/retina slowly with low pres-
sure under manual control. Because of a large injection volume, 
the optimized position for injection can be found directly in the 
upper vitreous space of the optic nerve head. The injection in 
the intravitreal space results in a visible distribution of cell mate-
rial (e.g., CellBeads®, Fig. 2a, see Notes 3–5). The needle and 
the syringe cannot be used twice.

3.2  Anaesthesia 
and Preparation 
of Mice

3.3  Injection 
Procedure

Regine Mühlfriedel et al.
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Fig. 1 Technical setup for the intraocular injection. The fundus is visualized by means of a contact lens system 
consisting of a drop of hydrogel on the cornea, covered with a glass coverslip. The tangential position of the 
needle is shown just before lancing transsclerally the RPE/retina at the site of the Ora serrata. Adapted from [35]

Fig. 2 Schematic representation of intravitreal delivery by using factor-secreting mesenchymal stem cells 
encapsulated in a spherically shaped immuno-isolating alginate matrix (micro CellBeads®). Cartoon of the eye 
representing an intravitreal delivery by using released bioactive compounds following a transscleral injection 
(a). In vivo monitoring of implanted micro CellBeads® at 10 days post-delivery using the noninvasive diagnostic 
SD-OCT technique (b and c). Representative virtual SD-OCT cross sections (SD-OCT horizontal and vertical 
scans) reveal detailed structures of the capsule and the encapsulated mesenchymal cells and the integrity of 
the retina next and underneath the implanted micro CellBeads® (b). Following implantation of five micro 
CellBeads®, infrared fundus imaging confirms their epiretinal localization without any visible adverse side 
effects (c). In vivo images were taken with the equipment set of 30° field of view and with the software 
Heidelberg Eye Explorer HEYEX version 5.3.3.0. Asterisk indicates the boundary layer between lens and 
vitreous, respectively. N = nasal, T = temporal, D = dorsal, V = ventral, respectively

	 6.	Slowly withdraw the needle. Remove the glass coverslip and 
the hydrogel drop. Clean the eye surface carefully. Take care to 
prevent any direct contact to the cornea due to the risk of neo-
vascularization development.

	 7.	 Optional: Monitor and assess the quality of intraocular injection, 
retinal morphology, as well as the injection site using the in vivo 
imaging techniques (e.g., SD-OCT and cSLO, Fig. 2b, c).

Ocular Therapeutic Delivery Techniques
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	 8.	Protocol the injection site, volume, concentration (e.g., numbers 
of implanted micro CellBeads®), as well as the side effects.

	 9.	Apply antibiotic ointment to the corneas to prevent from eventual 
inflammatory reaction and drying eyes while the animal recovers 
from anaesthesia.

	10.	Place the animal until awakening on a warming blanket at 
37  °C. Put the animal recovered from anaesthesia back in 
the cage.

	 1.	Provide antibiotic ointment two times daily for 48 h. Opacity 
of the eye is mostly due to injuries of the lens and/or cornea 
via the needle tip (see Note 6). These animals should be 
excluded from further studies.

4  Notes

	 1.	Air bubbles in the solution can be avoided by rinsing (slowly) 
the needle several times with buffer solution and replacing the 
buffer with the cell suspension before starting the experiment.

	 2.	Because of the small size of the mouse eye, the successful intra-
ocular injection is not easy to evaluate, specifically for newcomers 
in this field. The usage of an operation microscope offers possibili-
ties for a well-controlled intraocular procedure. Additionally, the 
in vivo imaging is a very helpful technique allowing the improve-
ment of the quality and the fine tuning of the injection itself. The 
criteria described in the text could be readily observed during 
fundus examination during the procedure as well as following 
post injection using cSLO and SD-OCT. There are several causes 
of incorrect delivery into the vitreal space (see Notes 3–5).

	 3.	By using the transscleral route of administration, retinal and 
choroidal vessels can be injured by the needle tip resulting in 
haemorrhages. As a solution, a glass coverslip can be used dur-
ing the injection, thus fundus including retinal vessels can be 
well outlined. In this way, the optimum combination of the site 
where the fine forceps hold the eye and the position where the 
needle breaks the RPE/retina can be found. It is possible to 
inject by passing in between two retinal vessels to avoid their 
injury by too high pressure.

	 4.	By using the transscleral as well the transcorneal route of 
administration, material can accidentally be injected subreti-
nally. A subretinal injection results in a retina detachment by a 
bleb formation causing mislocalization of cell material (Fig. 3). 
This can be avoided by controlling the position of the needle 
tip which should be clearly visible under the microscope.

	 5.	By using the transscleral as well the transcorneal route of 
administration, material can be injected into the lens resulting 

3.4  Postoperative 
Treatment

Regine Mühlfriedel et al.
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in damages and incorrect administration of the bioactive com-
pounds. Too high pressure during the injection results in fine 
ruptures of the retinal layers. Furthermore, the tip of the nee-
dle can easily break through the inner retina/ganglion cells. As 
there is no further barrier, the tip of the needle can easily pen-
etrate the vitreous resulting in an incorrect injection in the 
lens. As a consequence, the lens shows immediately an opacity 
which can clearly be seen under the microscope and does not 
disappear during the procedure. The difference between a nee-
dle tip located either subretinally or intravitreally can be visual-
ized by the properties of reflectance: when located intravitreally, 
tips appear more clear and bright as compared to a subretinal 
location.

	 6.	The postoperative treatment with antibiotic ointment is impor-
tant to prevent dry eyes resulting in neovascularizations of the 
cornea. This process leads to negative and irreversible side 
effects resulting in difficulties for performing in vivo imaging.
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Fig. 3 Schematic representation of cavity formation due to the subretinal gene delivery. Cartoon of the eye 
representing a cavity formation between the RPE layer and the retina at the ventral part of the retina following 
a transscleral injection. (a) Monitoring of the retinal detachment post subretinal injection using rAAV gene 
delivery. Detailed in vivo SD-OCT imaging of the retinal architecture of a subretinally injected eye. The quality 
of subretinal injection and route of administration can be proven by the imaging of retinal detachment between 
the photoreceptor cell layer (IS/OS) and the RPE (b). Representative horizontal and vertical SD-OCT scans show 
the ablation size as well as the injection site immediately 10 min post injection (b, upper and lower pictures). 
Total volume of 1.0 μl rAAV (recombinant adeno-associated viral) particles at post natal day P14 was injected
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Chapter 16

Neutralizing Antibodies Against Adeno-Associated Virus 
(AAV): Measurement and Influence on Retinal Gene 
Delivery

Mélissa Desrosiers and Deniz Dalkara

Abstract

Adeno-associated viral vectors have become widely used in the clinic for retinal gene therapy. Thanks to 
AAVs impeccable safety profile and positive functional outcomes in its clinical application, interest in 
retinal gene therapy has increased exponentially over the past decade. Although early clinical trials have 
shown there is little influence of neutralizing antibodies on the performance of AAV when vector is 
administered into the subretinal space, recent findings suggest neutralizing antibodies may play a role 
when AAV is delivered via the intravitreal route. These findings highlight the importance of microenvi-
ronment on gene delivery and stress the need for a versatile assay to screen subjects for the presence of 
AAV-neutralizing antibodies. Measuring NAb titers against AAV prior and after gene therapy will help 
us better understand the impact of preexisting immunity on gene transfer, especially when the vector is 
administered intravitreally.

Key words Neutralizing antibody assay, AAV vectors, Serum, Intravitreal, Subretinal

1  Introduction

AAVs are one of the most widely used vectors in gene therapy. 
They are nonpathogenic, and display little immunogenicity mak-
ing them ideal for therapeutic gene delivery in several organs. 
Nevertheless, their use in the clinic has been hampered by patient’s 
preexisting immunity and development of immunity following 
vector administration [1]. Systemic injection of AAV in individuals 
with high titers of neutralizing antibodies (NAbs) impedes gene 
delivery. For these reasons, most studies in humans and large ani-
mal models choose to exclude subjects with preexisting immunity 
[1]. However, the role of NAbs in AAV transduction of tissues 
considered to be immune privileged, such as the eye, is less clear.

The progress in retinal gene therapy has been accelerated by 
the positive outcomes of the clinical trials for Leber’s congenital 
amaurosis [2–4] and choroideremia [5]. The immune privileged 



226

nature of the eye along with its confined structure made it possi-
ble to employ low doses of AAV in clinical trials ensuring the 
safety of AAV in the retina. Until now, the published literature 
relating to clinical trials of AAV gene therapy in the eye describes 
immune reactions before and after subretinal injections of AAV 
(Table 1). It is now well established that the subretinal space has 
an immune privilege [6–8], and that both eyes are independent 
regarding humoral immunity [7]. The presence of neutralizing 
antibodies in the serum is not a no go for gene therapy in the 
subretinal space [6] as shown by the safety of readministration of 
AAV in contralateral eyes of subjects previously treated for LCA 
[8]. However, when the cellular targets of gene therapy lie within 
the inner retina [9] or when the retina has fragile architecture [10, 
11] it is preferable to use intravitreal injection route. According to 
recent findings, intravitreal space is less immune privileged com-
pared to the subretinal space [6, 12]. Even though the correlation 
between NAb titers against AAV in serum and in aqueous/vitre-
ous humor is not well established [7, 13], the nonhuman primate 
study by Maclachlan and coworkers recognized that preexisting 
antibody titers against AAV2 may impact successful transduction 
via the vitreous. More recently, Kotterman et  al. showed that 
serum NAb titer higher than 1/10 leads to weak retinal expres-
sion after intravitreal delivery of AAV [12]. They consider that 
Nab titers as low as 1:100 can interfere with the expression of the 
transgene in macaques after intravitreal delivery.

As a context for our protocol for measuring NAb titers in 
serum, we present a summary of screens for neutralizing activity 
conducted in humans and large animals in view of the injection 
route and AAV serotype in Table  1. As shown, for most of the 
studies the NAb assay was used to assess the presence of neutral-
izing antibodies against AAV serotype 2 via subretinal injection. 
The methods proposed in most studies and the protocol we detail 
here both measure neutralizing ability of serum toward AAV sero-
type 2. We chose to focus on serum as opposed to vitreous humor 
as it can be collected in a noninvasive way without compromising 
the eye. We test the ability of serum to inhibit transduction of 
HEK293T cells by AAVs carrying luciferase as a reporter gene as 
this has the advantage of being robust and quantitative compared 
to methods based on cell counting. Our method employs serial 
dilutions of blood sera mixed with a fixed amount of AAV (quanti-
fied in viral genomes). It is crucial to use an appropriate multiplic-
ity of infection (MOI) that allows a proper dynamic range for a 
given serotype in order to have an accurate readout. In Fig. 1 we 
show a typical MOI curve for AAV serotype 2 on HEK293T cells. 
Based on this MOI curve, we chose the MOI for the no-serum 
control. The plates always include a no serum control as well as 
standard from animals having had previous AAV exposure (Fig. 2). 
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The samples are compared to the no-serum control, which pro-
vides the maximum transduction efficiency for a given serotype 
under the given conditions. The readout is usually percent trans-
duction efficiency compared to the no-serum control. A typical 
range of serums from five random macaques is shown in Fig. 3. 
Data obtained after addition of sera show increase in luciferase lev-
els as the albumin content of serum increases transduction levels 
(Fig. 3a) [29]. The higher the NAbs in a given sample the lower 
the serum dilution will be. For example a NAb titer of 1/10 is 
considered low and compatible with subsequent intravitreal AAV 
injections. As an example, the outcome after intravitreal delivery of 
5 × 10E11 vg of AAV2-GFP in the eyes of macaques BC758 and 
CB723 whose serum Nab titers are shown in Fig. 3a are shown in 
Fig. 3b, c. This data, agrees with the notion that serum NAb titers 
higher than 1/10 lead to weak transgene expression after AAV 
mediated gene delivery in macaques.

The method we describe here will be useful for screening for 
the presence of NAbs in large animal models to be used in AAV-
mediated retinal gene delivery experiments. It can be readily 
adapted to derivatives of AAV2 such as tyrosine mutants [30, 31] 
or 7mer insertion variants [32] of this serotype. However, care 
should be taken in adapting our protocol to detect NAbs against 
other AAV serotypes—as some AAV serotypes like AAV8 or AAV5 lead 
to poor HEK cell transduction and thus require very high MOI [33, 
34]. The use of the optimal amount of AAV particles per cell for each 
AAV serotype makes the assay more sensitive but compromises the 
comparison of NAb titers between different AAV serotypes. 

0 5000 10000 15000 20000 25000
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MOI curve for AAV2 on HEK cells

Fig. 1 A typical AAV2-HEK cell infection curve. The arrow indicates the MOI used in our protocol
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The full to empty AAV particle ratio of the AAV vector preparation 
and the methods used for determining the physical titer of the 
vector stock [35] may affect the reproducibility of the results 
between different laboratories. Lastly, it is also important to 
employ caution when transposing results from serum NAb 
titers to humoral responses in other compartments such as aque-
ous or vitreous humor.

2  Materials

	 1.	HEK 293T cell line (see Note 1).
	 2.	Cell culture 96 wells white plate with clear bottom.
	 3.	Complete DMEM: DMEM medium supplemented with 10% 

de-complemented FBS.
	 4.	DMEM medium.

Fig. 2 Overview of the plates’ layout. (a) Plate A, shows the sample dilutions. This configuration gives the 
opportunity to use multichannel pipette to transfer required dilution (in gray) to the plate B. (b) Plate B, shows 
in gray the wells where the virus dilution is added. (c) Plate C contains the cells. The location of the control, 
standard and sample are highlighted. (d) AAV transgene construct used in this assay
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	 5.	0.05% Trypsin–EDTA.
	 6.	PBS: PBS without calcium and magnesium.
	 7.	Malassez cell.
	 8.	Multichannel pipette (for volume of 100, 60, 40, and 25 μL).
	 9.	Conical bottom 96 wells plate.
	10.	AAV2-CMV-Luciferase (see Notes 2 and 3) thawed on ice.
	11.	Sera to be tested.
	12.	Control Serum (see Note 4).
	13.	Revelation kit for Luciferase, including a lysis buffer for cells, 

and reagent for revelation.
	14.	Luminometer plate reader.
	15.	Statistical analysis software.

Fig. 3 (a) Graph of a typical neutralizing antibodies assay. (b) Post-injection fluo-
rescent fundus images of BC758 after intravitreal injection with 511 vg AAV2-GFP. 
(c) Post-injection fluorescent fundus images of CB723 after intravitreal injection 
with 511 vg AAV2-GFP
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3  Methods

	 1.	Rinse the HEK 293T cells with PBS, trypsin the cells, and 
count them using a Malassez cell (see Note 5).

	 2.	Prepare a 10 mL dilution of 700,000 cells/mL in complete 
DMEM (see Note 6).

	 3.	Using a multichannel pipette, distribute 100 μL of the cell sus-
pension per well, in a white 96-well plate, so to have 70,000 
cells per well.

	 4.	Return the cells into the incubator for at least 4  h 
(37 °C/5% CO2).

	 1.	Use a new 96 well plate (Plate A). Turning the plate sideways 
put 40 μL of the serum to test in the first well of each column. 
Add 40 μL of the standard and 40 μL of DMEM, in the last 
two columns of the plate (see Note 4) (see Fig. 1a). This last 
column with DMEM will be used as a no-serum control.

	 2.	In the first line of the plate, add 40 μL of DMEM in every well 
and mix thoroughly.

	 3.	Pipette 60 μL of DMEM in all the wells of the column with the 
serum, up to the last dilution (see Note 7).

	 4.	Mix well and transfer 60 μL of the first column of cells contain-
ing the serum into the following column. Continue this two-
fold serial dilutions until reaching the last dilution to be used.

	 5.	Transfer 40 μL of the dilutions to use onto a new plate (Plate B).

	 1.	Calculate the volume of virus required V (μL) (see Note 1).
MOI = multiplicity of infection
V = Virus to use
VP/W = Virus particle per well
VP/P = Virus particle per plate
T = titer on the virus, in vector genome per μL

	 MOI cells well VP W× =70 000, 	

	

VP W VP P
12 5 2000. µL µL

=
	

	

VP P
T

V L= ( )µ
	

	 2.	Dilute V in 2 mL of DMEM.
	 3.	Add 40 μL of the virus dilution on every well of the Plate B 

except for three wells, which will serve as no-virus controls (see 
Fig. 1b).

3.1  Cell Plating

3.2  Dilution 
of the Sera

3.3  Dilution 
of the Virus/
Incubation/Infection
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	 4.	Add 40 μL of DMEM in the three wells not receiving the virus 
dilution.

	 5.	Seal the plate with Parafilm.
	 6.	Put the plate in the fridge for 2 h.
	 7.	Observe the cells under a microscope; most cells should have 

settled on the bottom of the plate. Manipulate the plate care-
fully to avoid any detachment of cells.

	 8.	Using a multichannel pipette, transfer 25  μL of the virus/
serum dilution to the well of the cell’s plate in duplicate, except 
for the control and standard (see Fig. 1c) (see Note 8). Be care-
ful to not detach the cells when pipetting.

	 9.	Return the cells to the incubator.

	 1.	24 h later, prepare the lysis solution according to the instruc-
tion of the kit used (see Note 9).

	 2.	Remove the medium of the cells.
	 3.	Carefully rinse the cells with PBS.
	 4.	Add the lysis solution. Pipette carefully to lyse all the cells of 

the well. Once the lysis is done, the plate can be transferred to 
the Luminometer plate reader.

	 5.	Add the luciferase reagent. Read the plate immediately.

	 1.	Subtract from all the wells the mean of the background (i.e., 
the no virus control).

	 2.	Using an appropriate spreadsheet computer application, plot a 
graph with the percentage of luminescence on the Y axis, 100% 
being the no serum control (see Note 10).

4  Notes

	 1.	This protocol is for the detection of antibodies against AAV 
serotype 2 and derivatives. If one had to detect antibodies 
against another serotype, we strongly recommend using a 
cell line that is efficiently infected with the serotype [34]. 
Wang et al. [36] concluded recently that the cell type is not 
important in the output of the nAb assay, but we found 
that having a cell line that is efficiently infected by the sero-
type tested increases the sensitivity of the assay. The MOI 
(multiplicity of infection) used to do the NAb assay should 
be as low as possible [37]. To define the MOI required, 
one should setup a Virus-Cell infectivity curve, with 
increased MOI. The MOI chosen should be at the lower 
end of the curve, but high enough to show an increase 
from noninfected cells. The chosen MOI might vary 

3.4  Revelation

3.5  Analysis 
of the Results
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according to the AAV preparation (and the method used 
for its dosage), the virus serotype, the cell type and the 
plate reader used in the assay. This is why we recommend 
laboratories to establish this curve with their in house 
conditions.

	 2.	We use a AAV2 virus for the NAb assay for animals to be 
injected with AAV2 7m8 and other mutant like AAV2 3YF. We 
found that point mutation and 7mer insertions of the capsid 
does not change the output of the NAb assay for these sero-
types. However, care should be taken if other mutants are 
used.

	 3.	One could also use GFP or β-Galactosidase as reporter. We 
found that luciferase is more sensitive and reliable than 
GFP. The AAV encoding luciferase should be kept frozen in 
single use aliquots.

	 4.	On every plate there should be a standard, made from pooled 
serum. This pooled serum should be frozen in aliquots for 
single use. The NAb of this sample must be constant on every 
plate, validating the stability of the results, even between 
experiments set many months apart.

Every plate will also have both the “no serum” and the 
“no virus” conditions, in triplicate. The no virus condition is 
the background level, and should be subtracted from all the 
results. The no serum condition is considered as the maximum 
infection and will be set as the 100% infection when analyzing 
the results.

	 5.	All the steps of this procedure should be carried under a cell 
culture hood, in a sterile manner, until the step 4 of 
Subheading 3.4.

	 6.	This procedure analyzes up to four sera in duplicate per plate, 
plus the appropriate control and standard. Scale-up according 
to the number of serum you want to test.

	 7.	The dilution to use should be determined according to 
expected results: Searching for naïve animals, we recommend 
focusing on low dilution (1:4, 1:8, 1:16, 1: 32, 1:64, 1:128), 
so to detect low antibody levels. If looking at NAb level of 
immunized animals, we recommend extending dilution (1:16, 
1:64, 1:128, 1:256, 1:512, 1:1024), over a wider range. 
Represented on figure 2 is a series of dilutions that is suitable 
for every case. Note that the lowest dilution used within this 
protocol is 1:4.

	 8.	We notice that evaporation on the external wells of the plate 
seem to have an influence on the quantity of luminescence pro-
duce in the end. We prefer not to use these wells.
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	 9.	Since the luciferase reaction is dependent on temperature, be 
careful to use solution at RT. Thaw frozen solution many hours 
in advance. Keep solution away from light.

	10.	As explained recently by Wang et  al. [29] the sample from 
naïve serum show a percentage of luminescence higher than 
100% in the sample incubate with serum. It can be explained 
by AAV capsid’s interaction with human serum albumin which 
increases infection both in vivo and in vitro. Sample from non-
human primate also exhibit this increased infection.
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Chapter 17

Screening for Neutralizing Antibodies Against Natural 
and Engineered AAV Capsids in Nonhuman Primate Retinas

Timothy P. Day, Leah C. Byrne, John G. Flannery, and David V. Schaffer

Abstract

Adeno-associated virus (AAV) has shown promise as a therapeutic gene delivery vector for inherited retinal 
degenerations in both preclinical disease models and human clinical trials. The retinas of nonhuman pri-
mates (NHPs) share many anatomical similarities to humans and are an important model for evaluating 
AAV gene delivery. Recent evidence has shown that preexisting immunity in the form of neutralizing 
antibodies (NABs) in NHPs strongly correlates with weak or lack of AAV transduction in the retina when 
administered intravitreally, work with translational implications. This necessitates prescreening of NHPs 
before intravitreal delivery of AAV. In this chapter, we describe a method for screening NHP serum for 
preexisting NABs.

Key words Adeno-associated virus, Retinal gene therapy, Retinitis pigmentosa, Nonhuman primates, 
Translational medicine, Neutralizing antibodies, Serum screen

1  Introduction

AAV-mediated gene therapy has enjoyed recent success ranging 
from multiple proof-of-concept experiments to human clinical tri-
als [1–3]. Animal models are currently the best way to optimize 
application of AAV vectors, as they recapitulate many of the cellu-
lar barriers and tissue structures encountered in the final therapeu-
tic application, in a manner unattainable in  vitro. Small animal 
models, such as rodents, remain important to the development of 
human gene therapy; however, for several reasons including impor-
tant structural and functional differences, they cannot predict 
transduction efficiency in humans. Large animals—such as dogs, 
pigs, or nonhuman primates (NHPs)—more effectively evaluate 
the clinical potential of AAV for treatment of retinal degeneration 
patients and provide key insights. Specifically, the eye of the NHP 
has nearly identical anatomy compared to humans, with a cone-
rich macula and cone-only fovea. The biological and immunological 
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features of NHPs are also closer to humans, and the surgical pro-
cedures for the eye are similar. In the NHP, AAV can be delivered 
to the retina via subretinal or intravitreal injection. Subretinal 
injection involves creating a fluid filled space or “bleb” between 
the apical side of the RPE and the photoreceptors, leading to a 
concentrated volume of virus in a small space, and resulting in a 
restricted area of transduction. Consequently, this localized injec-
tion does not treat the entire retina, and there are some associated 
risks associated with making the retinal detachment. By compari-
son, intravitreal injection is a less invasive procedure, as it does not 
require a through-retinal needle penetration (retinotomy) with the 
retinal detachment, and allows for the potential of panretinal 
expression [4]. That said, intravitreal injections create greater 
exposure of the viral capsid proteins to the immune system as they 
more readily exit the eye through the trabecular meshwork outflow 
pathway into the circulation. Vectors introduced into the vitreous 
must cross through the inner limiting membrane and multiple cell 
layers to reach either the photoreceptors or RPE [4, 5].

The tropism of AAV in the NHP retina depends upon several 
factors including the serotype, route of administration, promoter, 
and dose. Therefore, it is critical to choose the correct vector for 
the desired outcome. Subretinal injection of AAV2 in NHPs leads 
to photoreceptor and RPE transduction for at least 1 year [6, 7]. 
The ability to target foveal photoreceptors has been reported to be 
dose-dependent, with lower doses leading only to RPE transduc-
tion and higher doses leading to expression in both RPE and pho-
toreceptors. The limited photoreceptor expression observed 
outside the fovea was determined to be predominantly rods [5, 8]. 
Subretinal injection of AAV2 has most notably been used in the 
treatment of Leber’s congenital amaurosis (LCA2) in human clini-
cal trials. Intravitreal injection of AAV2 (driving expression from a 
ubiquitous chicken beta actin, i.e., CBA, or CMV promoter) in 
NHPs leads to a disc of expression centered on the fovea with only 
Müller glia and especially retinal ganglion cells (RGCs) transduced. 
Variable expression in the periphery in Müller glia and RGCs was 
observed. In addition, RGC-specific expression was achieved using 
the hCx36 promoter [9]. RGC expression has been used to restore 
light response to the NHP retina with channelrhodopsin expressed 
in RGCs [10, 11].

In addition to AAV2 vectors, subretinal delivery of AAV5 leads 
to transduction of both the photoreceptor cells and the RPE, with 
greater transduction efficiency observed in the photoreceptors 
[12]. Photoreceptor specificity can be achieved with the hGRK1 
promoter, which has been shown to have strong expression with 
no evidence of gross pathology after injection [13]. Most notably, 
subretinal delivery of an AAV5 vector was used to produce tri-
chomatic vision in a primate model of red–green color blindness 
[14]. Subretinal delivery of AAV7 results in modest levels of pho-
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toreceptor transduction. AAV7 is outperformed by AAV8 for rod 
transduction and outperformed by AAV9 for cone transduction in 
the NHP retina [4]. Subretinal delivery of AAV8 leads to expres-
sion in RPE, photoreceptors, and Muller glia with the relative effi-
ciency of transduction in the three classes of cells dependent upon 
the dose. Rod photoreceptors were transduced with higher effi-
ciency than cones and foveal cones were transduced at a higher 
efficiency than extrafoveal cones in NHPs [8]. Subretinal delivery 
of AAV9 led to strong expression in cones both centrally and 
peripherally in NHP retinas with limited rod expression observed 
in the periphery [4]. This transduction pattern is thought to be 
due to the level of galactose found on the surface of cones, the 
receptor for AAV9 [15].

Despite the promise of subretinal delivery in clinical studies to 
date, it would be preferable to utilize intravitreal administration to 
avoid the risk associated with subretinal surgery and to potentially 
transduce the full surface area of the retina. However, natural evo-
lution likely did not select AAV for its capacity to infect the retina, 
and as a result naturally occurring AAV variants isolated from 
healthy, extraocular tissues, would be expected to yield vectors 
with significant limitations in gene transfer to either healthy or dis-
eased retina. To overcome this obstacle, viruses can be engineered 
for advantageous delivery properties for human ocular tissue. In 
particular, successful intravitreal injection will require the engi-
neering of AAV variants to penetrate the physical barrier of the 
inner limiting membrane [5]. In general, two methodologies have 
been approached to engineer better AAV vectors for retinal gene 
therapy: rational design and directed evolution.

The rational design approach applies fundamental molecular 
biology knowledge to the improvement of the viral capsid. Zhong 
et al. showed that epidermal growth factor receptor protein tyro-
sine kinase-mediated phosphorylation of tyrosine residues on the 
AAV leads to degradation of the virus via ubiquitination [16]. This 
insight resulted in the design of tyrosine to phenylalanine AAV 
mutants, which increase transduction efficiency by attenuating 
proteasome degradation [17, 18]. The utility of the tyrosine 
mutant vector was recently observed in a NHP model. For exam-
ple, when a GFP transgene with a modified mGluR6 promoter was 
packaged in an AAV2 based tyrosine mutant, some transduction 
was observed in difficult-to-reach bipolar cells in NHP retinas after 
intravitreal injection [10]. In addition, low level transduction in a 
small number of foveal cones has been reported with tyrosine 
mutant AAV2 vector [17–19].

While rational design has led to improvements in AAV retinal 
transduction, in general rational engineering relies upon detailed 
mechanistic knowledge of the full gene delivery pathway—from 
point of administration to arrival in a target nucleus—to enable 
capsid modifications to overcome critical steps that limit transduc-

NHP Serum Screen
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tion. Unfortunately, the requisite breadth and depth of knowledge 
is not available for most tissue and cellular targets in a primate 
system. As a result, a vector engineering strategy that does not rely 
on a priori mechanistic knowledge but can instead still lead to 
advantageous characteristics is required, and fortunately directed 
evolution is such an approach. Directed evolution is a vector engi-
neering strategy in which large genetic libraries of AAV variants are 
generated through a variety of methods and selected via a selection 
pressure, such as successful retinal gene delivery. In this process, 
multiple iterations of selection lead to a convergence on novel AAV 
variants that have the selected properties [20]. For example, 
directed evolution in the mouse retina led to 7m8, a variant of 
AAV2 with an additional peptide sequence that is capable of pan-
retinal expression in the mouse when injected from the vitreous as 
well as improved expression in the NHP retina including increased 
expression across the retina and inside the fovea. Multiple studies 
have shown that 7m8 has increased transduction efficiency com-
pared to tyrosine mutants [10, 21]. Additional engineering in 
larger animal models offers the promise of further improvement.

An alternate engineering approach involved the generation of 
hybrid AAV vectors that combined fragments of novel AAV capsid 
sequences isolated from primates mixed with AAV8. These novel 
hybrid recombinant vectors were screened, and two were shown to 
transduce ganglion cells in ex vivo macaque retinal explants. The 
majority of the transduced ganglion cells were found at the edges 
of the explant, with limited expression in the center [22]. This sup-
ports the idea that the inner limiting membrane acts as a barrier to 
AAV and that on the edges it was disrupted by the dissection [5].

These examples illustrate the importance of NHP models for 
evaluating AAV gene delivery in the retina. Despite the immune 
privilege of tissue in the eye both preexisting and development of 
immunity post-injection are obstacles to AAV gene delivery.

Dose escalation studies of subretinally delivered AAV showed a 
dose-related increase in neutralizing antibodies in serum but not in 
the anterior chamber until high doses (1011 viral genomes) were 
delivered [8]. A biodistribution study of intravitreally delivered 
AAV2 showed high levels of vector DNA in the injected eye but 
low levels of vector DNA in the spleen and lymph nodes, as well as 
other organs [19]. After subretinal vector delivery, DNA has been 
found in lacrymal and nasal fluids for 3–4 days and in serum for up 
to 15–20 days [23]. This has been associated with a retinal hemor-
rhage during subretinal surgery [13].

Evidence in the literature demonstrates that the immune 
response to the viral capsid following subretinal injection does not 
impede the readministration of AAV subretinally to the contralateral 
eye in both NHP studies and human clinical trials [24–26]. 
Intravitreal injection, on the other hand, led to NABs against the 
capsid and a humoral immune response that prevented transgene 
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expression when the viral vector was subsequently delivered intra-
vitreally (but not when administered subretinally) to the contralat-
eral eye. Subretinal injection did not block transgene expression 
upon readministration in the contralateral eye with either subreti-
nal or intravitreal injection [27]. A study of preexisting immunity 
to AAV showed that there is both cross-reactivity of NABs against 
different AAV serotypes and that preexisting NABs against AAV in 
primate serum samples correlate with weakened or no gene expres-
sion following intravitreal injection of AAV in the NHP retina 
[28]. Therefore, prescreening primates for NABs against AAV is 
specifically necessary for proper evaluation of intravitreally admin-
istered AAV vectors in the retina, both to characterize NABs before 
and after a subretinal surgery and especially for intravitreal injec-
tion. The following method describes a screening protocol for 
NABs against AAV in NHP serum samples.

The neutralizing antibody assay allows for the detection of 
NABs in the serum against AAV serotypes that could impede the 
expression of transgenes delivered by AAV via intravitreal injection. 
In this assay, serum from multiple NHPs is collected and then seri-
ally diluted. An AAV virus carrying a transgene for a fluorescent 
reporter is incubated with the serially diluted serum. This incu-
bated AAV is then used to infect a cell line in a 96-well plate. The 
plate is then imaged for GFP expression. If expression of the fluo-
rescent reporter is impeded by highly diluted serum, then it can be 
determined that there is a high level of NABs present in that ani-
mal. Conversely, if GFP expression is not reduced in high levels of 
serum then the animal has a low level of NABs present and is a 
suitable candidate for intravitreal injection.

2  Materials

	 1.	Primate serum in red top vacutainer.
	 2.	Collection tubes.
	 3.	Ice.
	 4.	Pipet.
	 5.	Cryovials.
	 6.	Benchtop centrifuge with swing-out rotor and carriers.

	 1.	Greiner CELLSTAR 96-well polystyrene black plate with clear 
bottom.

	 2.	Greiner CELLSTAR 96-well plate polystyrene plate—clear.
	 3.	HEK 293 Cells ATCC #CRL-1573.
	 4.	Packaged AAV with a fluorescence reporter driven by a ubiqui-

tous promoter.

2.1  Serum 
Processing

2.2  Quantification 
of NAB Titers
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	 5.	1.5 mL Eppendorf tubes.
	 6.	Multichannel pipet.
	 7.	Disposable pipetting reservoir.
	 8.	DMEM media.
	 9.	Fetal bovine serum.
	10.	Dulbecco’s phosphate-buffered saline (D-PBS).
	11.	Hoechst nuclear stain (2′-(4-hydroxyphenyl)-5-(4-methyl-1-

piperazinyl)-2,5′-bi-1H-benzimidazole trihydrochloride hydrate).
	12.	ImageXpress Micro Cellular Imaging and Analysis System.

3  Methods

	 1.	A trained professional should perform blood collection with all 
proper safety measures in place, including an approved animal 
use protocol, necessary equipment for the animal’s safety, and 
appropriate personal protective equipment. The blood sample 
is taken from a peripheral vein with blood collected in a red top 
Vacutainer.

	 2.	Once blood is collected, place tubes upright in a rack and incu-
bate at room temperature for 30 min. Do not exceed 1 h.

	 3.	Centrifuge the blood samples for 15 min at 1000 × g and do 
not use brakes to stop the centrifuge.

	 4.	Use a pipette to aspirate off the serum and pool in a collection 
tube. Keep this collection tube on ice (see Note 1).

	 5.	If not using serum samples immediately, aliquot the serum into 
cryovials, then freeze and store at −80 °C.

	 1.	Before beginning the procedure, ensure that you have suffi-
cient AAV with the capsid of interest that is packaged with a 
fluorescent reporter (usually eGFP) driven by a ubiquitous 
promoter and that has already been titered (see Note 2).

	 2.	Twenty four hours before the serum incubation, pass  HEK 
293 cells into a 96-well black plate with clear bottom at a den-
sity of 1.5 × 104 cells/well in 100 μl DMEM + 10% FBS (see 
Note 3). Incubate the cells for 24 h at 37 °C with 5% CO2. 
The following day, cells should be approximately 70–80% 
confluent.

	 3.	On the day of serum incubation, heat-inactivate FBS by heat-
ing at 56 °C for 30 min. Then mix DMEM + 1% heat inacti-
vated FBS media.

	 4.	Dilute serum samples in DMEM + 1% heat inactivated FBS 
using the following dilutions of primate serum: 1:2, 1:10, 
1:25, 1:50, 1:100, 1:250, 1:500, 1:1000, 1:2500, and 1:5000. 

3.1  Serum 
Processing

3.2  In Vitro 
Quantification of NAB 
Titers
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Make the dilutions in 1.5 mL Eppendorf tubes (see Notes 4 
and 5). Each dilution should be tested in triplicate for each 
primate sample using 60 μL per well. Therefore, prepare at 
least 200 μL of each dilution (180 μL to be used and 20 μL to 
allow for pipetting error).

	 5.	Transfer each dilution from the Eppendorf tube into the three 
replicate wells with 60  μL of dilution per well to a sterile 
96-well plate (clear).

	 6.	Include controls on the plate. Use 3 wells with virus but with-
out serum for a positive GFP control and 3 wells without virus 
for a negative GFP control.

	 7.	Make a stock solution of virus that will be incubated with 
serum. Dilute virus to ~2000 MOI in DMEM + 1% heat inac-
tivated FBS (see Notes 6 and 7). Make 60 μL per dilution for 
each well and include overages for pipetting error. For exam-
ple, testing one primate sample would require 1.8  mL of 
diluted virus (10 serum dilutions *3 replicates of each dilution 
*60 μL of diluted virus).

	 8.	Add 60 μL of the virus stock solution to each well of the incu-
bation plate. Each well will now have a total volume of 120 μL.

	 9.	Mix by gently pipetting up and down.
	10.	Incubate at 37 °C in 5% CO2 for 1 h.
	11.	Add 50 μL from each serum–virus mixture to each well of the 

plated cells in the first 96-well plate that was seeded the day 
before.

	12.	Incubate for 48 h at 37 °C with 5% CO2.
	13.	Dilute Hoechst nuclear stain 1:4000 in D-PBS.
	14.	Remove media from each well of 96-well plate and add 100 μL 

of diluted Hoechst stain to each well.
	15.	Image the plate using a high content fluorescence imager such 

as the ImageXpress Micro Cellular Imaging and Analysis 
System. This will allow for automated reading of the 96-well 
plate. The accompanying MetaXpress Image Analysis Software 
(or alternate software such as CellProfiler) can be used to 
determine the number of transduced cells in each well (see 
Notes 8 and 9).

	16.	Average the results from the three replicates for each dilution. 
Validate that controls have high expression level, and deter-
mine the dilution at which less than 50% of cells have fluores-
cent expression. This is reported as the neutralizing antibody 
titer. See Fig. 1 for an example plate image.

Specifically for intravitreally administered AAV vectors, there is 
a strong effect of preexisting NABs on transgene expression. 
Neutralization of 50% of GFP expression at dilutions of 1:10 to 
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1:50 can negatively affect transgene expression in NHPs, with 
reports of neutralization at a dilution of 1:10 resulting in zero 
transgene expression. See Table 1 of reference [28]. It is ideal to 
only utilize NHPs with no detectable NABs present. In addition, 
NAB analysis is important for characterizing animals receiving sub-
retinal injection, including seroconversion following administra-
tion. In summary, this protocol is useful for characterizing the 
potential for animal neutralization of administered AAV vector, 
both for intraocular injection and in general.

4  Notes

	 1.	When pipetting serum, be careful not to disturb the cell layer 
or aspirate any cells. After collecting the serum, hold the tube 
to the light and look for turbidity. If turbid, repeat the cen-
trifugation and pipet serum to a new tube.

	 2.	For an in-depth guide to AAV vector packaging and purifica-
tion please refer to this reference [29].

	 3.	The cell count, correct confluency, and consistency in each 
well are very important. Use a hemocytometer or other method 
to correctly count the number of cells. Using a multichannel 
pipet and a disposable pipetting reservoir will also increase 
accuracy and consistency.

Fig. 1 Example of imaged 96-well plate. Sera from three different animals were serially diluted and infected 
with AAV2-CMV-GFP. In this example, animal I428 is the best candidate for intravitreal injection of AAV with no 
loss of GFP expression at the highest serum concentration. The empty boxes indicate a negative control. The 
green box represents an ideal well for effective imaging

Timothy P. Day et al.
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	 4.	Screen multiple NHPs at one time. Each primate sample 
requires 30 wells to screen for one AAV serotype or variant, so 
three primate samples can be screened in one plate, including 
controls. To ensure that a sufficient number of animals are 
seronegative against AAV, a rough guideline is that three NHPs 
should be screened to identify one for utilization in the AAV 
experiment. For example, if an experiment requires three ani-
mals then screen at least nine. However, this guideline may 
vary depending on the animal facility.

	 5.	When transferring the serial dilution, the same pipet tip can be 
used throughout if pipetting is started with the most dilute 
sample to the least dilute sample. The carryover from the lower 
dilution will be negligible, and not changing tips will speed up 
the process.

	 6.	Virus titer is very important to determine the correct MOI. In 
addition, the transduction efficiency can differ between sero-
types, with different promoters, or between different cell types. 
If doing the experiment for the first time, consider testing the 
transduction efficiency of the AAV to be used at multiple MOIs 
to determine what would be optimal for that particular case.

	 7.	MOI of 2000 is determined as follows: Wells are seeded with 
1.5  ×  104 cells. Assuming one cell division cycle there are 
roughly 3 × 104 cells/well after 24 h. Therefore, 6 × 107 viral 
genomes in 60 μL of DMEM + 1% heat inactivated FBS are 
needed.

	 8.	If NABs are present at a sufficiently high concentration, then 
AAV transduction will be inhibited, and there will be a reduc-
tion in GFP expression. Determine the lowest serum dilution 
that leads to less than 50% GFP expression in the well com-
pared to positive control.

	 9.	Cell imaging is one of many methods, and alternatives include 
flow cytometry or a luciferase assay, with the appropriate trans-
gene payload, to determine the serum dilution which inhibits 
AAV transduction [13, 30].
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Chapter 18

Subretinal and Intravitreal Retinal Injections in Monkeys

Daniyar Dauletbekov, K. Ulrich Bartz-Schmidt, and M. Dominik Fischer

Abstract

Ocular anatomy and physiology in cynomolgus monkeys (Macacca fascicularis) are very similar to that found 
in the human visual system. Therefore and despite significant ethical and economical implications, these ani-
mals constitute an excellent model system for toxicology and biodistribution studies in the development of 
new and meaningful treatment strategies for ocular disorders. The methods for delivery of investigational new 
drugs (INDs) to the ocular tissue are virtually identical to the methods used in clinical practice. This protocol 
explains in detail the method of applying INDs to the vitreous cavity or the subretinal space in monkeys.

Key words Vitreoretinal surgery, Injection, Retina, Monkeys

1  Introduction

The two classical routes of local intraocular delivery historically 
include intravitreal and subretinal injections. Intravitreal injection 
delivers a therapeutic agent inside the vitreal cavity allowing its 
distribution across the surface of the retina. While the diffusion of 
the IND can still be limited by several anatomical barriers, such as 
the vitreous (if no vitrectomy was performed) or the inner limiting 
membrane, cells of the inner retinal layers can potentially be 
reached very efficiently. Bioavailability at the level of photorecep-
tors in the outer retina, at the level of the retinal pigment epithe-
lium (RPE) or the choroidal vasculature, however, depends on 
numerous factors and might not reach therapeutic levels for some 
INDs. The first intravitreal injection was reported by Ohm in 1911 
who introduced air into the vitreous cavity to treat retinal detach-
ment [1]. The intravitreal administration of pharmaceutical agents 
was started by using penicillin to treat endophthalmitis [2], and 
intravitreal drug delivery became a very frequently used technique 
with the introduction of drugs antagonizing the vascular endothe-
lial growth factor (VEGF) [3, 4].

Subretinal injections release the therapeutic agent into the 
potential space between the photoreceptors and the RPE, thus 
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directly targeting these cell populations. The first experimental 
subretinal injections were reported in the 1970s in cats in order to 
investigate the subretinal drainage transport [5, 6]. Lately, the sub-
retinal mode of delivery received wide interest with the advent of 
gene therapy based on adeno-associated viral (AAV) vectors deliv-
ering therapeutic DNA into the subretinal space [7]. The success 
of such vectors became evident in a number of successful clinical 
trials treating hereditary retinal disorders [8–11]. Although, the 
subretinal route is considered as more traumatic due to the need to 
penetrate the retina and induce a temporary retinal detachment, 
experimental studies on cynomolgus monkeys assessing subretinal 
injection of balanced salt solution showed complete recovery of 
the retina [12, 13]. Once basic biomechanic principles are appro-
priately considered to minimize stress and strain of neuroretinal 
tissue, subretinal injections can be applied safely in the (pre)clinical 
setting [14].

As intravitreal and subretinal techniques of injection can vary 
in different laboratories, a description of a standardized technique 
of injection in cynomolgus monkeys, which closely mimic human 
anatomy and physiology, could be useful for a wide audience of 
researchers.

2  Materials

For intravitreal injections:
	 1.	Operating table.
	 2.	Light source for transillumination.

Additional equipment for subretinal injections:

	 3.	Anesthesia machine for general anesthesia and monitoring of 
vital parameters.

	 4.	Operating microscope.
	 5.	Foot pedal controlled vitrectomy machine (e.g., PentaSys II, 

Ruck GmbH).
	 6.	Light source for endoillumination.

For intravitreal injections:

	 1.	10% and 1% povidone–iodine solution.
	 2.	Surgical drapes.
	 3.	Lid speculum.
	 4.	Conjunctival forceps.
	 5.	30G Injection cannula.
	 6.	1 mL polyacrylamide syringe.
	 7.	Optional: paracentesis blade.

2.1  Operating Room

2.2  Animal 
and Equipment 
for Individual 
Injections

Daniyar Dauletbekov et al.



253

	 8.	Animal: Cynomolgus monkey (Macacca fascicularis).
Additional equipment for subretinal injections:

	 9.	Valved trocars for minimal invasive vitreoretinal surgery (MIVS).
	10.	Endo-illumination and vitrectomy cutter.
	11.	Wide field (for vitrectomy) and high magnification (for sub-

retinal injection) viewing systems (BIOM or contact lenses).
	12.	41G extendable cannula (e.g., DORC 1270.EXT).
	13.	41G fixed (Luer-Lok) injection cannula.
	14.	Indenter.
	15.	Optional: triamcinolone or brilliant blue dye.

	 1.	For intravitreal injection, topical anesthesia with 2% conjucain 
eye drops.
For subretinal injections only:

	 2.	For subretinal injection, general anesthesia is the method of 
choice in monkeys such as with gas (e.g., isoflurane).

	 3.	A long lasting amide agent (e.g., bupivacaine) can be used for 
(additional) local anesthetic blocking.

	 4.	Methocel: 2% Hydroxypropylmethylcellulose.
	 5.	125 mg Cefuroxime to be administered to the operated eye.
	 6.	2 mg Dexamethasone to be administered to the operated eye.
	 7.	Postoperative antibiotic (e.g., 0.5% Moxifloxacine) eye drops.
	 8.	Anti-phlogistic (e.g., 1% Prednisolone) eye drops.
	 9.	BSS Plus sterile irrigation solution (e.g., Alcon).

3  Methods

To achieve best results it is important to fully dilate the pupils of the 
animal and to ensure deep anesthesia with as little body movement due 
to heart beat and respiratory excursions as possible. Once the animal is 
anesthetized, care has to be taken to prevent cornea exposure/edema.

	 1.	Anesthetize the animal.
	 2.	Put the animal onto the operating table and bring the animal 

into stable supine position and head in comfortable reach of 
the surgeon.

	 3.	Scrub eyelids and peri-ocular tissue with 10% povidone–iodine 
solution.

	 4.	Apply 1% povidone–iodine solution to flush out the conjuncti-
val fornices.

	 5.	Place a sterile drape over the head of the animal and around 
the eye.

2.3  Drugs

3.1  Preparing 
the Animal

Pre-clinical Retinal Injections in Monkeys
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	 6.	Place methocel onto the corneal epithelium to negate the refrac-
tive power of the air corneal interface and reduce the risk of corneal 
dehydration.

	 7.	Position the anesthetized animal under operating microscope 
with the eye to be injected under view. Operating microscope is 
used later for coaxial visualization of the target tissue. For sub-
retinal surgery, a binocular indirect ophthalmomicroscope 
(BIOM) or contact lens systems (Landers for wide field and 
Kilp for high magnification) can both be used together with a 
stereoscopic diagonal inverter and an optional videorecording 
device.

	 1.	For intravitreal injection, apply topical anesthesia with 2% conju-
cain eye drops.

	 2.	Using light source apply transillumination to confirm ciliary 
band and pars plana.

	 3.	Penetrate the sclera at the pars plana in the superotemporal quad-
rant using the 30G cannula attached to the 1 mL polyacrylamide 
syringe and inject slowly without approximating the lens.

	 4.	If volumes of >50 μL (0.05 mL) are injected, check pulsation of the 
central retinal artery and or measure intraocular pressure (IOP).

	 5.	Optional: perform anterior chamber tap with a sharp blade for 
paracentesis to reduce IOP if necessary.

	 1.	Connect the animal to the anesthesia machine for general anes-
thesia and monitoring of vital parameters.

	 2.	For (additional) local anesthetic blocking, a long lasting amide 
agent can be used (e.g., bupivacaine).

	 3.	Clamp the temporal canthus to achieve hemostasis for 60 s.
	 4.	Use sharp scissors to perform temporal canthotomy.
	 5.	Place lid speculum.
	 6.	Using light source apply transillumination to confirm ciliary band 

and pars plana.
	 7.	Using conjunctival forceps to immobilize the conjunctiva, place 

valved trocar for infusion line in the temporal inferior quadrant 
and double-check location of trocar to rule out infusion into 
the suprachoroidal space (see Note 1).

	 8.	Ensure full tonization of the globe and continue with placing 
the second and third trocar in the pars plana of the superior 
temporal and superior-nasal quadrant respectively (see Note 2).

	 9.	Under wide field viewing, perform core vitrectomy using foot 
pedal controlled vitrectomy machine and induce posterior hyaloid 
detachment.

	10.	Complete vitrectomy as much as possible, using indenter when 
needed without compromising the lens.

3.2  Intravitreal 
Injection

3.3  Subretinal 
Injection

Daniyar Dauletbekov et al.
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	11.	Triamcinolon or brilliant blue dye may be used to visualise vit-
reous or posterior hyaloid membrane where appropriate.

	12.	Switch to high magnification viewing system and induce local-
ized retinal detachment in the target area by subretinal injec-
tion of BSS Plus using the 41G extendable cannula (e.g., 
DORC 1270.EXT) attached to a 1 mL polyacrylamide syringe 
(Fig. 1) (see Notes 3 and 4).

	13.	Switch to use the 41G fixed cannula (Luer-Lok) attached to a 
1 mL polyacrylamide syringe and inject a preloaded and defined 
volume of the IND into the preformed bleb.

	14.	Once the IND has been placed successfully, carefully check the 
periphery for retinal breaks using the indenter before removing 
instruments and trocars.

	15.	Before recovery, subconjunctival 125 mg cefuroxime and 2 mg 
dexamethasone can be administered to the operated eye.

	16.	Postoperative prophylactic treatment consists of antibiotic 
(e.g., 0.5% Moxifloxacine), and antiphlogistic (e.g., 1% 
Prednisolone) eye drops given ter in die (tid) each in the treated 
eye for 2 weeks.

	17.	Leave sclerotomies and canthotomy to heal without stitches 
(see Note 5).

4  Notes

	 1.	The sclera is tougher to penetrate than in other species (e.g., 
Homo sapiens), necessitating a greater force vector. Extra care 
has to be taken to maintain the intended angle and rotational 
position of the trocar and eye ball and not to injure adjacent 
structures such as the lens.

Fig. 1 Frame from a videorecording during subretinal injection in cynomolgus monkey. Left panel shows the 
frame with a 41 G needle penetrating the retina just central of the superior arcade and about one disc diameter 
away from the superotemporal disc margin. This placement of the retinotomy usually results in a central place-
ment of the bleb including the fovea. Right panel reflects the same situation as illustration

Pre-clinical Retinal Injections in Monkeys
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	 2.	Tonization of the globe is of paramount importance during 
the subsequent trocar placement for the same reasons as above.

	 3.	Highest injection force is needed during the initial phase of 
bleb induction, while the counteracting adhesive force between 
RPE and neuroretina falls off exponentially with increasing 
bleb size [7]. In order to minimize secondary changes (e.g., 
shearing off RPE cells from Bruch’s membrane), use as little 
injection pressure as possible and quickly reduce pressure once 
a bleb starts to rise.

	 4.	Subretinal delivery is often used in studies of gene therapy 
using viral vectors. A recent study showed that the addition of 
surfactant 0.001% Pluronic F-68 (PF-68) in the vector solu-
tion significantly reduced the vector genome loss in the injec-
tion system by about 50% [13]. Considering such a significant 
loss of viral genomes, the use of PF-68 could be considered 
when viral particles are injected.

	 5.	Stitches induce further foreign body sensation and lead to 
extensive digito-ocular manipulation by the animals followed 
by increased risk of hypotony and infection.
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Chapter 19

Production of iPS-Derived Human Retinal Organoids 
for Use in Transgene Expression Assays

Peter M. Quinn, Thilo M. Buck, Charlotte Ohonin,  
Harald M.M. Mikkers, and Jan Wijnholds

Abstract

In vitro retinal organoid modeling from human pluripotent stem cells is becoming more common place in 
many ophthalmic laboratories worldwide. These organoids mimic human retinogenesis through formation 
of organized layered retinal structures that display markers for typical retinal cell types. Pivotally these 
humanized retinal models provide a stepping stone to the clinic as therapeutic tools and are expected to 
provide a promising alternative to current animal models. Thus pluripotent stem cell based healthy as well 
as diseased human retinal organoids are attractive for use in drug potency assays and gene augmentation 
therapeutics. Here we outline an established protocol for generation of these retinal organoids and how 
they can be used in conjunction with adeno-associated virus vectors for transgene expression assays.

Key words Retinal organoids, human Induced Pluripotent Stem Cells (hiPSCs), Adeno-Associated 
Virus (AAV), Potency assays

1  Introduction

Human retinal organoids are one of the plethora of organotypic 
in  vitro models, which faithfully capture, at least in part in  vivo 
development of the endocrine, digestive, respiratory, nervous, and 
sensory systems of the human body and as such are amenable to be 
studied in a diseased context also [1, 2]. The mammalian retina 
initiates from the eye field at the anterior neural plate forming 
optic sulci, which further develop into optic vesicles as envaginates 
of the diencephalon moving out to the surface ectoderm. The 
optic vesicles then fold into themselves, becoming optic cups. With 
the outer sheet developing further into the retinal pigment epithe-
lium (RPE) and the inner sheet continuing to develop into a mul-
tilayered neural retina [3]. Human retinal organoids were first 
produced using human embryonic stem cells (ESCs) and subse-
quently using human induced pluripotent stem cells (hiPSCs). 
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Both pluripotent stem cells showed faithful recapitulation of 
human retinogenesis [4, 5]. These pluripotent stem cells form 
aggregates, which are called embryoid bodies (EBs), that mimic 
gastrulation like processes and thus have the potential to form all 
three germ layers [6]. Subsequently the cells within these EBs are 
further directed into a neural and then retinal specific fate. Very 
similar to the development of a human eye the EBs progress from 
an early eye field state, through to optic vesicles and subsequently 
multilayered optic cups with attached RPE [4, 5]. These iPSC 
models have a tremendous promise as they allow infinite access to 
previously limited or inaccessible eye material. iPSC-based eye 
models can be exploited to study basic eye development, provide a 
potential source of tissue genotype specific material for cell trans-
plantation purposes, are a substitute to animal models, and are 
ideal for transgene and biological expression assays of drug targets 
and gene augmentation vectors. For example RPE differentiated 
from hiPSCs derived from a choroideremia patient with a defect in 
Rab escort protein 1 (REP1) was transduced with a AAV2/5-
CAG-CHM vector which restored the REP1 defective RPE to a 
normal cellular phenotype [7].

Retinal gene therapies are using adeno-associated virus (AAV) 
as a delivery vector for clinical trials targeted to RPE65, CNGA3, 
and REP1 genes aimed at treating Leber congenital amaurosis 2 
(LCA2), achromatopsia, and choroideremia, respectively [8–10]. 
Development of these gene therapies have given insights into 
required therapeutic dosage and dose limiting toxicity in the ret-
ina. However further testing of different AAV serotypes and pro-
moter combinations is pivotal to improve cell targeting, 
transduction and coverage which in turn will reduce toxic factors 
and promote long term efficacy [11, 12]. Diseases such as retinitis 
pigmentosa 12 (RP12) and LCA8 caused by mutations in the 
Crumbs homolog 1 (CRB1) gene may require gene augmentation 
in multiple cell types adding an extra layer of complexity to thera-
peutic development [13–15]. With maintenance of the Crumbs 
proteins in the adjacent photoreceptors and Müller glia cells 
required for a functional retina [15]. However the localization of 
these proteins between the mouse and human is reversed [15–17]. 
Thus using humanized healthy and diseased retinal organoid mod-
els to test transgene expression is a critical addition to the thera-
peutic pipeline bridging proof of concept work done in mice 
toward clinical application by removing potential interspecies dif-
ferences [12].

In this chapter we describe the basic protocols for the mainte-
nance, passaging, and long-term storage of hiPSCs; the formation 
of EBs from hiPSCs and subsequently their differentiation to reti-
nal organoids. Further, we show how these hiPSC-derived retinal 
organoids can be used in potency assays for testing transgene 
expression upon AAV vector infection.

Peter M. Quinn et al.
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2  Materials

	 1.	Matrigel.
	 2.	mTeSR (StemCell Technologies).
	 3.	Gentle Cell Dissociation Reagent (StemCell Technologies).
	 4.	mFreSR (StemCell Technologies).
	 5.	DMEM/F12: DMEM/F12 containing l-glutamine, Sodium 

Pyruvate, Phenol Red and without HEPES.
	 6.	DMEM A: DMEM containing High Glucose, No Phenol Red, 

without Sodium Pyruvate and with HEPES.
	 7.	DMEM B: DMEM containing High Glucose, Sodium 

Pyruvate, GlutaMAX, Phenol Red and without HEPES.
	 8.	mTeSR/blebbistatin: 2 mL mTeSR supplemented with 0.4 μL 

blebbistatin. Final concentration of 10 μM, use freshly pre-
pared. Prepare a 50 mM ± blebbistatin (Abcam) stock in 
DMSO. Store up to 1 month at −20 °C.

	 9.	Neural Induction Medium 1 (NIM-1): 48.95 mL DMEM/
F12 supplemented with 0.5 mL 100× N2 supplement, 0.5 mL 
100× Minimum Essential Media-Non Essential Amino Acids 
(MEM NEAAs), 10 μL 10 mg/mL Heparin (Sigma). 
Combine, mix gently and sterile filter (0.22 μm). Store for 2 
weeks at 4 °C.

	10.	mTeSR/NIM-1(3:1): Three volumes of mTeSR mixed with 
one volume of NIM-1.

	11.	mTeSR/NIM-1(1:1): Mix equal volumes of mTeSR with 
NIM-1.

	12.	DMEM/F12 A (3:1): Mix equal volumes of DMEM A with 
DMEM/F12.

	13.	DMEM/F12 B (3:1): Mix equal volumes of DMEM B with 
DMEM/F12.

	14.	Neuronal Induction Medium 2 (NIM-2): 96 mL DMEM/
F12 A (3:1) supplemented with 2 mL 50× B27 Supplement 
(without Vitamin A), 12.5 μL 100× Sodium Pyruvate, 1 mL 
100× NEAA, 1 mL 100× antibiotic–antimycotic (10,000 
units/mL of penicillin, 10,000 μg/mL of streptomycin, 25 
μg/mL of Amphotericin B). Combine, mix gently and sterile 
filter (0.22 μm). Store for 2 weeks at 4°C.

	15.	Retinal Lamination Medium (RLM): 107.25 mL DMEM/
F12 B (3:1) supplemented with 12.5 mL embryonic stem cell-
qualified FBS, 2.5 mL 50× B27 Supplement (without Vitamin 
A), 1.25 mL 100× MEM NEAAs,1.25 mL 100× antibiotic–
antimycotic (10,000 units/mL of penicillin, 10,000 μg/mL of 
streptomycin, 25 μg/mL of Amphotericin B), 0.25 mL taurine 

2.1  Solutions 
and Media

Retinal Organoids for Potency Assays
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(100 μM final concentration). Prepare from a 50 mM stock of 
taurine, store stock at 4°C for 6 months. Combine and sterile 
filter (0.22 μm). Store RLM for 2 weeks at 4 °C.

	16.	Retinal Lamination Medium 1 (RLM-1): RLM supplemented 
with 0.1 μL 10 mM retinoic acid (1 μM final concentration) 
per mL. Prepare from a stock 10 mM all-trans retinoic acid in 
DMSO, store at -20°C for 1 year. Make RLM-1 fresh each 
time.

	17.	Retinal Lamination Medium 2 (RLM-2): RLM supplemented 
with 0.05 μL 10 mM retinoic acid (0.5 μM final concentra-
tion) per mL. Prepare from a stock 10 mM all-trans retinoic 
acid in DMSO, store at −20 °C for 1 year. Make RLM-2 fresh 
each time.

	18.	Phosphate buffered saline (PBS): 2.6 mM KH2PO4, 26 mM 
Na2HPO4, 145 mM NaCl, pH 7.2.

	19.	4% Paraformaldehyde (PFA): 4% PFA in PBS.
	20.	5% Sucrose: 5% sucrose in PBS.
	21.	30% Sucrose: 30% sucrose in PBS.
	22.	Cryo-embedding media, Tissue-Tek® O.C.T. compound.
	23.	1% sodium dodecyl sulfate (SDS).
	24.	Autoclave bags.
	25.	0.001% Poloxamer-188 in PBS.
	26.	Agarose-coated plates: Add 1 g of agarose to 100 mL ultrapure 

water and heat in the microwave to dissolve. Autoclave to ster-
ilize. Add enough hot 1% agarose to wells so it covers also the 
sides. Immediately aspirate the agarose with the same serologi-
cal pipette, leaving a thin film coating base and partially side 
walls of the well. Close lid and wait a few minutes.

	 1.	hiPSCs.
	 2.	Serological pipettes.
	 3.	6-well culture plates.
	 4.	24-well culture plates.
	 5.	96-well culture plates.
	 6.	Parafilm.
	 7.	Cell scraper.
	 8.	Cryovials.
	 9.	CoolCell container with a reproducible freezing rate of −1 °C 

per hour.
	10.	15 mL conical tubes.
	11.	27 G Needle.

2.2  Materials 
and Supplies

Peter M. Quinn et al.
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	12.	P10, P200, and P1000 pipette tips.
	13.	Molecular grade agarose.
	14.	10 × 10 × 5 mm Cryomold® biopsy, square.
	15.	9 cm Petridish.
	16.	Dry ice.
	17.	Inverted light and phase contrast microscope.
	18.	Protective equipment when dealing with viral vector: gloves, 

safety goggles, lab coat, Biosafety level 2 laboratory, and lami-
nar flow hood.

	 1.	AAV2/5 CMVmin-GFP (see Note 1).

3  Methods

	 1.	Defrost an aliquot of Matrigel on ice.
	 2.	Dilute the aliquot in 25 mL of DMEM/F12. Check the rec-

ommended dilution factor of the aliquot.
	 3.	Use a precooled pipet tip and add 1 mL of diluted Matrigel to 

each well of a 6-well plate and swirl for even coating (see 
Note 2).

	 4.	Incubate at room temperature for at least 1 h before use.
	 5.	If not used immediately, store Parafilm-sealed culture ware at 

4 °C for up to 3 months (see Note 3).
	 6.	Before using plates they should be at room temperature and 

excess Matrigel should be removed just before seeding 
with cells.

	 1.	Defrost the cells quickly in a 37 °C water bath with occasional 
gentle agitation.

	 2.	Add 1 mL of mTeSR slowly to the thawed contents and trans-
fer to a 15 mL conical tube.

	 3.	Add a further 8 mL of warm mTeSR slowly to the side of the 
15 mL conical tube with intermittent agitation.

	 4.	Wait 3–5 min for aggregates to sink, or centrifuge cells at 100 
x g for 2 minutes at RT.

	 5.	Aspirate as much medium as possible without disturbing the 
pellet and carefully reconstitute in mTeSR (see Note 6).

	 6.	Plate 2 mL into one Matrigel coated well of a 6-well plate.
	 7.	In the incubator distribute the aggregates by agitation of plate 

front to back and side to side several times, and incubate at 37 
°C with 5% CO2 (see Note 7).

2.3  Viral Vector

3.1  Culturing 
of Human Induced 
Pluripotent Stem Cells

3.1.1  Matrigel Coating 
Cultureware

3.1.2  Thawing 
Cryopreserved Cells (see 
Notes 4 and 5).

Retinal Organoids for Potency Assays
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	 8.	Leave undisturbed and do not change medium the day after 
passaging.

	 9.	From day 2 onward, remove the differentiated areas if required 
and daily feed with 2 mL mTeSR (see Note 9).

	10.	Passage the undifferentiated cells (phase bright centers) 5–10 
days after thawing. The passaging is dependent on cell survival 
and initial plating density (see Note 10).

	 1.	Have both Matrigel coated 6-well plates and mTeSR medium 
warmed to room temperature (see Note 4).

	 2.	Passage the undifferentiated cells when they have phase bright 
centers. Remove differentiated parts by scraping with a pipette 
tip under an inverted light microscope (see Notes 8–10).

	 3.	Aspirate medium of each well and add 1 mL of Gentle Cell 
Dissociation Reagent (stored at RT), incubate 4–8 min at RT 
(dependent on cell line). When gaps at colony borders start to 
appear the incubation should be stopped.

	 4.	Aspirate and add 1 mL of mTeSR medium and gently detach 
the colonies by scraping with a cell scraper and pipette into a 
15 mL conical tube.

	 5.	Rinse the wells with an additional 1 mL of mTeSR to collect 
any remaining aggregates and let them settle in the 15 mL 
conical flask (see Note 5).

	 6.	Carefully pipette 2–3 times with a P1000 pipette tip to break 
up aggregates so they are more uniform in size and transfer to 
coated wells at the desired density, typically about 1:10 to 1:40.

	 7.	In the incubator distribute the aggregates by agitation of plate 
front to back and side to side (see Note 7).

	 8.	Do not change medium the day after passaging.

	 1.	Cryopreservation should take place when hiPSC colonies are 
ready for passaging (see Note 9) and taken up to step 5 of 
Subheading 3.1.3.

	 2.	Thaw the required amount of mFreSR (1 mL per well) and 
keep on ice.

	 3.	Centrifuge the sunken aggregates in the 15 mL conical tube at 
300 × g for 5 min at RT.

	 4.	Aspirate as much medium as possible without disturbing the 
pellet and carefully reconstitute in 1 mL of cold mFreSR per 
well using a serological pipette (see Note 5).

	 5.	Transfer 1 mL of cell aggregates (1 well) mixture into labeled 
cryovials using a 2 mL serological pipette.

3.1.3  Passaging 
of Undifferentiated Cells

3.1.4  Cryopreserving 
Cells

Peter M. Quinn et al.
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	 6.	Freeze cell aggregates by placing the cryovials in a CoolCell 
container that is put thereafter into a −80 °C freezer. Store the 
cryovials long-term in liquid nitrogen.

	 1.	At the start of the differentiation, referred to as differentiation 
day 0 (DD0), remove the medium from the small aggregates 
of hiPSCs (from step 5 of Subheading 3.1.3).

	 2.	Carefully pipette 2–3 times with a P1000 pipette tip to break 
up aggregates so they are more uniform in size and transfer to 
a 15 mL conical tube to sink. Remove medium.

	 3.	Add 2 mL of mTeSR/blebbistatin medium and incubate o.n in 
1 well of an agarose coated 6-well plate (see Note 11).

	 4.	Transfer aggregates to a 15 mL conical tube, let them sink. 
Remove the medium, add 2 mL mTeSR/NIM-1(3:1) and 
incubate o.n. in 1 well of an agarose coated 6-well plate.

	 5.	Transfer aggregates to a 15 mL conical tube, let them sink. 
Remove the medium, add 2 mL mTeSR/NIM-1(1:1) and 
incubate o.n in 1 well of an agarose coated 6-well plate.

	 6.	Transfer aggregates to a 15 mL conical tube, let them sink. 
Remove the medium, add 2 mL NIM-1 and incubate o.n in 1 
well of an agarose coated 6-well plate.

	 7.	 Change medium every other day till DD7 (see Fig. 1).

	 1.	EBs are collected in a 15 mL conical tube and left 5 min to sink 
and aspirate medium.

	 2.	Add 2 mL of NIM-1 per well to Matrigel-coated 6-well plates.
	 3.	Aspirate excess medium from the EBs and resuspend in fresh 

NIM-1.
	 4.	Plate approximately at a density of 20 aggregates per cm2.
	 5.	Plates should be then placed in an incubator and EBs evenly 

distributed by agitation of plates front to back and side to side 
and change medium every other day.

	 6.	Change to NIM-2 at DD16 and incubate at 5% CO2 at 37 °C.
	 7.	Medium should be changed every day until DD28 at which 

point neural epithelial cell fate has been acquired and the 
neural rosette structures can be excised (see Fig.  1). The 
neural rosettes are ready to be dislodged to allow them to 
mature in floating culture and develop into optic vesicles. 
They will already be growing as partially attached 3-dimen-
sional structures with an outgrowth of flat cells attached to 
the Matrigel.

3.2  Differentiation 
of Human Induced 
Pluripotent Stem Cells

3.2.1  Embryoid Body 
Generation

3.2.2  Embryoid Body 
Plating (See Note 12)

Retinal Organoids for Potency Assays
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	 1.	Use a pipet with P1000 tip as a high-pressure medium gun to 
flush loose at their base the neural rosettes for their dislodg-
ment. As an alternative, use a needle point and cut the neural 
rosettes away from the plate’s surface. The outgrowth of flat 
cells remains attached to the Matrigel and will be discarded. 
This is how the borders for excision can be identified.

	 2.	Collect the floating neural rosettes into a 15 mL conical tube 
using a 5 mL serological pipette and allow them to sink over a 
1–3 min period.

	 3.	Aspirate the remaining medium, resuspend in 2 mL NIM-2 
medium per well of agarose coated 6-well plate (see Note 11) 
and incubate o.n. at 5% CO2 at 37 °C.

	 4.	From excision onward, Optic Vesicles should be maintained in 
agarose coated wells (see Fig. 1).

	 1.	Under an inverted light microscope, manually remove with a 
truncated P200 pipet tip the forebrain organoids from the 
96-well at DD33 (see Notes 8 and 13). Discard if not needed.

	 2.	Transfer the retinal organoids and medium with a truncated 
P200 pipet tip to a 15 mL conical tube and allow them to sink 
over a 1–3 min period.

	 3.	Aspirate the medium, resuspend the retinal organoids in 4 mL 
NIM-2 medium and transfer 2 mL in each of two fresh agarose-
coated 6-well plates (see Note 14).

	 4.	Check daily, change NIM-2 medium twice per week or earlier 
in case that the medium starts to turn yellow until DD41.

	 5.	Switch to RLM medium between DD42 and DD48.

3.2.3  Optic Vesicle 
Generation

3.3  Sorting, 
Maturation 
and Maintenance 
of hiPSC Derived 
Retinal Organoids

Fig. 1 Timeline of retinal differentiation. hiPSCs are directed to form embryoid bodies through the addition of 
blebbistatin and a transition from mTeSR to neural induction medium 1 (NIM-1). At differentiation day (DD)7 
these embryoid bodies are plated and attached to Matrigel where they differentiate toward a neuroepithelium 
fate. At DD16 the medium is switched from NIM-1 to NIM-2. Subsequently these neuroepithelia can be excised 
and sorted into those of a retinal organoid fate and are maintained in a low attachment environment with 
agarose-coated wells. At DD42 retinal lamination medium (RLM) is used to aid in the lamination of the optic 
vesicles, and the addition of retinoic acid at DD49 helps to promote photoreceptor maturation. Attached RPE is 
also visibly present

Peter M. Quinn et al.



269

	 6.	Switch to RLM-1 between DD49 and DD97 (see Note 15).
	 7.	From DD98 use retinal lamination medium 2 (RLM-2) for 

long term culturing instead of RLM-1 (see Fig. 1).

	 1.	Centrifuge the concentrated virus suspension shortly and store 
on ice.

	 2.	 Prime the pipette tip in 0.001% Poloxamer-188 before pipet-
ting the viruses.

	 3.	 Add the AAV2/5-CMVmin-GFP to 50 μL of RLM-2 (medium 
used dependent on time point chosen for infection) with a 
final concentration of 1.75 × 1010 genome copies (see Note 
17).

	 1.	Take two retinal organoids from the cultured stock of organ-
oids and transfer to one agarose-coated well of a 96-well plate.

	 2.	Remove excess medium.
	 3.	Add the 50 μL of RLM-2 (medium used dependent on time 

point chosen for infection) containing the AAV2/5-CMVmin-
GFP to the well containing the two retinal organoids (see Note 
18).

	 4.	Incubate for 24 h at 5% CO2 at 37 °C.
	 5.	Add 50 μL of RLM-2 (medium used dependent on time point 

chosen for infection) to the 96-well with viral vector particles.
	 6.	Incubate for 24 h at 5% CO2 at 37 °C.
	 7.	Transfer organoids to a 15 mL conical tube, let them sink, and 

remove medium. Wash three times in 1 mL PBS and resuspend 
in 2 mL of RLM-2 (medium used dependent on time point 
chosen for infection).

	 8.	Transfer the retinal organoids to one well of a 24-well agarose-
coated plate.

	 9.	Change the medium twice a week for maintenance (see Note 
19). In our example we infected DD160 retinal organoids and 
analyzed GFP expression 11 days later at DD171 (see Fig. 2). 
The hiPSC derived retinal organoids are then ready for further 
tissue processing and analysis (see Note 20).

Tissue processing of hiPSC derived retinal organoids requires some 
care due to the greater fragility of this tissue and is similar to dealing 
with excised retinal material from mice. Special care must be taken 
when processing the tissue for freezing particularly limiting water 
content, which leads to water crystallization and tissue artifacts.

	 1.	Place a preferred number of retinal organoids in a 15 mL tube 
and let them sink and remove access medium.

3.4  AAV Infection 
of hiPSC Derived 
Retinal Organoids

3.4.1  Preparation 
of the Virus (See Note 16)

3.4.2  AAV Infection 
of Retinal Organoids

3.5  Tissue 
Processing of hiPSC 
Derived Retinal 
Organoids

Retinal Organoids for Potency Assays
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	 2.	Wash the retinal organoids shortly in PBS.
	 3.	Fixation: Add 500 μL of 4% PFA for 30  min at room 

temperature.
	 4.	Wash the retinal organoids shortly in PBS and aspirate.
	 5.	For sucrose embedding, incubate the retinal organoids in 5% 

sucrose for 30 min and aspirate.
	 6.	Incubate the retinal organoids in 30% sucrose for approxi-

mately 30 min (until the retinal organoids have sunk).
	 7.	In a petri dish place a blob of cryo-embedding media and 

transfer the retinal organoids on top using a truncated P1000 
pipette (in as minimal amount of solution as possible).

	 8.	Gently mix by swirling the retinal organoids into the cryo-
embedding media with a pipette tip. Thus removing all excess 
of sucrose solution.

	 9.	The retinal organoids can then be placed into a cryomold con-
taining fresh cryo- embedding media and freeze it over dry ice.

	10.	Store at −80 ºC until ready for sectioning on a cryotome cryo-
stat (7–10 μm).

4  Notes

	 1.	AAV2/5-CMVmin-GFP-WPRE-pA viral particles contain: 
Two inverted terminal repeats (ITRs) each of 145 bp of adeno-
associated virus 2 (AAV2), a 0.26 kb minimal cytomegalovirus 
(CMV) promoter, the cDNA for green fluorescent protein 
(eGFP), a WPRE element for woodchuck hepatitis posttran-
scriptional regulatory element (WPRE), and a polyadenylation 
(pA) sequence of SV40 virus. The GFP expression vector is 
packaged in AAV serotype 5 particles [15].

Fig. 2 AAV infected hiPSC-derived retinal organoids. Retinal organoids 10 days after infection (DD171) with 
AAV2/5-CMV-GFP (a). GFP staining AAV2/5-CMV-GFP expression does not overlap with recoverin staining (b) 
but does overlap Sox9 (c) staining. Scale bar: 20 μm

Peter M. Quinn et al.
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	 2.	Pipet tips can be cooled by pipetting up and down in ice-cold 
DMEM/F12 prior to pipetting Matrigel.

	 3.	Do not use wells if the Matrigel coating is uneven or if the 
diluted solution evaporates from sealed or warmed-up plates 
before they are used.

	 4.	Have mTeSR and precoated Matrigel plates warmed to room 
temperature (Approx. 1 h) before starting any protocol. 
Alternatively plates can be placed in the incubator to warm up 
for 15 min. Do not warm mTeSR in a 37 °C water bath.

	 5.	Avoid breaking up the cell aggregates into very small pieces 
during thawing, transfer, plating and cryopreservation steps as 
this will minimize the start-up efficiency. Ideally use a serologi-
cal pipette with larger bore size (2 or 5 mL).

	 6.	Addition of a Rock Inhibitor (e.g., Y-27632 or Fasudil) 
enhances survival of thawed pluripotent stem cells, particular if 
cell aggregates are not maintained [18, 19]. The content of 
one cryo tube should be diluted according to the desired 
density.

	 7.	Uneven distribution of aggregates may result in increased dif-
ferentiation of iPSCs.

	 8.	Keep plates with organoids or iPSCs less than 15 min outside 
the incubator to keep the pH and temperature of the medium 
in an acceptable range.

	 9.	Remove differentiated areas by scraping with a pipette tip. This 
should be done after the initial 24 h after plating and before 
passaging. Apply a fluid scraping motion, long strokes as 
opposed to small scratching motions.

	10.	Cells are ready to be passaged if a colony has a phase bright 
center and takes up the field of view (binocular) using a 10× 
objective of the microscope.

	11.	Low attachment plates can be created by thinly agarose-coating 
of wells and will help increase final yield. Do not use unevenly 
coated agarose wells, replace agarose culture regularly. If aga-
rose “lifts,” medium can be seen underneath, then move the 
retinal organoids into a new well.

	12.	Avoid excessive and too forceful pipetting of EBs and retinal 
organoids at all stages. This leads to cell damage and may affect 
the outcome of the experiment.

	13.	Retinal and forebrain organoids exhibit distinct morphological 
characteristics. Those that have a horseshoe type appearance 
are retinal organoids as opposed to those with a homogenous 
uniform look throughout, which are forebrain organoids.

	14.	At this stage a number of aggregates can be kept together in 
6-well plates. Aggregate number can be adjusted so that the 
NIM-2 medium does not turn yellow within 3–4 days.

Retinal Organoids for Potency Assays
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	 1.	Clevers H (2016) Modeling development and 
disease with organoids. Cell 165:1586–1597

	 2.	Lancaster MA, Knoblich JA (2014) 
Organogenesis in a dish: modeling develop-
ment and disease using organoid technologies. 
Science 345:1247125

	 3.	Heavner W, Pevny L (2012) Eye development 
and retinogenesis. Cold Spring Harb Perspect 
Biol 4(12):a008391. https://doi.
org/10.1101/cshperspect.a008391.

	 4.	Zhong X, Gutierrez C, Xue T et  al (2014) 
Generation of three-dimensional retinal tissue 

	15.	The original protocol [4] recommends to switch to RLM-1 
(containing 1 μM of retinoic acid) at DD70 which promotes 
rod development by repressing cone-specific gene expression. 
The original protocol [4] uses at DD98 RLM-2 containing 
N2-supplement instead of B27 supplement. The method that 
we describe here produces cone but not rod photoreceptors.

	16.	Take care of the viral trash. Dispose tips contaminated with 
AAV in 1% SDS. Transfer infected retinas to a fresh 24-well 
plate before starting the cryopreservation steps. And dispose 
the plate in an autoclavable bag sprayed with 1% SDS. AAVs 
can survive on plastics for weeks [20].

	17.	Pipetting AAV virus can be improved if the AAV is stored in 
0.001% poloxamer-188 in PBS and the pipette tip is first equil-
ibrated in 0.001% poloxamer-188 (Pluronics) in PBS.

	18.	Use less than 10 μL virus in PBS in the 50 μL viral mix not to 
change the RLM concentration too much which can lead to 
tissue degradation.

	19.	Depending on AAV capsid used it takes days or weeks before 
maximum levels of expression is reached. Optimal expression 
levels must be determined dependent on AAV capsid used. 
The GFP onset in organoids can be monitored by live-cell 
imaging.

	20.	In case that direct GFP fluorescence is low, you can boost the 
GFP signal by performing immunohistochemistry using a pri-
mary antibody against GFP and a fluorescent dye-labeled sec-
ondary antibody.
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Chapter 20

AAV Serotype Testing on Cultured Human  
Donor Retinal Explants

Thilo M. Buck, Lucie P. Pellissier, Rogier M. Vos,  
Elon H.C. van Dijk, Camiel J.F. Boon, and Jan Wijnholds

Abstract

This protocol details on a screening method for infectivity and tropism of different serotypes of adeno-
associated viruses (AAVs) on human retinal explants with cell-type specific or ubiquitous green fluorescent 
protein (GFP) expression vectors. Eyes from deceased adult human donors are enucleated and the retinas 
are isolated. Each retina is punched into eight to ten 6-mm equal pieces. Whatman™ paper punches are 
placed on the retinas and the stack is transferred onto 24-well culture inserts with the photoreceptors fac-
ing the membrane. AAVs are applied on the retinal explant punches to allow transduction for 48 h. Retinas 
are nourished by a serum-free Neurobasal®-A based medium composition that allows extended culturing 
of explants containing photoreceptor inner and outer segments. The protocols include quality control 
measurements and histological staining for retina cells. The cost and time effective procedure permits AAV 
transgene expression assays, RNAi knockdown, and pharmacological intervention on human retinas for 
21 days ex vivo.

Key words Adeno-Associated Virus (AAV), Explant, Human, Neural retina tissue culture, 
Organotypic, Photoreceptors, Retinal Müller glial cell, Postmortem, Potency assays

1  Introduction

The first recombinant adeno-associated viral (rAAV) gene rescue 
therapies have been administered to patients in clinical trials [1, 2]. 
Preliminary clinical results are promising, but these still have to be 
converted into medication. Though, for the AAV gene therapy 
product Glybera (UniQure, Amsterdam, The Netherlands), for 
lipoprotein lipase deficiency, European market approval has been 
obtained. And recently in 2017 the FDA approved the investiga-
tional AAV gene therapy product LuxturnaTM (Spark Therapeutics, 
Philadelphia, USA) for RPE65-mediated inherited retinal disease.
The prediction of the cell tropism of different rAAV serotypes and 
variants on human retinas has been a hurdle. rAAV transduction 
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information of mice has little predictive value for human tissue 
because the distribution and specificity of receptors hijacked by 
rAAVs to infect cells differ between species. Yet information on 
rAAV serotype infection and both onset and levels of expression in 
human retinal cell types is limited because adult retinas rapidly lose 
their morphology during ex  vivo culturing. Generally, the gene 
therapy vector protein expression is detectable a week after infec-
tion [3, 4]—provided the AAV particles applied have a sufficient 
titer—and peaks at around 5 weeks [5, 6]. Currently, a fair com-
parison of cell tropism and infectivity of AAV serotypes and vari-
ants with different promoter strengths and onset of expression can 
only be assessed in monkey studies. Here, we provide a technique 
to screen rAAVs on cell tropism and infectivity on human retinal 
explants. This technique can also be employed for neurodegenera-
tion, neuroprotection, and cell transplantation assays.

Many variables influence the success of a retina culture. 
Differences of the maximum days in culture depend on the species 
and the age of retina. For example, cultured organotypic neonate 
mouse retinas last up to 27 days [7, 16]. Young adulthood retinas 
of rats and neonate retinas of chickens have been cultured for up to 
7  days [8–10]. However, adult mammalian material, such as 
human, mouse, and pig retinas have only been cultured for short-
term (up to 10 days) [10–14]. Recently, human retinas have been 
cultured in floating culture for 4 weeks [19]. Many cell, molecular, 
and morphological changes take place once the retina is cultured 
ex  vivo. Changes include the deactivation of the shedding and 
regeneration of the outer segments (OS) of photoreceptors 
(PRCs), loss of cells with a successive retinal thinning, collapse of 
the outer plexiform layer (OPL), and Müller glia stress as identified 
by the upregulation of glial fibrillary acidic protein (GFAP) [12, 
13]. The health of the retina needs to be thoroughly monitored 
and recorded. This can be achieved at the end by immunohisto-
chemistry (retina cells, cell apoptosis, and cell cycling, see Table 1), 
morphological description (retinal layer thickness), and comparing 
it to control samples at the day of dissection; but also by inspecting 
it for tissue shrinkage and medium usage.

Diverse techniques can be employed to reduce retinal degen-
eration and culture intervariability, such as to use only fresh tissue 
(<72  h postmortem), to keep the tissue until dissection in 
Phosphate buffered saline (PBS) or Hanks’ Balanced Salt Solution 
(HBSS) buffers at 4 °C (<24 h), to minimally manipulate the retina 
during dissection, to use serum-free medium compositions with 
supplements similar to in  vivo retina environments, to change 
medium conditionally and frequently, to set the incubator to the 
optimal temperature (34–37  °C) and air composition (oxygen: 
ambient or reduced oxygen to 3%), and to work clean [11–14]. 
The only two serum-free medium for retina cultures described are 
R-16 and Neurobasal®-A medium [12, 14, 15].

Thilo M. Buck et al.
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Table 1 
List of primary antibodies  and chemical dyes for immunohistochemistry

Antibody Anti- Dilution Company e.g. Main staining property

Calbindin Rabbit 1/250 AnaSpec Strongly horizontal cells/
INL-OPL; lower amacrine/
INL

Calretinin Rabbit 1/500 Chemicon Amacrine/INL; displaced 
amacrine and ganglion cells/
GCL

CRB1 Rabbit 1/250 Home made Subapical region

Cone arrestin Rabbit 1/500 Millipore Cone photoreceptors

PKCα Mouse 1/250 BD Biosciences Rod bipolar cells

GFAP Rabbit 1/200 DAKO Stressed Müller glial cells and 
gliosis

Glutamine 
Synthetase

Mouse 1/200 BD Biosciences Müller glial cells

p27kip1 Rabbit 1/150 Millipore Müller glial cells and cell cycle 
inhibitor protein

SOX9 Rabbit 1/250 Millipore Müller glial nuclei/INL; 
astrocyte nuclei/GCL; RPE 
nuclei

Recoverin Rabbit 1/500 Chemicon Rod and cone photoreceptor 
somas and segments

Rhodopsin mouse 1/250 Millipore Outer segment and weakly soma 
of rods

CD45 Mouse 1/250 Emelca Bioscience Activated microglia or 
macrophage/monocyte 
lineage cells

Rhodamine PNA N/A 1/200 Vector Cone outer segments. Added 
with second Antibody Buffer.

Caspase 3 
(cleaved)

Rabbit 1/250 Cell Signaling Cell apoptosis

Phospho-Histone 
H3

Rabbit 1/100 Millipore Mitosis Marker

The authors have no preferences for distributors or companies. Antibodies and chemical dyes can be obtained from vari-
ous sources

Retinal Explants for Potency Assays
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2  Materials

	 1.	Explant medium: 300 μL 50× B-27 Supplement (Invitrogen), 
150 μL 100× N-2 Supplement (Invitrogen), 30 μL 50 mM 
Taurine, 120  μL 200  mM L-glutamine, 150  μL 100  mM 
sodium pyruvate, 18.45 μL 1 mM N-Acetyl-L-cysteine, 150 μL 
100× antibiotic–antimycotic (10,000  units/mL penicillin, 
10,000 μg/mL streptomycin, 25 μg/mL Amphotericin B) in 
a final volume of 15 mL Neurobasal®-A medium (Invitrogen). 
Aliquot into 5 mL and store at 4 °C and use up within 5 days. 
Warm up aliquots only once.

	 2.	Hanks’ Balanced Salt Solution (HBSS). HBSS liquid contain-
ing Ca2+ and Mg2+.

	 3.	Sterile distilled water.
	 4.	MilliQ autoclaved water.
	 5.	Phosphate buffered saline (PBS): 2.6 mM KH2PO4, 26 mM 

Na2HPO4, 145 mM NaCl, pH7.0–7.2.
	 6.	Dulbecco’s Phosphate buffered saline with Ca2+ and Mg2+ 

(DPBS): 0.9 mM CaCl2, 0.49 mM MgCl2–6·H2O, 2.67 mM 
KCl, 1.47  mM KH2PO4, 137.93  mM NaCl, 8.6  mM 
Na2HPO4–7·H2O, pH 7.0–7.2.

	 7.	4% Paraformaldehyde (PFA) in PBS.
	 8.	5% Sucrose in PBS.
	 9.	30% Sucrose in PBS.
	10.	Cryo-embedding media, Tissue-Tek® O.C.T. compound.
	11.	1% Sodium dodecyl sulfate (SDS).
	12.	Ethanol absolute 99.99%.
	13.	70% ethanol in milliQ water (70% EtOH): 70  mL Ethanol 

absolute, 30 mL milliQ water.
	14.	10% Poloxamer-188 surfactant solution, sterile.
	15.	0.001% Poloxamer-188  in DPBS.  Filter-sterilized. Stored in 

1 mL aliquots at −20 °C.

	 1.	12  mm filter diameter; 0.4  μm pore Hydrophilic 
Polytetrafluoroethylene (PTFE) Millicell Cell Culture Inserts 
(Millipore; catalogue number PICM01250).

	 2.	Whatman™  3MM Chr Chromatography Paper. Clean a 
2-hole punch with warm water and soap, and 70% ethanol. 
Punch the Whatman™ 3MM paper. Autoclave the 6-mm 
punches.

	 3.	24-well culture plates, flat bottom.

2.1  Solutions 
and Media

2.2  Materials 
and Supplies

Thilo M. Buck et al.
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	 4.	Surgical instruments: Lancet. 11 cm Iris Scissor, curved. 18 cm 
Operating scissor, sharp/blunt, curved. Dressing forceps. 
Tissue forceps. 6 mm Surgical punch with adapter (see Note 1).

	 5.	P1000, P200, P20, P10 pipette tips and single-channel pipette 
set.

	 6.	Standard pipette gun and serological pipettes.
	 7.	37 °C 5% CO2 incubator.
	 8.	Parafilm.
	 9.	Sucrose.
	10.	Superfrost Plus microscope slides.
	11.	15 mL conical tubes.
	12.	9 cm petridish.
	13.	10 × 10 × 5 mm Cryomold® biopsy, square.
	14.	Dry-Ice.
	15.	Cryostat.
	16.	70 mm thickness Antiroll glass.
	17.	Carbon steel microtome blades C-35 pfm.
	18.	20% Bovine Serum Albumin (BSA) dissolved in PBS.
	19.	Triton X-100.
	20.	(Goat) Serum.
	21.	Blocking Buffer: to prepare 10 mL, mix 1 mL normal goat 

serum, 0.04 mL Triton X-100, 0.5 mL 20% BSA, and 8.46 mL 
PBS.

	22.	Primary Antibody Buffer: to prepare 10  mL, mix 0.03  mL 
(goat) serum, 0.04  mL Triton X-100, 0.5  mL 20% BSA, 
9.43 mL PBS, and primary Antibody.

	23.	Second Antibody Buffer: to prepare 10 mL, mix 0.5 mL 20% 
BSA, 9.5 mL PBS, and fluorescent dye-conjugated secondary 
Antibody directed against the primary Antibody.

	24.	VECTASHIELD HardSet Antifade Mounting Medium with 
4′,6-Diamidin-2-phenylindol (DAPI; Vector Labs).

	25.	Protective equipment: gloves, safety goggles, lab coat, Biosafety 
level 2 laboratory, and laminar flow hood.

	 1.	Recombinant AAV particles to be tested at a titer of >1012 
genomic copies per mL, e.g., rAAV2.CMV.EGFP.WPRE.pA 
packaged into serotype AAV9 capsids. The expression vector 
contains for example the two inverted terminal repeats (ITRs) 
of AAV2, the ubiquitous immediate early CMV promoter 
(CMV), the cDNA for EGFP, the woodchuck hepatitis virus 
post-transcriptional regulatory element (WPRE), and a bovine 
growth hormone polyadenylation sequence (pA).

2.3  Recombinant 
Adeno-associated 
Virus with Transgene 
Expression Cassette

Retinal Explants for Potency Assays
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	 2.	The virus was produced as previously reported [3]. In short, 
HEK293T cells were triple transfected by Ca-phosphate trans-
fection method with the helper plasmid pAAV9 from the 
Vector Core University of Pennsylvania, the helper plasmid 
pAdΔF6 [17], and a pAAV2.CMV.EGFP.WPRE.pA transfer 
plasmid. The cells were lysed and harvested 72 h post-transfec-
tion. AAVs were purified by an iodixanol gradient and concen-
trated by amplicon-spin columns. AAVs were tested on purity 
by SDS-PAGE Silver Staining and the genomic copies per mL 
(titer) were measured against a standard by qPCR.

3  Methods

The tissue was collected in agreement with the guidelines of the 
ethics committee of the LUMC. Patient anonymity was strictly 
maintained. All tissue samples were handled in a coded fashion, 
according to Dutch national ethical guidelines (Code for Proper 
Secondary Use of Human Tissue, Dutch Federation of Medical 
Scientific Societies).

	 1.	Within 24 h after the death of a human donor removal of the 
entire globe of the eye and its contents, with preservation of all 
other periorbital and orbital structures, was performed.

	 2.	The optic nerve was cut at 1 cm distance from the eye globe.
	 3.	Eyes were transported and stored in HBSS at 4 °C.
	 4.	A suture was put through an eye muscle to differentiate right 

and left eyes (see Note 2).
	 5.	The eye was stored in cold HBSS in the fridge (see Note 3).

	 1.	Prepare fresh medium and warm it up in a water bath (see Note 4).
	 2.	Add 15 mL milliQ autoclaved water between 24 wells. Place in 

incubator (see Note 5).
	 3.	Add 300 μL medium to the eight wells in the middle of the 

plate. Leave the outside wells empty.
	 4.	Add the inserts.
	 5.	Gently shake the plate until all the inserts are wet.
	 6.	Place it back in the incubator for at least 30 min before adding 

the retina pieces (see Note 6).

	 1.	Place the eye for 30 s in 70% EtOH in a 50 mL tube or 6 cm 
dish to prevent infections.

	 2.	Rinse off the EtOH with cold HBSS.
	 3.	Place the eye in a 6 cm dish in cold HBSS (see Note 7).

3.1  Culturing 
of Postmortem Human 
Retina

3.1.1  Dissecting 
Out the Eye

3.1.2  Prepare Medium 
and 24-well Culture Plate 
(>1 h Before Dissection)

3.1.3  Dissecting Out a 
Retina from a Postmortem 
Human Eye

Thilo M. Buck et al.

http://paav2.cmv.egfp.wpre.pa


281

	 4.	Remove the extraocular tissue (such as muscles, epithelia lay-
ers, visible blood vessels) with the operating scissor and the 
tissue forceps until you only see the white sclera.

	 5.	Fix the eye against the side of the dish with the help of a for-
ceps (see Note 8).

	 6.	Use the lancet or a surgical blade and slowly make a small cut 
around 0.5 cm below the lens slightly below the ciliary body 
(where you can see a color difference (see Note 9 and Fig. 1a).

	 7.	Subsequently cut around the eye with the Iris Scissor (see Note 
10 and Fig. 1b).

	 8.	Cut the optic nerve preferably from the inside of the eye 
(between retinal pigment epithelium (RPE) and retina). If the 
retina is still attached then you can also cut the optic nerve 
from the outside (see Note 11 and Figs. 1c, d).

	 9.	Remove the lens with the vitreous attached.
	10.	Make three cuts spaced evenly from the edge to the optic 

nerve.
	11.	Carefully flatten the eye by pushing in the sides so they flip 

upward. Now, the retina detaches slowly from the RPE (see 
Figs. 1c, e).

	12.	Remove the sclera with the RPE attached to another dish. The 
retina with the ganglion cell layer (GCL) facing up should float 
in clean cold HBSS solution (see Note 12 and Fig. 1e).

	13.	Locate the fovea (yellowish dot, avascular zone, ~1.5  mm 
diameter, ~5 mm from the optic disc). Make punches starting 
from the fovea going outwards. You should be able to make 
8–14 punches (see Fig. 1g,h).

	14.	Place the Whatman™ paper punches on each retina (see Note 
13 and Fig. 1g,h).

	15.	Take out the previously prepared 24 well plate with inserts and 
medium from the incubator.

	16.	Carefully place the retina pieces on the inserts (Whatman™ 
paper facing upwards, PRCs downwards) and put it back in the 
incubator (see Note 14).

	17.	Take retina pieces for control and process them: Fixate (cold 
4% PFA, 30  min), cryo-protect (cold 5% sucrose in PBS, 
30 min; then cold 30% sucrose in PBS, 30 min) and freeze in 
O.C.T Tissue Tek on dry ice (see Note 15).

	 1.	Conditionally change medium daily. Remove 150 μL and replace 
it with fresh 150 μL prewarmed CO2 equilibrated medium.

	 2.	End the culture at desired endpoint (7–21 days) as described 
under step 17 of Subheading 3.1.3.

3.1.4  Culturing Retina 
Punches

Retinal Explants for Potency Assays



282

Fig. 1 Dissecting out a human retina and placement of the retina on the insert. (a) Stance at the border of the 
retina and the ciliary body. You can see color change from black to white. (b) Make long cuts with a scissor. (c) 
Cut off the optic nerve to free the retina. (d) Eye with the retina removed. You can see the retinal pigmented 
epithelium in black. (e) The retina without retinal pigmented epithelium. (f) Flattened out retina. (g) Punches 
made from the Ganglion cell layer side and Whatman paper placed on the top. (h) Culture system. AAVs are 
applied on the Whatman™ paper from the top and the PRCs face on the membrane

Thilo M. Buck et al.
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	 1.	Warm up 50 μL medium per punch to be infected.
	 2.	Centrifuge the concentrated virus suspension shortly and store 

on ice.
	 3.	Prime the pipette tips in 0.001% poloxamer-188 in PBS solu-

tion (see Note 16).
	 4.	Prepare the 50 μL infection mix: Add 3.4 × 1011 genome cop-

ies of AAV2/9.CMV.GFP to a final volume of 50  μL pre-
warmed medium (see Note 17).

	 1.	Remove 150 μL of each 24 well.
	 2.	Pipette the 50  μL infection mix on top of the Whatman™ 

paper in the inserts.
	 3.	Incubate the retina with the AAVs for 48 h.
	 4.	Remove medium and add 300  μL fresh prewarmed equili-

brated medium .
	 5.	Conditionally change the medium every day as described at 

step 1 of Subheading 3.1.3. and end the culture at the desired 
endpoint as described at step 17 of Subheading 3.1.3.

	 1.	Prepare a fresh 24-well plate. Add 300 μL of 4% PFA, PBS, 5% 
sucrose, and 30% of sucrose to separate wells (horizontally).

	 2.	Lift off the retinas with the Whatman™ paper attached from 
the insert (see Note 18).

	 3.	Wash/dip the insert in the PBS well.
	 4.	Move it to the 4% PFA in PBS well for 30 min (continue as 

described in step 17 of Subheading 3.1.3 and in Fig. 2; see 
Note 19). Then quickly wash it in PBS.

	 5.	Set the cryostat to −18/20 °C. Cool down the blade, antiroll 
glass (70 mm), the sample(s) at least for 1 h before cutting in 
the cutting chamber to −18/20 °C. And set the cutting thick-
ness to 8 μm.

	 6.	In the meantime, label 1–15 Superfrost slides per two samples. 
(Initials, date, experiment, and slide number).

	 7.	Freeze the sample on a freezing block on the thin edge as 
depicted (see Fig. 2)

	 8.	Orientate the block horizontally (see Fig. 2).
	 9.	Cut as described for example in Fischer et al. [18]. In short: 

cut one section and move it on slide #1. Cut one section and 
move it on slide #2 (see Fig. 2).

	10.	Dry sections between 1 to 18 h before storing them at −20 °C 
or −80 °C (see Note 20).

	11.	Staining guideline: air dry glasses for 1 h.
	12.	Wash 1× in PBS.

3.2  AAV Infection 
of Postmortem Donor 
Retinas

3.2.1  Preparation 
of the Virus (1 h 
Before Infection)

3.2.2  AAV Infection 
of Postmortem Donor 
Retinas (~3 h After Retina 
Dissection)

3.3  Workflow: Tissue 
Processing 
of Postmortem Donor 
Retinas

Retinal Explants for Potency Assays
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	13.	Incubate in blocking buffer for 30–60  min. Dip off the 
medium. Incubate with 150–200  μL/slide of primary anti-
body buffer with the appropriate primary antibody dilution 
(see Table 1). Incubate in a humid chamber at 4 °C overnight. 
Wash 3× for 15 min in PBS. Add 200–300 μL of the second 
Antibody buffer with the appropriate second antibody dilution 

A B

C

D

4 % PFA Freeze in a cryomold 
on dry-ice

30 min

30 min

30 min

30 s

5 % sucrose

Freeze on 
cutting block Orientate. Cut sections at 8 µm

Add 1 section per slide. 

slide until you have >13 

sections per sample.

PBS

30 % sucrose

1 2 15

Fig. 2 Workflow for tissue processing. (a) Fixing process and cryopreservation. (b) Freeze in a cryomold for 
better orientation. (c) Flip the block and then freeze it on the cutting block (see image) to get all retina layers 
on one section. (d) Add one section per slide and then move to the next slide. You can add two samples per 
slide to have an internal control for immunohistochemistry  staining

Thilo M. Buck et al.
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for 40–60 min (see Note 21). Wash 3× for 15 min in PBS. Dip 
off excess PBS and mount with one drop (30  μL) of 
VECTASHIELD HardSet Antifade Mounting Medium with 
DAPI.  Harden at room temperature for 3  h or at 4  °C for 
>48 h (storage condition).

	14.	 Image on a confocal (or fluorescent) microscope at >20× mag-
nification (see Fig. 3 and Note 22).

4  Notes

	 1.	Clean surgical tools with warm water and soap. Then, wash 
with 70% EtOH.

	 2.	Eye(s) should be enucleated within 24 h after death, to obtain 
the best results.

	 3.	Retina should be dissected out within 36 h after dissection, to 
obtain the best results.

	 4.	You can also warm up the medium by placing it in the incuba-
tor with unscrewed cap. This allows activation of the sodium 
bicarbonate buffer in a 5% CO2 environment.

	 5.	This ensures that the plate is an evenly humid chamber for all 
retinas.

	 6.	If the dissection is in another room with incubator than your 
standard culture room then take the prepared 24-well plate 

Fig. 3 Expected results. (a) Poor dissection or tissue without outer segments present (stained with PNA in red). 
(b) Good dissection and tissue with outer segments present (stained with Rhodopsin  in red and PNA in green). 
(c) Retinal explant infected by AAV2/9.CMV.EGFP, 21 days after infection (GFP in green). (d) Retinal explant 
infected with AAV2/9.CMV.EGFP, 14 days after infection (GFP in green). Retinal layers: Outer Nuclear Layer 
(ONL), Inner Nuclear Layer (INL), Ganglion Cell Layer (GCL). Nuclear staining (DAPI) in gray. Scale bar: 25 μm

Retinal Explants for Potency Assays
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wrapped in parafilm to the dissection room and place it there 
in the incubator. Don’t move a dissected retina in a 6 cm plate. 
It will shear off all the OS of the retinas.

	 7.	HBSS medium provides the glucose to cells while keeping the 
pH in check under atmospheric conditions.

	 8.	A second person can support the fixation with an additional 
forceps.

	 9.	Cutting below the ciliary body helps to remove the vitreous 
body and the RPE from the retina.

	10.	Make large cuts to minimize the physical shearing on the retina 
during dissection.

	11.	The older the material and human donor, the stickier the ret-
ina. Cold HBSS (without magnesium, calcium) can help 
detaching the retina from the RPE.

	12.	You can conditionally replace the medium to keep the tem-
perature low.

	13.	The punches should easily attach to each piece. Autoclaving 
the punches can cause punches to stick to each other. Use for-
ceps to take only one punch at a time.

	14.	Try to minimize pressure and area touched with the forceps. 
Work quick (<5 min) so the medium stays warm and the pH of 
the medium stays intact (see Fig. 1).

	15.	See Fig. 1 for detailed tissue processing steps.
	16.	This helps to prevent AAV attachment to the plastic tip.
	17.	Different AAVs are differently effective in infecting retinal 

cells. Other AAVs can infect as low as 107 genome copies per 
infection mix. Limit the amount added to the medium to 
15 μL added not to dilute the medium to much.

	18.	The retinas never attached to the inserts so cutting out the 
inserts is not necessary. When handling retinas, minimize the 
contact (touch only sides). You can also select Whatman™ 
punches where not the complete retina is attached to so you 
can manipulate on areas where no retina is attached to it.

	19.	After the cryopreserving step in 30% sucrose and the tissue 
dropped to the bottom, then you can store it for a few days in 
the fridge. We always immediately freeze it. At this step you 
can also peel off the Whatman™ paper. Yet we did not find a 
difference in staining if it was carefully peeled off or not. We 
decided not to peel it off anymore to have less artifacts intro-
duced by the peeling off.

	20.	It is a good practice to stain one section directly after cutting 
with 1% toluidine blue in milliQ water or anti-fade mounting 
medium with DAPI to quickly assess the tissue morphology 
under a light or fluorescent microscope.
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	21.	If not enough liquid is on the slide then you can place parafilm 
or a cover slide on top of it. It helps to get even distribution of 
the second antibody on the slide.

	22.	Compare the outer segments (OS) of PRCs after dissection 
and at the time of harvest with for example PNA and Rhodopsin 
staining (see Fig. 3). We observed that OS seem to be relevant 
in the AAV infection pathway to photoreceptors 
(unpublished).
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Chapter 21

Human Retinal Explant Culture for Ex Vivo Validation 
of AAV Gene Therapy

Harry O. Orlans, Thomas L. Edwards, Samantha R. De Silva, 
Maria I. Patrício, and Robert E. MacLaren

Abstract

Recombinant adeno-associated viral (AAV) vectors have been successfully employed as the mode of gene 
delivery in several clinical trials for the treatment of inherited retinal diseases to date. The design of such 
vectors is critical in determining cellular tropism and level of subsequent gene expression that may be 
achieved following viral delivery. Here we describe a system for living retinal tissue extraction, ex vivo 
culture, viral transduction and assessment of transgene expression that may be used to assess viral con-
structs for gene therapy in the human retina at a preclinical stage.

Key words Gene therapy, Human retina, AAV, Culture

1  Introduction

Gene therapy with AAV has shown substantial promise in the treat-
ment of inherited retinal disease. An excellent safety profile has 
been demonstrated for these vectors in numerous clinical trials 
within a variety of organ systems [1]. At the time of writing, eight 
gene replacement phase I clinical trials using AAV are underway for 
inherited retinal diseases attributable to mutations in the RPE65 
(Leber’s congenital amaurosis), REP1 (choroideremia), MERTK 
(retinitis pigmentosa) and CNGA3 (achromatopsia) genes [2–5]. 
Among other factors, vector design is critical for the success or 
otherwise of human gene therapies. The ideal vector should deliver 
sufficient DNA to allow restoration of function without inducing 
toxicity or significant off-target effects. Central to this are the con-
cepts of cellular tropism and transduction efficiency [6]. Tropism, 
or cellular specificity, of AAVs is determined by capsid pseudotype 
and choice of promoter, while the eventual level of transgene 
expression within any particular cell may be augmented by inclu-
sion of nontranslated elements within the recombinant AAV 
expression cassette such as the Woodchuck Hepatitis Virus 
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Posttranscriptional Regulatory Element (WPRE) [7, 8], or through 
the use of self-complementary AAV genomes [9, 10]. Efficient 
viral transduction is desirable for clinical application as it allows for 
the delivery of a lower number of viral particles to achieve any 
given level of transgene expression, which in turn reduces the risk 
of potential dose-dependent toxicity and immune reaction.

Given the near infinite number of potential AAV designs that 
may be employed for any particular clinical application, the use of 
laboratory based assays to evaluate and compare AAVs is essential 
before an optimized vector may be brought to clinical trial. While 
cell and small animal-based models are useful and have until now 
formed the basis of preclinical AAV assessment, transgene expres-
sion in such tissues does not necessarily reflect the situation in the 
human subject. Indeed, significant inter-species variation has been 
reported in terms of both AAV tropism and eventual levels of 
transgenic protein expression [11]. Furthermore, in  vivo animal 
experiments are frequently lengthy, costly and may culminate in 
inconclusive results.

In this chapter, we describe a method for the extraction of liv-
ing human retinal tissue for ex vivo assessment of putative human 
gene therapy vectors. Human retinal tissue may be acquired for 
this purpose from consenting adults who are undergoing clinically 
indicated retinectomy [12, 13]. In some respects, this represents 
the ultimate preclinical model, being in fact the target tissue in 
question. It is in other respects, however, an imperfect model for a 
number of reasons. Firstly, the tissue is, almost by definition, 
abnormal, having been extracted from patients who may have a 
history of complex retinal detachment, proliferative vitreoretinop-
athy, and/or advanced diabetic eye disease. Additionally, the tissue 
is often ischemic and in cases where the retinectomized area has 
been detached for any considerable length of time, the outer retina 
may be degenerate or absent in its entirety. This of course limits 
the utility of this assay, in certain circumstances, for assessment of 
photoreceptor-targeted treatments. Relatively healthy full-
thickness retinal tissue may however be acquired for this purpose 
from larger retinal tears that may be encountered, for example, in 
patients undergoing vitreoretinal surgery for nondiabetic vitreous 
hemorrhage, or acute rhegmatogenous retinal detachment.

The organotypic culture system described below is based 
largely upon that described by Johnson and Martin for ex vivo cul-
ture of the rat retina in the context of retinal stem cell therapy 
[14]. Briefly, the method involves extraction of retinal fragments at 
the time of surgery which are then cultured in a Neurobasal-A 
based medium. After one day in culture, the fragments are trans-
duced with the vector(s) under assessment. This may be an AAV 
designed for clinical application or an equivalent vector containing 
a reporter gene such as green fluorescent protein (GFP). If a 
reporter AAV is used, the retinal fragments may be imaged by 
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fluorescence microscopy while in culture to assess the timing and 
degree of transgene expression over the course of the culture 
period. At the end of the culture period, which in our experience 
may be up to two weeks, the explants may be fixed, embedded, and 
sectioned for immunohistochemistry and confocal microscopy. 
Alternatively, tissue can be processed for mRNA or protein expres-
sion analysis.

2  Materials

Complete Neurobasal-A culture medium must be prepared in 
advance of surgical extraction of tissue. Supplements may be ali-
quoted and stored at −20 °C until use at which point they should 
be thawed at room temperature, added to Neurobasal-A and the 
resulting “complete” medium stored at 4 °C. Concentrations of 
supplements specified below refer to those of the final complete 
medium. Preparation of culture medium and handling of human 
tissue should be performed under aseptic conditions in a positive-
pressure tissue culture hood.

	 1.	Vitreoretinal forceps.
	 2.	23/25/27-G Vitrectomy cutter.
	 3.	Valved cannula to insert the vitrectomy cutter.
	 4.	7/0 Vicryl box suture.
	 5.	Sterile 20 G forceps.
	 6.	Vitrectomy machine.
	 7.	Balanced salt solution (BSS) : 0.64% sodium chloride, 0.075% 

potassium chloride, 0.048% calcium chloride dihydrate, 0.03% 
magnesium chloride hexahydrate, 0.39% sodium acetate trihy-
drate, 0.17% sodium citrate dihydrate, sodium hydroxide and/
or hydrochloric acid (to adjust pH), and water. The pH is 
approximately 7.5.

	 8.	10 mL syringe.
	 9.	Sterile bung to seal the 10 mL syringe.

	 1.	Complete Neurobasal-A Culture Medium : Neurobasal-A with 
phenol red supplemented with 100  units/mL Penicillin, 
100 μg/mL Streptomycin, 0.8 mM l-Glutamine, 2% 50× B27 
supplement, 1% 100× N2 supplement, store at 4 °C.

	 2.	10 cm diameter petri dish.
	 3.	24-well culture plate.
	 4.	Organotypic culture inserts (0.4 μm pore size; Falcon, Thermo 

Fisher Scientific).

2.1  Surgical 
Procedure

2.2  Tissue Handling 
and Explant Culture

Human Retinal Explant Culture
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	 5.	3 mL Pasteur pipettes.
	 6.	Sterile scissors.
	 7.	Sterile forceps.
	 8.	Sterile scalpel.
	 9.	Pipettes and filter tips.
	10.	Humidified tissue culture incubator set to 34 °C with 5% CO2.
	11.	Positive-pressure tissue culture hood.

	 1.	AAV aliquot stored at −80 °C and thawed immediately prior 
to use.

	 2.	Complete Neurobasal-A culture medium, as described above.
	 3.	Sterile forceps.

	 1.	3 mL disposable sterile Pasteur pipettes.
	 2.	4% Paraformaldehyde (PFA) in PBS.
	 3.	30% Sucrose solution in PBS.
	 4.	Optimal Cutting Temperature medium (OCT).
	 5.	Vinyl specimen mold trays, 15mm × 15mm × 5mm (Tissue-

Tek Cryomold, Sakura).
	 6.	Dry ice.
	 7.	Cryotome.
	 8.	Poly-l-lysine-coated glass slides.
	 9.	Marker pen.
	10.	0.01M phosphate buffered saline (PBS): 0.95  g/L 10  mM 

phosphates as sodium phosphates, 0.201 g/L 2.68 mM KCL, 
and 8.12 g/L 140 mM NaCl, pH 7.45. Prepared from PBS 
tablets. Solid PBS tablet to be dissolved in 500 mL distilled 
water.

	11.	PBS/serum blocking solution: PBS supplemented with 0.1% 
Triton X-100, 10% donkey serum.

	12.	PBS/Triton primary antibody solution: PBS supplemented 
with 0.1% Triton X-100, 2% donkey serum, primary antibody.

	13.	PBS/Tween washing solution: PBS supplemented with 0.05% 
Tween 20.

	14.	PBS/Triton secondary antibody solution: PBS supplemented 
with 0.1% Triton X-100, 2% serum, secondary antibody.

	15.	12.3 mg/mL Hoechst 33342.
	16.	Antifade mounting reagent.

2.3  Viral 
Transduction

2.4  Immuno-
histochemistry
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3  Methods

Legislation regarding the retention of human tissue for research 
purposes in the UK is enshrined within the Human Tissue Act 
2004 which outlines the need for ethical approval for all such 
research. The process of ethical review is therefore a legal require-
ment before conducting research on human tissue in the UK as it 
is in many other countries including the United States. In the USA, 
this process is overseen by Institutional Review Boards (IRBs—
further information may be found within the US Food and Drug 
Administration (FDA) website www.fda.gov), while in the UK, 
ethical review is regulated by the NHS Health Research Authority 
(HRA). All necessary information may be found online at www.
hra.nhs.uk.

Under the Human Tissue Act, 2004, written consent should be 
obtained for patients from whom tissue is to be extracted and 
retained for research purposes. However, in cases where the 
researcher is unable to identify an individual from his/her tissue, 
and the tissue is used for a specific study for which ethical approval 
has been granted, the Act states that additional consent is not nec-
essarily required. It is however considered best practice to do so. 
Comprehensive guidelines on the principles and processes involved 
with consent for research purposes have been outlined by the 
General Medical Council of the UK (GMC), and are available via 
their web page www.gmc-uk.org. Briefly, the following principles 
apply for patient consent with regard to retention of human retinal 
tissue:

	 1.	Consent must be valid. Informed consent should be sought 
from patients with capacity without pressure or coercion.

	 2.	Individuals retain the right to withdraw consent at any time.
	 3.	Sharing information. Adequate information should be pro-

vided and tailored to individual patient needs. A participant 
information sheet should be provided. Guidance on the design 
and recommended content of such forms is available from the 
National Research Ethics Service, UK.

	 4.	Information should be given in a way and language that 
patients can understand.

	 5.	Those who seek consent should have an adequate understand-
ing of the research in question.

	 6.	Records of written consent should be retained by the researcher. 
Consent should be confirmed through a study-specific consent 
form.

3.1  Legal Aspects 
and Ethical Approval

3.2  Patient Consent

Human Retinal Explant Culture
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Retinal tissue may be extracted by one of two methods: direct 
extraction via a sclerostomy with vitreoretinal forceps or with the 
automated cutter and manual aspiration (see Note 1). The approach 
adopted should be guided by experience of the surgeon, nature of 
the required retinectomy and availability of a surgical assistant.

	 1.	Perform a thorough vitrectomy with close shaving over the 
planned biopsy region.

	 2.	Outline the extent of the planned biopsy with endodiathermy, 
paying particular attention to retinal vessels (see Note 2).

	 3.	Insert the 23/25/27-gauge vitrectomy cutter through a 
valved cannula, reduce the cut rate to for example less than 
500 cuts/min, and perform an en bloc retinectomy inside the 
diathermied outline (see Note 3).

	 4.	Allow the retinectomized specimen to drift onto the posterior 
pole.

	 5.	Remove the cutter and lower the infusion pressure to less than 
15  mm Hg to reduce turbulence of the tissue during with-
drawal of the instruments.

	 6.	Make a conjunctival incision to expose sclera for an MVR 
sclerostomy.

	 7.	Preplace a 7/0 vicryl box suture at the sclerostomy site before 
making a new circumferentially oriented 20 G MVR incision.

	 8.	Keeping the low infusion rate (to minimize turbulent move-
ment of the biopsied tissue), insert 20 G forceps and extract 
the tissue fragment, taking care while drawing the specimen 
through the sclerostomy.

	 9.	Place the specimen directly into balanced salt solution (BSS) 
for transfer into culture (see Note 4).

	 1.	Perform steps 1–3 as above.
	 2.	Connect the aspiration line to a 10 mL syringe which should 

be held by an assistant.
	 3.	Reduce the vitrector cut rate to a minimum, e.g., 100 cuts/

min (see Fig. 1), and while an assistant manually aspirates with 
the syringe, take individual bites of the area to be retinecto-
mized (see Note 5).

	 4.	Once an adequate number of retinal fragments have been 
acquired, remove the syringe and apply a sterile bung. The 
sealed syringe containing the retinal specimens should now be 
removed from the operating room and taken directly for cul-
ture (see Note 4).

All handling of samples should be performed under aseptic condi-
tions in a positive-pressure tissue culture hood.

3.3  Surgical 
Procedure

3.3.1  En Bloc 
Retinectomy Extraction

3.3.2  Extraction Via the 
Cutter with Manual 
Aspiration

3.4  Ex Vivo Handling 
of Retinal Tissue
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	 1.	Carefully empty the specimen jar containing the retinal frag-
ments suspended in BSS into a 10 cm diameter petri dish, note 
that small retinal fragments may adhere to the sides of the con-
tainer. Excess BSS may be removed with a pipette.

	 2.	If a large piece of retina has been excised en bloc, divide this by 
cutting it into fragments of the required size using a scalpel (see 
Note 6). If fragments were acquired using the cutter, larger 
fragments of near uniform shape and size should be identified 
and selected for subsequent culture (see Note 7).

	 3.	Prepare Pasteur pipettes for transfer of fragments by removing 
the tip using sterile scissors such that the new opening is of 
sufficient size to accommodate retinal fragments without trau-
matizing the tissue (see Fig. 2) (see Note 8).

	 4.	Transfer each retinal fragment to be cultured into an individual 
culture insert. This is done by drawing the fragment suspended 
in BSS into the tip of the modified Pasteur pipette. Maintain 
pressure on the bulb of the pipette while transferring the tissue 
then firmly expel the fragment in suspension into the insert (see 
Note 9).

	 1.	Fill wells of a 24-well plate (such that an individual well is pre-
pared for each explant to be cultured) with 400 μL prewarmed 
complete Neurobasal-A culture medium.

	 2.	Using sterile forceps, place the inserts containing retinal frag-
ments into prepared wells and pipette an additional 50–100μL 
of complete Neurobasal-A medium into each of the inserts (see 
Note 10).

3.4.1  Ex Vivo Handling 
of Retinal Tissue

3.4.2  Ex Vivo Culture 
and Viral Transduction

Fig. 1 Effect of cutter speed on size of extracted retinal fragments. Photograph (a) illustrates the size of retinal 
fragments obtained with maximal cut rate as may be used during routine vitreoretinal surgery. Photograph (b) 
shows the larger fragments that may be acquired when the cut rate is reduced to a minimum, in this case 100 
cuts/min, scale bar 2 mm

Human Retinal Explant Culture
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	 3.	Replace the 24-well plate lid and incubate the explants in a 
humidified tissue culture incubator set to 34 °C with 5% CO2.

	 4.	After approximately 24  h in culture, replace the 400  μL of 
media within the well with fresh prewarmed complete 
Neurobasal-A (see Note 11).

	 5.	Transduce each experimental retinal fragment with 1010 
genome particles of the AAV to be tested by pipetting the virus 
in solution directly into the media within the insert (see Note 
12). A proportion of the explants should be allocated as 
untransduced negative controls. After transduction, return the 
plate to the 34 °C incubator.

	 6.	On alternate days following viral transduction, and until the des-
ignated end of the culture period, replace 400 μL of complete 
Neurobasal-A within each well with fresh media (see Note 11).

	 1.	For quantitative fluorescence imaging, select the appropriate 
objective for the microscope so that the entire explant can be 
visualized within a single field of view.

	 2.	Position the 24 well plate on the viewing platform of the 
microscope with the lid left in place and for each explant, 
acquire a set of images under standardised conditions (see Note 
13). This would normally consist of a transmission image (e.g., 
with a 0.5 s exposure), followed by fluorescence images using 
appropriate filters at a range of exposure times (see Note 14).

3.5  En Face 
Fluorescence 
Microscopy and Image 
Analysis (See Note 13 
and Fig. 3)

Fig. 2 Preparation of a Pasteur pipette for handling of retinal fragments. Sterile 
scissors should be used to remove the tapered tip of the pipette to allow a wider 
opening through which retinal fragments may pass in suspension. The scissors 
should then be opened forcibly within the newly created opening so that the end 
of the pipette splays outward rather than inward. This manoeuvre removes any 
internal shelves in which retinal fragments may become entrapped during trans-
fer of tissue

Harry O. Orlans et al.
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	 3.	After imaging is complete, return the plate to the 34  °C 
incubator.

	 4.	To begin the process of image analysis, load the transmission 
microscopy image of the first untransduced sample into ImageJ 
(see Note 15).

	 5.	Define an area of interest and save this to the manager (see 
Note 16).

	 6.	Open the equivalent fluorescence image, apply the region of 
interest from the manager panel and measure the grey value 
(see Note 17).

	 7.	Repeat steps 5–7 for all images.
	 8.	Prior to analysis, correct for background fluorescence by sub-

tracting the mean grey value of the untransduced control from 
that of transduced samples (“Normalized mean grey value”).

Fig. 3 Comparison of two AAV constructs expressing GFP. The fluorescence micrographs above show changes 
in fluorescence seen with time after transduction with two viral constructs expressing GFP under the control 
of a strong ubiquitous promoter. Transmission images on Day 0 are shown to the left. The graph illustrates how 
mean grey values normalized for background fluorescence calculated from such images can be used to com-
pare vectors

Human Retinal Explant Culture
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	 1.	At the end of the designated culture period, transfer the retinal 
fragments into 4% PFA using a modified Pasteur pipette. Leave 
to fix for 30 min then transfer the fragments into 30% sucrose 
solution for a minimum of 1 h.

	 2.	Next, transfer each retinal fragment into PBS for a brief wash 
before transferring into individual vinyl specimen mold trays. 
Excess PBS around the fragment may be removed with a 
pipette.

	 3.	Fill the tray with OCT ensuring that each fragment is com-
pletely submerged and suitably orientated for sectioning (see 
Note 18).

	 4.	Mark the position of the fragment on the edges of each tray 
with a pen before placing it on dry ice (see Note 19).

	 5.	After freezing, the previously placed markers may be extended 
over the frozen OCT to indicate the position of the tissue (see 
Fig.  4). Trays should be stored at −80  °C prior to 
sectioning.

	 6.	When ready to section the retinal fragments, remove the fro-
zen OCT from the plastic mold and mount along a thin edge.

	 7.	Section on a cryotome to a thickness of 12–18μm onto poly-l-
lysine-coated slides (see Note 20) which may then be stored at 
−20 °C.

	 8.	Immunohistochemistry may then be performed according to 
standard protocols. For example, following hydration wash 
3 × 5 min in PBS.

	 9.	Block retinal sections for 1 h at room temperature in PBS/
serum blocking solution.

	10.	After a further 3 × 5 min washes, incubate slides at 4 °C over-
night with PBS/Triton primary antibody solution.

	11.	Subsequently wash for 3 × 5 min with PBS/Tween washing 
solution.

	12.	Incubate for 2 h at room temperature with the species–appro-
priate PBS/Triton secondary antibody solution.

	13.	Counter-stain sections with Hoechst 33342 1:5000 and mount 
with an antifade reagent.

	14.	Retinal sections may be viewed on a confocal microscope with 
laser excitation wavelengths appropriate to the fluorophores 
used. Overlapping XY optical sections of approximately 0.5μm 
thickness may then be acquired through the specimen (see 
Fig. 5).

3.6  Immuno-
histochemistry
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4  Notes

	 1.	In either case, it is important to thoroughly clear all attached 
vitreous from the retina targeted for biopsy prior to retinectomy, 
as residual gel may cause biopsied fragments to curl and not lie 
flat in tissue culture.

Fig. 4 Placement of tissue fragments within OCT for sectioning. Tissue should be orientated within OCT in a 
flat conformation so that perpendicular retinal cross sections may be achieved (Panel a). The position of the 
retinal fragment should be marked prior to freezing, after which the marks may be extended across the frozen 
block (Panel b). Black arrows indicate the position of the explant within the OCT

Fig. 5 Transduction  of human photoreceptors using AAV2/2.GFP Confocal microscopy image taken of a human 
retinal explant following transduction with rAAV2/2.GFP, tissue fixation, sectioning and counterstaining with 
Hoechst 33,342. (a) GFP expression as a marker of retinal photoreceptor transduction, (b) composite image 
with Hoechst 33,342, scale bar 25 μm. INL: Inner nuclear layer; ONL: Outer nuclear layer

Human Retinal Explant Culture
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	 2.	This may not be required for small horseshoe tear 
amputations.

	 3.	This step can alternatively be performed using 23 G scissors.
	 4.	If any delay is anticipated between tissue extraction and place-

ment into culture, the tubes or syringes containing the 
specimen(s) should be placed on ice.

	 5.	If an assistant is unavailable, an alternative approach is to reflux 
specimens from the cutter into a sterile dish outside of the eye.

	 6.	Before cutting the retinal fragments, excess BSS should be 
aspirated using a pipette so that the fragment in question is 
resting directly against the base of the petri dish and is not 
curled or folded. Manipulation through resuspension in BSS 
may be required to achieve this.

	 7.	Certain fragments may show a tendency to curl or fold at this 
stage which may in part be due to residual vitreous on their 
surface. If possible, avoid selecting such specimens for culture. 
Fragments with obvious vitreous attachments should similarly 
be avoided.

	 8.	The process of cutting the pipette tip may create an internal 
shelf at the new opening. If this is not corrected, retinal frag-
ments will tend to get trapped within the tip of the pipette. 
This shelving effect may be remedied by forcibly opening the 
tips of the scissors within the new pipette opening so that the 
plastic straightens or slightly splays externally (see Fig. 2). This 
manoeuvre may need to be performed in several meridians to 
ensure that no internal shelf remains before the pipette is used 
for tissue transfer.

	 9.	After expelling the retinal fragment into the culture insert, 
confirm that the fragment is now sitting within the insert and 
has not become trapped within the pipette. Not infrequently, 
the tissue may be incarcerated at the tip opening or within the 
pipette. If this occurs, release the tissue by passing BSS in and 
out of the opening then repeat the transfer process. Before 
doing so, it may be necessary to modify the pipette tip further 
with sterile scissors (see above) to remove any residual internal 
shelving.

	10.	The final fluid level should be high enough to completely cover 
the explant. This ensures diffusion of vital gasses and nutrients 
between the culture medium and the explant over its entire 
surface. Higher fluid levels should not be used if possible as 
this may encourage movement of the tissue from the porous 
base of the insert. Avoid trapping air beneath the insert by tilt-
ing it as it is placed into the well. Bubbles beneath the insert 
may interfere with diffusion to the lower surface of the explant 
and may adversely affect quantification of fluorescence from 
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subsequent images. If a bubble is noted, the insert should be 
lifted and repositioned back into the well.

	11.	To change the media, culture inserts should be removed with 
sterile forceps to reduce the risk of contamination. When 
changing media, be careful not to disturb the retinal fragment 
within the insert, particularly if performing en face fluores-
cence microscopy during the culture period. In this case, it is 
advantageous to maintain the tissue fragment in a similar con-
formation to ensure consistency of imaging.

	12.	In our experience, this dose of virus consistently produces a 
detectable level of GFP expression and allows comparison 
between constructs. Transduction efficacy will be affected by 
size of the retinal explant and AAV capsid and genome. If com-
paring gene therapy vectors, the transduction process should 
ideally be completed in a blinded fashion.

	13.	Quantitative en face fluorescence microscopy may be per-
formed in instances where the vector to be tested expresses a 
fluorescent protein such as GFP. Images should be taken under 
standardized conditions of ambient lighting with consistent 
acquisition parameters. Our experience suggests that measure-
ments are most consistent with ambient lights switched off.

	14.	Since the final level of fluorescent protein expression is 
unknown at the outset of the experiment, we would suggest 
acquiring images at a range of exposure times at each time 
point (e.g., 0.5 s, 1 s, 2 s, 5 s, 10 s). At the end of the experi-
ment, the exposure time selected for further analysis should be 
that which produces images with the highest signal without 
reaching saturation.

	15.	ImageJ software is freely available to download courtesy of the 
National Institute of Health (NIH), USA via the following 
URL: https://imagej.nih.gov.

	16.	If viral constructs are to be compared using this assay, the mean 
grey value must reflect the average level of fluorescence within 
the retina [15]. For this to be valid, the area of retina analysed 
(the so-called “region of interest”) must consist entirely of flat 
unfolded retina (see Fig. 6). The inclusion of folded retina will 
artificially increase measured fluorescence as multiple layers of 
retina will contribute to this value in such circumstances. To 
define an area of interest, select the freehand tool icon and 
draw around the largest area of contiguous flat, single-layered 
retina. This selection should then be added to the Region of 
Interest (ROI) Manager (Select Edit>Selection>Add to 
Manager).

	17.	Transferring the ROI from the transmission to the fluores-
cence micrograph avoids any operator-dependent bias when 
defining the region of fluorescence to be included in the 
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analysis. To measure mean grey value, select Analyse>Measure. 
A results panel will appear displaying the area of the ROI, the 
mean grey value and the minimum and maximum grey values. 
The scale within which grey value is measured will depend on 
the digital resolution of the image in question. Grey value for 
an 8-bit image for example will range between 0 and 256.

	18.	 The retinal tissue should be orientated so as to be parallel with 
the base of the tray and suspended so that it lies approximately 
half way through the depth of the OCT. To achieve this, a 
pipette tip may be used to create currents within the viscous 
OCT that carry the fragment to the desired orientation. Avoid 
touching the tissue directly.

	19.	 As the retinal fragments are very small and transparent, mark-
ing the OCT is advisable before proceeding with tissue sec-
tioning. These marks allow the operator to know approximately 
how much OCT must be shaved before the specimen is 
encountered.

	20.	 The OCT block may be shaved rapidly down to the preplaced 
markers. It is useful to have a light microscope on hand to 
confirm the presence of tissue sections on slides as the OCT 
block is sectioned further.

Fig. 6 Defining a region of interest from a transmission microscopy image. The 
region of interest used should be the greatest contiguous area of retina that is 
flat and not folded. The ROI in the above image is indicated by white arrows. An 
area of retina that is curled and out of focus is marked by a white asterisk. This 
region has not been included in the ROI

Harry O. Orlans et al.
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Chapter 22

Visual Acuity Testing Before and After Intravitreal Injection 
of rAAV2-ND4 in Patients

Bin Li and Chenmian Wu

Abstract

Gene therapy in ophthalmology has developed rapidly, and there has been a breakthrough in the treatment 
of Leber’s hereditary optic neuropathy. After receiving an intravitreal injection of rAAV2-ND4, patients 
followed up over a certain time period showed a definite increase in visual acuity. Visual acuity testing is 
critical for assessing the efficacy of rAAV2-ND4 intravitreal injection.

Key words Visual acuity test, Snellen chart, LogMAR chart, Children, Low vision

1  Introduction

Vision is the basic function of the eyes. Decreased visual acuity is 
the most common loss of visual function caused by a disease affect-
ing the eyes, and is one of its most important manifestations. 
Therefore, visual acuity testing and recording is a necessary com-
ponent of all eye examinations and hence, of primary importance.

In the clinic, a newspaper can be placed at an appropriate dis-
tance to allow the patient to use both his eyes (while wearing 
glasses if necessary) to discern large, medium, and small letters in 
order to assess the visual acuity. Testing is usually performed using 
a special typeface, such as Jaeger or Law. The best way to test dis-
tance vision is with the Snellen chart or a news headline of an 
equivalent scale. The best distance for testing is at 6 m or 20 feet, 
unless the patient is unable to discern the letter in the first row.

Visual acuity testing and recording for individuals with low 
vision can be performed at a shorter distance. If one eye cannot 
distinguish any letter, it can be recorded as “counting fingers,” 
“hand motion,” “light perception,” or “no light perception” based 
on the response of the patient to further vision assessment.
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Visual acuity testing before and after rAAV2-ND4 intravitreal 
injection follows the basic guidelines and procedures of eye 
examinations.

2  Materials

A Snellen chart is an eye chart that can be used to measure visual 
acuity. Snellen charts are named after the Dutch ophthalmologist 
Herman Snellen who developed the chart in 1862 [1].

Visual acuity is determined by the smallest target that can be 
seen clearly and discerned at a given distance. The commonly used 
Snellen chart is composed of a series of random letters that become 
progressively smaller with each row.

The LogMAR chart is an eye chart composed of alphabet letters 
invented by the National Vision Research Institute of Australia in 
1976 [2]. Its advantage is that a more accurate assessment of visual 
acuity can be performed, compared to other eye charts (such as the 
Snellen chart). Thus, the LogMAR chart is widely used by optom-
etrists, ophthalmologists, and vision scientists. In scientific research, 
especially, the LogMAR chart is recommended for testing the 
visual acuity (see Note 1).

For children old enough to cooperate, the tumbling E eye chart, 
the Landolt C eye chart, Cardiff cards and the “E” cube are selected 
to perform testing methods comparable to the adult Snellen chart.

3  Methods

A quiet environment should be selected for visual acuity testing. 
The eye chart should be fixed onto a well-lit, clean wall surface at 
eye level. To avoid glare, there should not be any window in the 
vicinity of the eye chart. The illumination of the wall should be at 
least 1/5 of the illumination of the eye chart.

Generally, 6 m, or 20 feet, is considered the ideal distance for 
testing distance vision. At a distance of 6 m, the light reflected by an 
object can be assumed to be parallel and generally does not require 
functional eye movement for accommodation. When testing in a 
room at a distance less than 6 m, a mirror can be used to increase the 
testing distance. In addition, the vision chart can be proportionately 
shrunken to compensate for the insufficient distance in a small room.

During the testing process, the examiner gently places an eye 
cover over one of the patient’s eyes, and then asks the patient to 

2.1  Snellen Chart

2.2  LogMAR Chart

2.3  Materials 
for Children

3.1  Snellen Chart

Bin Li and Chenmian Wu
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read the eye chart, recording the smallest row of letters that the 
patient is able to discern. The result of visual acuity testing is given 
as a fraction. The numerator represents the distance between the 
patient and the eye chart, and the denominator represents the dis-
tance required by an individual with normal vision to clearly dis-
cern the letters. For example, if a patient can clearly see the 20/20 
row of letters at a distance of 20 feet, visual acuity is recorded as 
20/20. If the patient can clearly see the 20/60 row of letters at a 
distance of 20 feet, visual acuity is recorded as 20/60. A visual acu-
ity of 20/60 means that the patient can see all four letters from a 
distance of 20 feet that a normal individual can see from a distance 
of 60 feet. If the patient cannot identify only one or two letters in 
a given row, that row can still be recorded. For example, if the 
patient can read the 20/20 row but cannot identify one of the let-
ters, visual acuity is recorded as 20/20-1.

As its name suggests, the LogMAR chart records visual acuity as 
the logarithm of the minimum angle of resolution. If the patient is 
able to resolve differences as small as 1 min of visual angle, the 
score is recorded as LogMAR 0; if the patient is able to resolve dif-
ferences as small as 2 min of visual angle, the score is recorded as 
LogMAR 0.3 (since log101 = 0 and log102 = 0.3).

Each letter has a score value of 0.02 logarithmic units. There 
are five letters per line, so that each row represents a change in 
visual acuity of 0.1 logarithmic units. The formula for calculating 
the score is as follows:

LogMAR visual acuity score = 0.1 + LogMAR of the smallest 
line distinguishable − 0.02 × (number of letters read).

Data from the ETDRS were used to select letter combinations that 
give each line the same average difficulty, without using all letters 
on each line.

The ETDRS eye chart has a convenient conversion relation-
ship with the standard logarithmic visual acuity chart and the 
Snellen eye chart (see Table  1). When the visual acuity of the 
patient is between 20/20 and 20/200, the testing distance 
should be 4  m; when visual acuity is between 20/200 and 
20/400, the testing distance should be 2 m; and when visual acu-
ity is 20/400 or below, the testing distance should be 1 m. The 
ETDRS eye chart eliminates the inaccuracy associated with meth-
ods such as “counting fingers,” for expressing visual acuity. Thus, 
it is selected for testing in patients treated with intravitreal injec-
tion of rAAV2-ND4, especially those who suffer from very poor 
visual acuity (see Notes 1, and 2).

3.2  LogMAR Chart

3.3  Early Treatment 
of Diabetic 
Retinopathy Study 
(EDTRS) Chart

Visual Acuity Test in Gene Therapy
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For very young children, only a rough visual acuity assessment is 
possible. Fortunately, most children stare at light sources and track 
movement of light sources with both eyes. The accuracy of this 
type of eye movement can help the examiner better assess the 
vision of the child. Slightly older children may extend a hand to 
reach for a toy. Because the size of a toy that can induce a child to 
extend his hand differs (such as a rolling white ball of different 
size), the examiner can assess the child’s visual acuity to a certain 
extent. During the examination process, assistance and informa-
tion provided by the child’s mother is invaluable for a smooth test-
ing process (such as the guidance the mother gives the child or the 
sizes of toys that the child can discern). With the participation of 
specialty physicians and technicians, even more objective visual 
acuity testing can be conducted, including prioritizing visual test-
ing methods, electrophysiology, and so on.

Older children are more suited for standard examination. The 
examiner can select testing methods that are more comparable to 
the adult Snellen chart, such as Sheridan-Gardiner testing, the 
tumbling E eye chart, the Landolt C eye chart, Cardiff cards, and 
so on. The most convenient testing method is to use a cube with 

3.4  Visual Acuity 
Testing in Children

Table 1 
Comparison of visual acuity scales

Foot Meter Decimal LogMAR

20/200 6/60 0.10 1.00

20/160 6/48 0.125 0.90

20/125 6/38 0.16 0.80

20/100 6/30 0.20 0.70

20/80 6/24 0.25 0.60

20/63 6/19 0.32 0.50

20/50 6/15 0.40 0.40

20/40 6/12 0.50 0.30

20/32 6/9.5 0.63 0.20

20/25 6/7.5 0.80 0.10

20/20 6/6 1.00 0.00

20/16 6/4.8 1.25 −0.10

20/12.5 6/3.8 1.60 −0.20

20/10 6/3 2.00 −0.30

Bin Li and Chenmian Wu
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the letter E printed at 6/6 to 6/36 on each of the six sides, and for 
the examiner to show each side of the cube to the child. This 
method can be used to train parents of children to distinguish the 
elements of the tumbling E eye chart, and can be used with illiter-
ate patients or patients not familiar with the alphabet.

The testing in children should be performed with precautions 
(see Note 3).

4  Notes

	1.	 As a gene therapy procedure, some Leber’s hereditary optic 
neuropathy patients received intravitreal injection of rAAV2-
ND4 [3, 4]. Visual acuity testing was conducted before and 
after the procedure. The change in visual acuity is an important 
basis for assessing the effectiveness of rAAV2-ND4 intravitreal 
injection. In order to obtain even more accurate and credible 
results, the visual acuity tests in this study have slight modifica-
tions from general visual acuity tests as follows:

Preference for the LogMAR eye chart. The original intent 
behind the design of LogMAR eye chart was to assess visual 
acuity with greater accuracy than other types of eye charts. 
Every row in the LogMAR eye chart has the same number of 
letters, effectively standardizing letters of different sizes. It uses 
the Sloan font, in which the differentiation between every letter 
is similar. The spacing and letter size between rows change log-
arithmically; hence, the LogMAR eye chart can be used even at 
nonstandard distances. In addition, the final score from the 
LogMAR eye chart is calculated based on all the letters that 
were recognized. The LogMAR eye chart is best adapted to the 
research objectives of this study and is amenable to statistical 
analysis. It is believed that LogMAR visual acuity changes 
greater than 0.3 are significant.

If the ETDRS eye chart is needed for visual acuity testing of 
specific patients with low vision, the distance for testing should 
be consistent before and after rAAV2-ND4 intravitreal injec-
tion. For example, if a patient was tested at a distance of 2 m 
before rAAV2-ND4 intravitreal injection, he/she should be 
tested at 2 m after the injection and not at 2.5 m or 4 m. This 
method is expected to eliminate interference from the ability of 
the eye to accommodate and help the examiner intuitively 
observe the smallest improvements in visual acuity.

Use of the Snellen chart is not recommended. There are two 
reasons for the same. Visual symbols in the Snellen eye chart have 
different perspectives from different directions. Patients with low 
vision find it difficult to discern even the largest letters.

In this study, many patients were children or adolescents [3, 4]. 
Due to anxiety or a sensitive mental state, some patients may recite 

Visual Acuity Test in Gene Therapy
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the eye chart from memory in an attempt to obtain a better score 
on the visual acuity test. Therefore, during multiple tests, different 
eye charts should be selected in order to eliminate this source of 
error. During the testing process, using the other eye to peek at 
the chart is also a common cause for a falsely high visual score. 
Therefore, in order to ensure the authenticity of the test, the 
examiner should absolutely prevent this type of behavior from 
occurring during the visual acuity testing process.

Measures that can be taken to ensure this include the fol-
lowing: (a) using different eye charts to test each eye, each 
chart having a different order of letters, which can eliminate 
the error caused by the patient memorizing the eye chart; (b) 
making sure that the opposite eye is well covered before allow-
ing the patient to see the eye chart, which will prevent the 
patient from using the opposite eye to peek at the eye chart; 
(c) making sure that the patient is tested in a quiet environ-
ment without onlookers, which will prevent the patient from 
feeling awkward or unhappy with a low score; and (d) before 
and after receiving gene therapy, the patient should be tested 
in an identical environment, including illumination, testing 
distance, and so on, which will reduce errors introduced by 
environmental factors.

	2.	 Patients with Leber’s hereditary optic neuropathy present 
with a rapid decline in vision at onset. Many patients already 
have low vision before receiving rAAV2-ND4 intravitreal 
injection.

Pupil dilation before vision assessment is not recommended in 
patients with low vision. Before examination, the refractive status 
of the patient should be confirmed in order to exclude large errors.

Projection equipment is not recommended for visual acu-
ity testing of patients with low vision. The main reason for 
this is the low number of, and contrast between, letters avail-
able for testing patients with low vision. When using the 
Snellen eye chart to test patients with low vision, the exam-
iner can hold a handheld eye chart at 10 feet or closer from 
the patient’s eyes.

The dominant and nondominant eyes should be clearly indi-
cated during vision testing of patients with low vision. Amsler 
grid is the traditional method for assessing the central visual 
field. Although its sensitivity is suboptimal, it can be used to 
examine visual acuity in patients with low vision, especially for 
identifying the dominant eye.

	3.	 In most Leber’s hereditary optic neuropathy patients, the onset 
is in childhood or adolescence. Some patients may exhibit poor 
results during visual acuity testing, thus increasing the difficulty 
of testing. Visual acuity testing in children must abide by the 
following guidelines.

Bin Li and Chenmian Wu
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It should be used when the motivation, intelligence, or suitability of 
the child to be tested is in doubt, because this type of testing does 
not involve the child differentiating between visual symbols.

If testing is conducted by substituting an independent single letter 
for an entire row, visual acuity testing results may be inaccurate. 
For example, for children with disuse amblyopia, the results of 
testing with a single letter may be 20/40 or 20/50, but may 
only be 20/200 with an entire row of letters.

When testing using an entire row of letters, the difficulty in discerning 
different letters in the same row may differ. Usually, L is the letter 
that is easiest to recognize, and B is the most difficult to recognize. 
The letters X, C, F, and E are the next most difficult to recognize.

If the child wears glasses, both uncorrected and corrected vision 
should be measured and compared.

The testing period should not be too long. Children are easily dis-
tracted, and often vision testing cannot be completed because loss 
of interest or attention causes the child to lose concentration.

Children that do not understand the tumbling E eye chart testing 
method should be trained at home. Parents can use cards or 
cubes printed with the letter E to train their children. The train-
ing process can be made into a game, with the letter E repre-
senting a table, and the child being asked which direction the 
legs of the table are pointing.
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Chapter 23

Recording and Analysis of the Human Clinical 
Electroretinogram

Mathieu Gauvin, Allison L. Dorfman, and Pierre Lachapelle

Abstract

The electroretinogram (ERG) represents the biopotential that is produced by the retina in response to a 
light stimulus. To date, it remains the best diagnostic tool to objectively evaluate the functional integrity 
of the normal or diseased retina. In the following pages we briefly review the necessary requirements in 
order to record and analyze the conventional clinical ERG.

Key words Electroretinogram, ERG methods, ERG stimulus, ERG analysis, Human

1  Introduction

In contrast to the ECG, the ERG is an evoked potential meaning 
that a stimulus (usually a flash of light) is required to generate it. 
This electrical potential is usually picked up with an active elec-
trode placed on the eye (i.e., the cornea or conjunctiva) or on the 
skin around the eye. The ERG signal is usually obtained in phot-
opic (or light-adapted) and scotopic (or dark-adapted) conditions 
to assess cone- and rod-mediated function, respectively [1, 2]. The 
response thus obtained (see Fig. 1a) is usually quantified by mea-
suring the amplitude and timing of its two major components, 
namely the a-wave (the short latency negative wave) which signals 
the activation of the photoreceptors and the b-wave (the larger 
positive wave that follows) which is claimed to arise from the com-
bined activities of the bipolar and Müller cells [3, 4]. Low voltage 
high-frequency oscillations are also seen on the ascending limb of 
the b-wave. They are referred to as the oscillatory potentials (OPs), 
and their origin remains debated [5, 6].

Retinal function can be altered as a result of different path-
ological processes which may or may not alter the ERG, and 
consequently, the ERG can provide significant diagnostic infor-
mation regarding a variety of retinal disorders. Moreover, the 



314

ERG can also be used to monitor disease progression, evaluate 
retinal toxicity associated with pharmaceutical agents, or to 
assess the role of specific receptors, molecules or genes on reti-
nal function [7–9]. Of interest, since 1989, the International 
Society for Clinical Electrophysiology of Vision (ISCEV) has 
introduced basic guidelines (latest update in 2015 [10]) regard-
ing the materials and suggested protocols for recording the 
full-field ERG [10]. The latter recommendations have been 
instrumental in harmonizing visual electrophysiology clinics 

Fig. 1 Representative example of the the traditional time domain measurements of the photopic a- and 
b-waves (a) and OPs (b). Measurements of the a- and b-waves are indicated by the corresponding letter (a), 
while that of OP2, OP3 and OP4 are indicated by the corresponding numbers (b). Amplitude and peak time 
measurements are illustrated by the vertical and horizontal arrows, respectively. Measurement of the first four 
peaks of the photopic flicker ERG (c). Measurements of peaks 1, 2, 3, and 4 are indicated by the corresponding 
numbers (c). Measurements of the a- and b-waves amplitude and peak time of the scotopic ERG (d: pure-rod 
ERG; e: mixed rod-cone ERG)

Mathieu Gauvin et al.
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and laboratories worldwide. The fundamental materials and 
methods necessary for proper recording of the full-field ERG 
will be presented in the following pages.

2  Materials

A list of specialized equipment and supplies necessary for carrying out 
the methods described in Subheading 3 is provided in this section.

	1.	 Active electrodes and connectors (see Notes 1 and 2).
	2.	 Reference electrodes and connectors (see Notes 1 and 2).
	3.	 Common (ground) electrodes and connectors (see Notes 3 and 2).

	1.	 Xenon or light-emitting diode (LED) flash (see Note 4).
	2.	 Spherical reflective dome, a.k.a. Ganzfeld dome (see Note 4).
	3.	 Signal Amplifiers (see Note 4).
	4.	 Computer and supporting software (see Note 4).

	1.	 Photometer (see Note 5).
	2.	 Function generator (see Note 6).

	1.	 Alcohol swabs (see Note 7).
	2.	 Abrasive gel (see Note 7).
	3.	 EEG gel or paste (see Note 7).
	4.	 Dilating eye drops (see Note 8).
	5.	 Anaesthetic eye drops (see Note 9).
	6.	 Cotton-swab.
	7.	 Petroleum jelly.
	8.	 Medical Gauze.
	9.	 Medical tape.

	10.	 Saline water.
	11.	 Small cleaning brush and soap.

3  Methods

	1.	 Begin with a thorough explanation of the procedures to be 
carried out on the subject/patient. For all research subjects, 
ensure that consent is obtained with the use of institutional 
ethics board-approved consent/assent (in the case of pediatric 
age-groups) forms. In both subjects and patients, it is impor-
tant to take note of any medications either currently being 

2.1  Electrodes

2.2  Recording 
Devices and Light 
Stimuli

2.3  Calibration 
and Instruments

2.4  Supplies 
and Accessories

3.1  Preparation 
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taken or taken in the past, as certain medications have been 
shown to adversely affect the ERG (see Note 11).

	2.	 In order to reduce variability in pupil diameter as well as to 
maximize the amount of light which will reach the retina, 
pupils should be maximally dilated prior to beginning ERG 
testing, and pupil size noted. Dilation drops usually take effect 
within 30 min or so with 1% tropicamide ophthalmic solution, 
and sometimes more rapidly with phenylephrine ophthalmic 
solution. The effects of dilation can last over a few hours, or 
sometimes more. In addition, side effects as a result of dilation 
also exist (see Note 8).

	3.	 Prior to positioning of the electrodes, the subject is prepared 
(see Note 7) by gently cleaning the skin using an alcohol swab 
in the regions where skin electrodes will be pasted (see point 4 
for positions). An exfoliating gel is subsequently used on the 
same areas and is applied with either a medical gauze pad or a 
cotton swab in order to remove dead skin which, if not removed, 
could ultimately prevent good contact with the electrodes.

	4.	 Once the skin has been cleaned, reference electrodes can be 
prepared for pasting onto the skin. The first of three large 
gold-cup electrodes should be filled with a generous amount 
of conductive electrode paste (see Notes 1 and 3). The back of 
the electrode should be covered with the paste as well, and 
then firmly pressed onto a small piece of medical gauze. The 
cup portion of the electrode should then be pasted onto the 
temple and secured with medical grade tape. The latter will be 
used as the first of two reference electrodes. For bilateral ERG 
recordings, this last step should be repeated, though now the 
electrode will be placed on the opposite temple. Each refer-
ence electrode will be used for the eye on the same side (e.g., 
the left reference electrode will be the left eye reference and 
vice-versa). Lastly, the same technique is used for placement of 
the ground (common) electrode, which should be firmly posi-
tioned in the middle of the forehead or earlobe.

	5.	 You may now proceed to the installation of the active DTL 
electrodes (see Note 1 and 3). Ask the patient to tilt the head 
back (and preferably to place it against the headrest if there is 
one), to open the eyes as wide as possible, and to maintain 
their gaze in the superior position. Secure the first side of the 
DTL electrode nasally near the internal canthus using a small 
piece of medical tape. Then, using one of your hands, deli-
cately extend the lower lid to expose the sclera, and place the 
fibre (loosely) on the exposed sclera using your other hand. 
You may use a wet cotton-swab to help with the positioning or 
to move the eyelashes out of the DTL fibre’s way.
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	6.	 Once in position, ask the subject to blink several times, and 
the DTL fibre should now be naturally sitting deep inside the 
lower lid conjunctival sac (see Note 9). This position yields 
minimal DTL electrode displacement (from eye movements 
or blinks) and prevents corneal abrasion as the DTL will not 
be in contact with the cornea (see Note 10). Now, take the 
other side of the DTL fibre which is coated in double sided 
medical tape and stick it right over the reference electrode 
montage. Once this is done, the DTL fibre that remains will 
need to be rolled around the wedged out portions of a small 
gold-cup electrode (we use a gold-plated 5 mm cup electrodes; 
Grass Technologies, Warwick, RI). The small gold cup with 
the DTL that has been rolled around it can then be secured 
with a piece of medical tape over the tape that is already cover-
ing the reference electrode montage. To electrically isolate the 
exposed DTL section that is not on the eye, you may apply a 
little bit of petroleum jelly on the skin near the exposed DTL 
fibre (e.g., between the external canthus and the temple). If 
the recording is being performed bilaterally, repeat the above 
steps to install the second active DTL electrode.

	7.	 All of the electrode wire connectors can now be plugged into 
the respective amplifier inputs (see Notes 1 and 2). In order to 
facilitate placement of the head with respect to the Ganzfeld 
stimulator, the leads can be placed at the back of the patient’s/
subject’s head.

	1.	 Before proceeding with the ERG recording, electrode imped-
ance should be verified for each channel in use (see Note 12). 
If the impedance is within acceptable limits (i.e., <5 kΩ), pro-
ceed directly to step 3. If the impedance is too high, attempt 
steps defined in Notes 7 and 12.

	2.	 Subjects/patients should be assisted with correct placement of 
the chin on the chin rest (see Note 13). One also needs to 
ensure that the head rest on the chair is properly height 
adjusted, so that the subject/patient is easily able to rest their 
head throughout the recording session if/when necessary. 
The latter also helps to ensure that minimal movement will 
take place throughout the recording which will thus minimize 
potential unwanted electrode movement or displacement. If 
the person carrying out the recording is seated in another 
room (i.e., preferred setup), advise the subject/patient that 
communication will take place with the use of an intercom 
system through which constant contact will be kept with the 
subject/patient being tested.

	3.	 Advise the subject/patient that they are required to fixate on 
the fixation mark located directly in the Ganzfeld (usually a 

3.2  ERG Recordings
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small red LED) (see Note 14). Proper placement and fixation 
should be verified through the camera which is built in to 
most systems. Should any further adjustments to positioning 
be required (i.e., adjustment of the chair height, centering of 
the face with respect to the Ganzfeld, etc.), this must be done 
prior to the commencement of the ERG recording.

	4.	 Once the above has been achieved, advise the subject/patient 
that recording will begin. Once the recording has begun, 
anesthetic drops (see Note 9) can be administered on the cor-
nea in the event that the subject/patient is noted to blink fre-
quently to the point where myoclonic artifacts are visualized 
to contaminate the response.

	5.	 Given that the patients/subjects are presumably coming into 
the clinic from a light environment, it is preferable to begin 
with recording of the photopic (light adapted) ERG for assess-
ment of cone function. To achieve the latter, first ensure that 
the background light is turned on inside the Ganzfeld with a 
background intensity set to 30 cd/m−2 (see Note 5) to ade-
quately desensitise the rod photoreceptors. Note that the 
lighting in the room should be off. The gain of the amplifier’s 
channels should be sufficiently high to bear a measurable 
response, and the recording bandwidth should be set to 0.3–
500 Hz for the ERG and to 75–500 Hz for the oscillatory 
potentials (see Note 15).

	6.	 Using the supporting acquisition software (as per protocols 
developed either by or with the help of the supplier), begin the 
recording. The ISCEV standards recommend the use of white 
light flashes set at 3 cd.s.m.−2 in intensity in order to elicit the 
photopic ERG (see Note 5). Average as many responses as 
desired (we usually average at least 10–15 responses) until a 
clean measurable signal is obtained, such as that exemplified in 
Fig. 1a (see Note 16). The latter can be increased to an average 
of 100 flashes or so in patients with advanced retinal degenera-
tion, but due to the severely attenuated amplitude of their 
responses (in some cases), it might be difficult or impossible to 
obtain a clear recording in some patients. One can also repeat 
step 6 using different stimulus intensities in order to obtain the 
photopic luminance-response function curve (see Note 17).

	7.	 Once the photopic ERG recordings are completed and the 
traces have been saved, the 30 Hz flicker ERG (see an example 
of tracing in Fig. 1c) can be recorded next, given that it too is 
a light-adapted response.

	8.	 Following the latter, and once the traces are saved, the scoto-
pic recording protocol should be used. The background light 
in the Ganzfeld should turn off automatically once the scoto-
pic protocol is opened, and the lights in the room will remain 
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off as well (just as they were for the photopic and flicker ERG 
protocols). Following a period of dark-adaptation (at least 
20  min), record an ERG using a dim stimulus intensity of 
0.01 cd.s.m.−2 (i.e., to obtain the pure rod response, as illus-
trated at Fig.  1d) and then obtain another ERG using a 
brighter intensity of 3 cd.s.m.−2 (i.e., to obtain the combined 
responses of both the rod and cone systems; rod dominated, 
as illustrated at Fig. 1e). Again, step 8 can be repeated (i.e., 
without repeating dark-adaptation) using additional stimulus 
intensities to obtain the scotopic luminance-response function 
curve (see Note 17).

	9.	 Once all recordings have been completed and saved, the elec-
trodes can be delicately removed. The latter is much easier on 
the subject/patient if a wet towel is used, as the medical tape can 
occasionally be somewhat difficult to remove. Any remaining 
electrode paste can be removed simultaneously.

	10.	 If reusable gold-cup electrodes are being used (see Notes 1 
and 3), they should now be cleaned using gentle soap and a 
brush (a toothbrush works quite well) to remove all residual 
conductive paste.

	11.	 Proceed with ERG analysis (see Subheading 3.3).

	1.	 In clinics, the ERG analysis is generally based on the amplitude 
(usually microvolts) and peak time (milliseconds) of the a-wave, 
b-waves, and OPs evoked in both light (step 4 in the previous 
section) and dark (step 5 in the previous section) adaptation 
states. The functional diagnosis of retinopathies is usually con-
firmed once the amplitude and/or the peak time of the a-wave 
and/or b-wave and/or OPs are significantly altered (Also see 
Note 8) [4, 10, 11]. However, in order to achieve this goal, it is 
important to establish a normative database with responses 
obtained from age-matched control subjects.

	2.	 By convention (see [10]), the a-wave amplitude should be 
measured from the prestimulus baseline to the most negative 
trough of the ERG that precedes the b-wave (Fig.  1a). 
Likewise, the b-wave is measured from the a-wave to the most 
positive peak that follows it (Fig. 1a). Similarly, the amplitude 
of each OP is measured from trough to peak (Fig. 1b). The 
peak time of the a- and b-waves is measured from flash onset 
to the through/peak of the a- and b-waves (Fig.  1c). 
Furthermore, the peak time of each OP is measured from flash 
onset to the peak of each respective OP (Fig. 1d).

	3.	 Additional analyses can be performed in the time-frequency 
domain. These advanced analyses have previously been shown 
to be diagnostically relevant (see Note 18).

3.3  ERG Analysis
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4  Notes

	 1.	 The ERG records potential differences, and hence, a minimum 
of two electrodes is needed to record the signal. Namely, an 
active electrode connected to a positive input of the recording 
system, and a reference electrode connected to a negative input. 
In our clinic, we use the Dawson, Trick, and Litzkow (DTL) 
conductive fibre electrode (27/7 X-Static silver-coated conduc-
tive nylon yarn, Noble Biomaterials Inc.) as the active electrodes, 
whereas skin electrodes (Grass gold-plated 1 cm cup electrodes; 
Grass Technologies) are used as the reference electrodes.

	 2.	 An additional electrode should be used as a ground electrode 
(also referred to as the common electrode) and should be 
plugged into the common input of the recording system. It 
provides electrical protection to the patient. In our clinic, a 
skin electrode (Grass gold-plated 1 cm cup electrodes; Grass 
Technologies) is used for the common electrode.

	 3.	 Note that beside the electrode types mentioned in Notes 1 
and 2, other types of electrodes can be used to obtain high-
quality recordings (see the latest version of the ISCEV stan-
dards for details [10]). For example, in young infants (or 
apprehensive patients/subjects) a skin electrode pasted on the 
lower lid can be used as the active electrode. However, use of 
the latter will generate noisier responses. Normally an increase 
in the number of averaged responses should help remove 
unwanted noise (also see Note 19). While no visual electro-
physiology clinic or laboratory is bound to the use of any one 
type of active recording electrode, it is important to note that 
they cannot be used interchangeably as different electrodes have 
been shown to yield responses of different amplitudes [12, 13]. 
Consequently, it is important to ensure that results obtained 
with the use of a particular electrode type are compared to 
others collected using the same electrode type. Similarly, when 
considering findings reported in the literature, take note of the 
active electrode in use so that fair comparisons can be made.

	 4.	 Currently, most modern ERG recording systems are digital and 
include the Ganzfeld stimulator (which encompasses the stimu-
lating xenon/LED flash stimulus, the background light and the 
reflective dome), amplifiers, bandpass filters, computer and sup-
porting software as a whole integrated system. In our clinic, we 
have used the Espion (Diagnosys LLC) and UTAS (LKC 
Technologies) visual electrophysiology recording systems. Note 
that ISCEV standards also include some guidelines regarding 
technical requirements of ERG recording equipment [10].

	 5.	 The intensity of the background light and/or flash stimulus 
might be altered with time due to the normal wear and tear. It 
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is therefore imperative that the user periodically callibrates the 
flash stimulus and background using an apropriate photome-
ter. All measurements should be taken where the eye would 
normally be located in a real recording context. In our clinic, 
we use the IL1700 (International Light Technologies). 
Systems are also, on occasion, self-calibrating and will thus 
notify the user if a problem is detected with the stimulator, 
amplifier or otherwise. For additional guidelines and details, 
the user can consult the manufacturer of their system as well as 
the latest ISCEV technical notes [14].

	 6.	 You may use a function generator (such as a sine wave generator) 
to test or debug the amplifier function. Simply connect the nega-
tive and positive outputs of the generator to the reference and 
active electrodes amplifier’s inputs. Connect the ground of the 
generator to the amplifier’s common electrode input. Set the 
output voltage of the function generator to its minimum level 
(i.e., usually a few millivolts). Turn on the recording system, set 
the gain of the amplifier to the smallest gain value, and start a 
new recording session. Activate the function generator and com-
pare the wave amplitude set on the generator and the one dis-
played on the recording system. If differences are observed, 
there is likely a problem with either the amplifier or the elec-
trodes. Replace the electrodes. If there is still a problem, call 
your ERG system supplier for technical assistance.

	 7.	 To optimise ionic current flow and decrease the impedance 
between the skin electrodes and the surface of the skin, EEG 
gel or paste (we use the Ten20 electrode paste; Weaver and 
Company) must be utilised together with proper skin prepara-
tion. Skin preparation includes cleaning with an alcohol swab 
and the use of an abrasive gel (we use NuPrep gel; Weaver and 
Company) to remove the natural layer of dead skin.

	 8.	 One very rare side effect of dilation drop is spontaneous angle-
closure glaucoma. Because of this inherent risk, an ophthal-
mologist should look at the depth of the anterior chamber of 
the patient’ eyes before dilation (to confirm that the subject/
patient is risk-free). Beyond helping to determine if the sub-
ject or patient is a suitable candidate for dilation, the ophthal-
mological exam is necessary, in conjunction with the ERG, in 
order to obtain the most accurate diagnosis possible. It is for 
this reason that the ERG is most frequently looked at along-
side family history, patient’s complaints, fundus imaging, color 
vision testing, OCTs and visual fields, for example.

	 9.	 While the DTL electrode is widely well tolerated, on very rare 
occasions, some subjects might find it slightly uncomfortable, 
which might results in frequent blinkings. In those cases, a single 
drop of anaesthetic eye drops [we use Alcaine (Alcon Inc.)] can 
be employed.
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	10.	 Each electrode should maintain good contact, positioning and 
acceptable impedance (<5 kΩ) throughout the recording ses-
sion (also see Note 20). Note that DTL electrode movement 
can cause fluctuation of the ERG signal and can consequently 
affect the resulting amplitude. As such, we recommend that the 
experimenter confirm the proper positioning of the DTL by 
visual inspection prior to and at the end of the recording [15]. 
Should any shifting have occurred throughout the recording 
session, the latter should be noted.

	11.	 Given that the menstrual cycle has been shown to contribute to 
variations in the ERG amplitude [16], ask your female patients 
about the dates pertaining to her last menstrual period and 
note this for comparison with future clinical ERG testing.

	12.	 Before recording, the electrode impedances should be mea-
sured (i.e., automatically measured and displayed on most 
ERG systems), and baseline traces should be observed to 
ensure that the noise level is acceptable. If the noise is abnor-
mally high in amplitude, the experimenter might try to unplug/
replug the electrodes’ wires into the respect inputs of the 
amplifier and verify the impedance again. If the impedance is 
still high, it is possible that there is a troublesome contact with 
one of the electrodes and it is best to try and replace one or 
more (if necessary) of the electrodes. If nothing solves the 
problem, the electrodes can be disconnected from the patient 
and fully emerged in saline (NaCl) water while connected to 
the amplifier to simulate an optimal electrode contact. The lat-
ter will allow for the identification of a faulty electrode through 
verification of baseline tracings. Faulty electrodes should subse-
quently be discarded, and if electrodes are not the problem, 
consider troubleshooting amplifiers, connectors and other 
components of the recording system. Seek assistance from your 
supplier if necessary.

	13.	 For pediatric electrophysiological testing, the young 
subject/patient is often seated on the parent or guardian’s lap. 
In this case, ensure that the parent or guardian’s head is resting 
comfortably against the headrest of the medical chair, and have 
the Ganzfeld placed as close as possible to the subject/patient. 
Many Ganzfeld units are equipped with a mobile arm that 
allows for simplified movement of the unit to accommodate 
candidates for testing that are too young to maintain their chin 
on the chin rest. A Ganzfeld which is easily moved about the 
mobile arm is also especially useful for testing infants who are 
too young to have head control, where they can remain in the 
arms of the person supporting them while the Ganzfeld is 
brought as close to the face as it would have been had they been 
positioned on the chin-rest. In fact, a mobile Ganzfeld arm has 
even been used to render the ERG recording system compatible 

Mathieu Gauvin et al.



323

in the operating room, where it can be used at the patient’s 
bedside during surgical procedures. Furthermore, having the 
Ganzfeld unit resting on a mobile table (on wheels) can also be 
advantageous for use in subjects/patients that are wheelchair 
bound, where, when used in combination with the mobile arm 
of the Ganzfeld, the subject/patient need to be moved out of 
their chair. The latter set-up makes testing possible for virtually 
any subject or patient coming into the clinic or laboratory.

	14.	 Most modern ERG recording systems house an infrared camera 
inside the Ganzfeld which allows for convenient monitoring of the 
subject/patient and to determine whether they are blinking exces-
sively, not fixating or closing their eyes. If any of the latter occurs, 
pause the recording, inform the subject/patient or guardian and 
allow for some time to blink or rest. Resume recording thereafter.

	15.	 Selecting the proper filter bandwidth is important for signal 
acquisition and for noise reduction. The sampling frequency 
should be set to at least two times the highest frequency of the 
signal. If using a bandpass of 0.3–500 Hz, the maximal frequency 
will be approximately 500 Hz, and the sampling frequency should 
thus be of 1000 Hz (1000 data points per second) to reproduce 
a good quality waveform. For additional details regarding the 
amplifier gains and bandpass filter parameters, the latest ISCEV 
standards can be consulted [12].

	16.	 Some systems will allow the clinician/experimenter to reject 
responses from the average in real time. You may thus remove 
any responses that are out of range or contaminated by eye 
blinks. This will lead to a cleaner recording. The latter can also 
be achieved post hoc.

	17.	 The relationship between the amplitude of the ERG compo-
nents and the flash luminance can also be used to derive mean-
ingful clinical information. It is well known that the use of 
progressively brighter stimuli will result in a linear increase of 
the scotopic and photopic a-wave amplitudes [17, 18].
Likewise, the amplitude of the scotopic b-wave gradually aug-
ments with progressively brighter flash intensities, following a 
sigmoidal luminance-response function, which can be fit using 
the Naka-Rushton eq. [19]. In contrast, the photopic b-wave 
gradually increases, reaches a maximal value and then decreases 
before reaching a plateau [17, 20]. The above luminance-
response function curve is referred to as the photopic hill and 
can be altered as a result of several retinal conditions, and as 
such is used for clinical diagnosis [21].

	18.	 Of interest, our laboratory recently identified novel ERG descrip-
tors derived from the discrete wavelet transform (DWT). These 
novel descriptors are physiologically meaningful, diagnostically 
relevant and usable over a wide range of signal amplitudes and 
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morphologies. Selected descriptors can quantify distinct retinal 
events (such as the ON and OFF retinal pathway, for example), 
and can be independently affected by a given disease process. 
These descriptors can be used to better characterize the different 
ways by which the ERG can be altered as a result of normal and 
pathological conditions [7, 22–25].

	19.	 When the 50/60-cycles power line interference corrupts the 
response, avoid the use of a notch filter. Rather, try to twist the 
electrode cables (by braiding the wires), which is an efficient 
means by which to reduce this kind of noise. To reduce elec-
tromagnetic interferences even more, averaging responses at 
random interstimulus interval periods can also be efficient.

	20.	 Note that excessively long recording time (greater than 2 h) 
may cause artefacts due to drying conductive gel and/or 
fatigue and anxiety in the subject/patient. Resting or blinking 
time can be incorporated as required.
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Chapter 24

Recording and Analysis of Goldmann Kinetic Visual Fields

Mays Talib, Gislin Dagnelie, and Camiel J.F. Boon

Abstract

Goldmann kinetic perimetry is a commonly used method of evaluating the peripheral visual field. Ongoing 
gene therapy trials have targeted the central retina, but have nonetheless often included Goldmann kinetic 
perimetry as part of extensive preinterventional and postinterventional assessment. Future gene therapy 
trials may target the entire retina through intravitreal injections, as have drug therapeutic trials, further 
necessitating the evaluation of function across the entire retina. In the following pages, we will briefly 
review the necessary steps to perform and quantify the visual field, using the conventional Goldmann 
perimeter and the Field Digitizer software (version 4.20; Johns Hopkins Technology Ventures, Baltimore, 
USA), respectively.

Key words Goldmann visual field, Kinetic perimetry, Peripheral visual field, Quantitative visual field 
analysis

1  Introduction

One of the principal descriptors of visual function is the visual field, 
i.e., the area within which a subject can obtain visual information 
while steadily fixating the gaze on a central point. A decrease in the 
visual field can be one of the earliest symptoms in several inherited 
retinal diseases, including retinitis pigmentosa [1, 2]. The process 
of recording the visual field is called perimetry. Different forms of 
perimetry include static perimetry, where stationary stimuli are 
projected at different locations, typically in the central 10° or 30° 
radius of the visual field, and local intensity thresholds are mea-
sured by modifying the light intensity of the stimulus based on the 
patients’ response. In kinetic perimetry, stimuli of fixed size and 
intensity are moved by the examiner from nonseeing areas of the 
visual field into seeing areas of the visual field, measuring the full 
peripheral and central visual field. A commonly used strategy for 
assessing the peripheral visual field in ongoing natural history stud-
ies and gene therapy trials is Goldmann perimetry [3–6], but in 
recent years modern semiautomated perimeters such as the 
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Octopus 900 have also been used. The Goldmann perimeter is a 
hemispheric dome with a 30 cm radius and fixed background light 
intensity (luminosity) of 31.5 apostilb (10 cd/m2) [7]. The perim-
eter contains a mobile target of changeable size and luminosity that 
is projected onto the inside of the bowl and can be moved in all 
directions by moving a pantograph arm. The patient presses a 
buzzer when the target first becomes visible or disappears and 
reappears; this response is used to determine the boundaries of the 
visual field for that particular target; such a closed contour bound-
ary is called an isopter (i.e., line of equal visibility). A built-in tele-
scope allows for the direct viewing of the patient’s fixation. The 
pantograph arm moves across a paper chart on the operator side of 
the perimeter, allowing the operator to register the target position 
(see Note 1).

Although ongoing subretinal gene therapy trials have targeted 
the central retina [3, 8, 9], possible intravitreal gene therapy 
administration in the future could target the whole retina [10, 11], 
further necessitating the Goldmann visual field (GVF) to evaluate 
the potential therapeutic effect. In an oral 9-cis-retinoid trial, 
aimed at targeting the whole retina, treatment effect on the visual 
field size was demonstrated with GVFs in several patients [12]. In 
the remainder of this chapter we will be referring to the GVF, but 
it should be understood that the same procedures can be applied 
to kinetic visual fields recorded with other perimeters.

In clinical practice, the clinician requesting the GVF is pre-
dominantly interested in qualitative analysis of the visual field and 
changes therein. In a (gene) therapeutic trial setting, as seeing reti-
nal area becomes a potential outcome measure to be evaluated, a 
researcher may wish to perform quantitative analysis of the visual 
field, transformed to retinal area. Several methods have been devel-
oped to quantify the seeing visual field area and scotoma size, using 
computer algorithms [13–17]. In this chapter, we will describe the 
use of the Digital Field Analyser software developed by Dagnelie 
[13], which converts areas in the GVF chart to retinal areas by tak-
ing into account the distortions associated with plotting perimetry 
data on a planar chart, while the stimuli were presented in a spheri-
cal bowl, as well as the nonconformity of the human eye to the 
perimeter bowl. This programme digitizes isopters in the visual 
field map, converting the enclosed area into the retinal seeing or 
non-seeing area in mm2; it has been used in several studies on the 
natural history of inherited retinal dystrophies associated with 
mutations in candidate genes for (gene) therapy [5, 6, 12]. Minimal 
training of the digitizing researcher is required in order to reliably 
determine the isopter size [18], and test–retest variability was 
shown to be limited in a clinical retinitis pigmentosa population 
[19]. The essential materials and methods required for the proper 
performance and plotting of the GVF, and the subsequent digiti-
zation of the GVF will be presented in this chapter.

Mays Talib et al.
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2  Materials

	 1.	The Goldmann perimeter.
	 2.	Wide-aperture lenses for correcting the refractive error, espe-

cially up to 30° eccentricity.
	 3.	Visual field plotting chart.
	 4.	Color markers, to mark the target isopters: blue (V4e), red 

(III4e; I3d), black (I4e), green (I3e).
	 5.	An eye patch, in order to test each eye individually. Alternatively, 

use 5 × 5 cm gauze.
	 6.	Micropore tape.

The available targets (light stimuli) vary in size and luminance. 
The Roman numbers indicate the stimulus size. The available stim-
ulus sizes are depicted in Table 1. The Arabic numbers and the 
lower case letters indicate the light intensity. For each Arabic num-
ber lower than 4, the light intensity is reduced by 5 dB (Table 2). 
For each lower case letter earlier in the alphabet than e, the light 
intensity is reduced by 1  dB.  The stimulus luminance for 0  dB 
value is 4800 apostilb, which equates to a V4e target calibrated at 
1000 apostilb [7].

2.1  Performing 
the Goldmann Kinetic 
Perimetry

Table 1 
Stimuli sizes for the Goldmann perimeter

Target V IV III II I O

Size (mm2) 64 16 4 1 0.25 0.0625

Table 2 
Luminance values in apostilbs for the Goldmann perimeter

Object 4 3 2 1

e 1000 315 100 31.5

d 800 250 80 25

c 630 200 63 20

b 500 160 50 16

a 400 125 40 12.5

1000 apostilb (asb)  =  315  cd/m2; 315  asb  =  100  cd/m2; 100  asb  =  31.5  cd/m2; 
31.5 asb = 10 cd/m2

Goldmann Kinetic Perimetry
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3  Methods

	 1.	Prior to testing, instruct the patient on the purpose and pro-
cess of the examination. Explain that you will be moving a 
white light stimulus into his/her field of vision, while the 
patient fixates on the central point, and that the patient should 
indicate when he sees the stimulus by pushing the attached 
button box. When pushing the button, the patient should feel 
or hear a click. Newer button boxes may produce a clearly 
audible buzz. Explain to the patient that this test evaluates 
their peripheral field, and that they should therefore not wait 
until they see the stimulus sharply and clearly, but that they 
should push the button as soon as they see the light stimulus. 
Explain that some stimuli may appear brighter or dimmer than 
others.

	 2.	Measure and note the pupil diameter.
	 3.	The fixation distance for the Goldmann perimeter is 30 cm, 

i.e., reading distance; especially in pseudophakic and severely 
presbyopic subjects this requires a near add of ~3 diopters (D). 
In calculating the trial frame addition, a minor lens addition 
may be sufficient in emmetropic subjects (Table 3) [7, 20]. For 
patients with astigmatism greater than 1 D, a second lens may 
be added, correcting for the full cylindric error. If the astigma-
tism is less than 1 D, use the spherical equivalent of the refrac-
tive error. Some myopic patients may perform the examination 
unaided or with their contact lenses [21]. Place any addition in 
the lens holder of the perimeter. The patient’s own reading 
glasses should not be used during testing, as the frame may 
obstruct a portion of the visual field, and as the reading glasses 
are intended for the patient’s preferred reading distance, which 
may not be at 30 cm.

	 4.	Cover one eye using an eye patch or 5 × 5 cm gauze and micro-
pore tape, making sure that there are no nasal or lateral open-
ings (see Note 2). Start with the eye that has (subjectively) 
better function. In the case of equal function, start with the 
right eye.

	 5.	Adjust the chin rest, shown in Fig. 1a, such that the center of 
the patient’s eye is viewed through the telescope (Fig.  1b, 
green arrow). From the patient’s viewpoint, this means that 
the chinrest is positioned completely to the left in order to 
view the right eye, and vice versa for the left eye. From the 
examiner’s viewpoint, this means that the chinrest is positioned 
to the right side of the telescope in order to view the right eye, 
and to the left side of the telescope in order to view the left eye.

	 6.	Place the patient’s head against the forehead strap. The sagittal 
axis of the patient’s head must be vertical, i.e., perpendicular to 

3.1  Preparation 
of the Patient or 
Subject
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Fig. 1 The Goldmann perimeter. (a) The hemispheric bowl from the patient’s perspective, showing the chin rest 
and forehead strap. (b) The examiner’s control panel. The operator arm of the pantograph is seen at the center 
of the frame. The perimetry chart is slid into the frame, and the slot can be widened and tightened by turning 
the buttons lateral to the frame (red arrow). The examiner views the patient’s fixation through the telescope 
(green arrow). The large button at the bottom (white arrow) can be turned to elevate or depress the chin rest 
of the patient, and it can be moved along the slot, to move the chin rest to the left or right. The examiner adjusts 
the stimulus size and luminance via the sliders at the top (orange arrow). The turning latch (yellow arrow) can 
be turned or pushed down in order to present the target in the bowl

Table 3 
Trial frame lens addition by age

Age (years)
Add to distance refractive error 
(diopters)

30–39 +1.00

40–44 +1.50

45–49 +2.00

50–54 +2.50

55–59 +3.00

≥60 +3.25

Source: Rowe et al. [23]; Barton et al. [20]

Goldmann Kinetic Perimetry
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the chin rest, to prevent a misrepresentation of the blind spot 
on the perimetry plotting chart. Emphasize to the patient the 
importance of maintaining this position throughout the 
examination.

	 7.	Adjust the chair to the patient’s comfort. Uncomfortable seat-
ing may distract the patient during the examination.

	 8.	Let the patient adapt to the background luminance of the 
perimeter for approximately 5 min. For information on usual 
test duration, see Note 3.

The target illuminance and background illuminance of the 
Goldmann perimeter should be calibrated as part of a daily routine 
in the case of daily use. The calibration procedure is described in 
the manual of each Goldmann perimeter.

The luminance of the room should be mesopic, i.e., dimmer 
than the background illuminance inside the perimeter bowl, but 
not completely dark.

	 1.	Slide the visual field plotting chart in the assigned slot of the 
frame on the examiner’s side of the Goldmann perimeter 
(Fig. 1b). The buttons located laterally to the grooves of this 
frame can be turned to release tension on the frame, in order 
to slide the plotting chart more easily.

	 2.	Turn the buttons lateral to the frame back to provide a snug fit 
for the plotting chart, to prevent it from moving along with 
the movements of the pantograph during the test.

	 3.	Make sure that the vertical and horizontal marks on the edges 
of the perimetry chart are aligned with the notches on all four 
sides of the frame.

	 1.	Start with the largest, brightest stimulus: the V4e target. The 
size and luminance of the stimulus can be controlled via the 
three sliders shown in Fig. 1b (orange arrow).

	 2.	The stimulus is presented to the subject when the examiner 
pushes the turning latch on the side of the device, lateral to the 
chart slot, shown in Fig. 1b (yellow arrow). See Note 4 for 
further information on this turning latch.

	 3.	Tell the patient to press the button as soon as the light becomes 
visible, and to press it again if at any time the target disappears 
or reappears; explain to the patient that it is common for the 
light to disappear in some parts of the visual field, and that the 
purpose of the test is to find such areas.

	 4.	Move the stimulus/target centripetally from the most periph-
eral margin, along a straight line, into the area of vision, toward 
the central point of fixation. Press the pantograph onto the 

3.2  Preparation 
of the Test

3.3  Mapping 
the Field of Vision

Mays Talib et al.
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frame background surface with your hand, to ensure a steady 
movement of the stimulus.

	 5.	For each target, examine at least 12 meridians. The horizontal 
and vertical meridians are usually evaluated by examining 
5–10° on each side of the horizontal and vertical meridian, 
instead of at 0° of the meridian. See Note 5 for further infor-
mation on the meridians to examine.

	 6.	Move the stimulus with a constant speed of approximately 
2–3°/s (see Note 6), but not faster [22]. In areas suspicious of 
a scotoma, the stimulus may be moved slower, as well as in 
areas of suspicion or inconsistent detection by the patient.

	 7.	When a patient presses the button, mark the point where the 
target was located at that moment (see Note 7). Account for 
the reaction time by slightly adjusting the location of the mark.

	 8.	Then proceed to a target that the patient only perceives within 
their central 30°, which is usually the I2e, but may be a brighter 
target in older patients, e.g., I4e, or a dimmer target in younger 
patients [20]. In all cases, measure at least the V4e, the small-
est seeing target within the central 30°, and an intermediate 
target in between. Note the largest target that the patient did 
not see anymore.

	 9.	During testing, the examiner should pay attention to the fixa-
tion of the patient to the central point, and note this in the 
record, as this is important for interpreting the test result. 
Encourage the patient to keep their gaze fixated at the central 
fixation target.

	 1.	The physiological blind spot is usually determined using the 
I4e target, as the isopter for this target is located approximately 
10° outside of the blind spot, which is located 15° temporally 
from the central fixation point. Starting from the non-seeing 
area, move the target outward in ≥8 different directions.

	 2.	Likewise, once you have identified an area of decreased sensi-
tivity, map this area by presenting a stimulus starting from the 
center of the scotoma, and moving the target outward in ≥8 
different directions, that contain the clock hours 12, 2, 4, 6, 8, 
10, and other clock hour directions where appropriate.

Make the following notes on the perimetry chart for each eye, in 
addition to the patient age, and patient ID or study ID:

	 1.	Fixation quality during the test.
	 2.	The pupil diameter.
	 3.	The trial frame addition.
	 4.	Level of attention/fatigue.

3.4  Mapping 
a Scotoma

3.5  Notes 
on the Perimetry 
Plotting Chart

Goldmann Kinetic Perimetry
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	 5.	The test duration.
	 6.	Any relevant notes regarding cooperation.

After making sure that the notes on the chart are complete, 
save the chart according to the hospital procedure (see Note 8), 
and shut off the Goldmann perimeter (see Note 9).

	 1.	Assess the isopters size and compare this to age-matched ranges 
(see Note 10). From the central fixation point, the normal 
visual field usually reaches approximately 90° temporally, 50° 
nasally, and 50–60° superiorly and inferiorly, for the largest, 
brightest light (Fig. 2).

	 2.	Evaluate any focal defects within the isopter area other than 
the blind spot.

	 3.	Classify the type of defect. In RP patients, concentric constric-
tion or a midperipheral ring scotoma is common, and in later 
disease stages, only a central island of vision may remain. 
Describe any (mid-) peripheral remnants of visual field and 
their localization and size. In retinal dystrophies primarily 
affecting cones, a (para)central scotoma may be present.

3.6  Interpreting 
the Goldmann Visual 
Field

Fig. 2 Normal Goldmann kinetic perimetry isopters for a healthy 20–30 year old person. For a 50–60 year old 
person, it is expected that the largest isopters decrease in radius by approximately 10°

Mays Talib et al.
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	 4.	If the Goldmann visual field is not digitized and quantitatively 
analyzed, one may describe the size of the remaining visual 
field or scotoma size by noting the horizontal and vertical 
diameter in degrees.

	 1.	The FieldDigitize 4.20 software (Johns Hopkins Technology 
Ventures, Baltimore, USA) must be installed (see Note 11).

	 2.	Open FieldDigitizeRelease.4.20.
	 3.	The digitizing researcher must now enter his/her initials and 

select the image (upload the GVF).
	 4.	The program now automatically refers the researcher to the 

“Basic Info Form.” In the current version of the software the 
Study ID in this form must be a six-digit number.

	 5.	The researcher is now asked to calibrate the image by first 
selecting the center of the chart, followed by points along the 
right (90°), top (70°), left (90°), and bottom (70°) axes. More 
information on the calibration process is found under Note 
12.

	 6.	The program now automatically refers the researcher to the 
“Contour Information Form,” where the researcher fills in 
information on the used target. Scotomas can be digitized by 
clicking “non-seeing” under “visual field.”

	 7.	The researcher now proceeds to trace the isopter of interest, or 
“contour”. This is done by following the contour and clicking 
on each point that was marked during the test; note that the 
software will assume that these points are connected by the 
shortest line on the retina.

	 8.	After finishing a contour by clicking on the point where digi-
tizing was started, the program automatically asks the user if 
they wish to start another contour. If selected yes, the “Contour 
Information Form” automatically reappears.

	 9.	When finishing this GVF, the user is given the option to save 
the contours. If the user chooses not to save the contours, they 
must fill in the reason in the assigned text box.

	10.	The program automatically computes seeing- and non-seeing 
retinal areas, after an automatic topological data checking pro-
cedure that ensures that no isopters crossed, or other obvious 
plotting or digitizing mistakes were made.

	11.	The calculated visual field areas are saved under the “Area 
Result” folder.

	12.	For each contour separately, and for the summed areas, the 
contour information, seeing retinal area in mm2, the bowl 
area in degrees squared and steradians, and the logarithm of 
the seeing retinal area (under “log summed areas”) are 
given.

3.7  Quantitative 
Analysis 
of the Goldmann 
Visual Field

Goldmann Kinetic Perimetry
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4  Notes

	 1.	Performing and mapping the peripheral visual field by 
Goldmann perimetry requires a trained and skilled examiner. 
For example, the examiner may find it challenging to operate 
the pantograph, observe the patient’s fixation, and mark the 
isopter edges all at the same time. This requires some 
practice.

	 2.	In the case of significant drooping of the eyelid, the examiner 
may tape the excess skin tissue.

	 3.	In the case of a visual field with no complicated defects, the 
GVF examination by a skilled examiner usually takes approxi-
mately 20 min for both eyes. In the case of a patient with com-
plicated visual field defects, e.g., a retinitis pigmentosa patient, 
the examination usually takes approximately 30 min for both 
eyes. For the Octopus 900 perimeter (Haag-Streit Inc., Koeniz, 
Switzerland), the test duration is similar to Goldmann perim-
etry, if the Octopus 5°/s or Octopus 10°/s setting is chosen, 
but slower if the Octopus 3°/s setting is chosen [23].

	 4.	The turning latch shown in Fig.  1b (yellow arrow) can be 
either turned or pushed down. When turned, the stimulus 
light is turned on, and remains turned on until the examiner 
turns it back off. When pushed down instead of turned, the 
stimulus light is on as long as the examiner pushes it down. 
This last option is usually used. The examiner pushes the latch 
while moving the stimulus from the non-seeing area of the 
visual field into the seeing area of the visual field. As soon as 
the patient sees the stimulus and pushes the button in his/her 
hand, the examiner releases the latch, and starts the same pro-
cedure for the next meridian. One instance where the examiner 
may wish to turn the latch and thus keep the stimulus light on, 
instead of pushing it down, is if the patient only has a central 
island of remaining visual field, or if the examiner performs a 
final verifying scan of the (mid-) periphery, moving the panto-
graph in a perusing manner. However, experienced examiners 
may choose to continue the centripetal trace to the center of 
the visual field, marking any further isopter crossings such as 
mid-peripheral ring scotomas along the way.

	 5.	When the examiner has finished testing at least 12 meridians 
for the V4e target, and proceeds to test a smaller target, it is 
best to follow 12 new meridians for this smaller target, each 
meridian path positioned between two meridian paths tested 
for the larger target. This will test more points along the isop-
ter borders.

	 6.	For accurately determining the blind spot and small scotoma-
tous areas, a slower speed may be appropriate [23]. In other 
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cases, the examiner should be cautious of the so-called “tech-
nician factor,” which introduces bias by varying the stimulus 
speed based on the examiner’s expectation of the patient’s 
response [24].

	 7.	In the case of patients who alternatingly see and do not see one 
or more area(s): note this in the patient record or on the GVF 
printout.

	 8.	Each hospital or clinic may have its own scanning policy, but 
make sure to save a digital scan of the GVF.

	 9.	After using the Goldmann perimeter, make sure to turn off the 
background luminance for longer preservation of the device 
elements.

	10.	As with static perimetry, it is important to compare current 
GVFs to prior GVFs in order to identify disease progression or, 
in the case of a (gene therapy) trial, treatment effect.

	11.	The FieldDigitize 4.20 software can also be used to analyze the 
seeing (and non-seeing) retinal areas of kinetic visual fields 
measured with other perimeters, e.g., the Octopus 900 (Haag-
Streit Inc., Koeniz, Switzerland).

	12.	When digitizing GVFs, the program may reject the calibration 
of the image if the image scan is warped. In this case, an image 
should be rescanned or resized using any software that can cor-
rect the distortion. Also, the software makes certain assump-
tions about the layout of the chart, so if consistent errors occur, 
the scan settings may have to be adjusted. Avoid warping the 
image when cropping or resizing it.
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Chapter 25

Measuring Central Retinal Sensitivity Using 
Microperimetry

Mays Talib, Jasleen K. Jolly, and Camiel J.F. Boon

Abstract

Microperimetry is an increasingly often used method of assessing the sensitivity of the central macula, 
analyzing fixation capabilities and loci, and accurately combining structural and functional information, 
even in the absence of stable fixation. Ongoing gene therapy trials have targeted the central retina, and 
utilized microperimetry as a main outcome measure for changes in retinal function. In retinal treatment 
planning, microperimetry has been used to assess the potential therapeutic window of opportunity. In the 
following pages, we briefly review the necessary steps to perform the Macular Integrity Assessment (MAIA) 
microperimetry.

Key words Microperimetry, MAIA, Retinal sensitivity

1  Introduction

Microperimetry is a psychophysical method for mapping the cen-
tral sensitivity across the visual field. It correlates visual function 
measurements to exact locations in the central retina, allowing for 
an overlay of structural and functional information, by combining 
three different techniques in one exam: fundus imaging, retinal 
sensitivity mapping, and fixation capabilities analysis [1]. In the 
last decades, microperimetry is increasingly often used in the diag-
nosis and follow-up of several retinal disorders [2], including age-
related macular degeneration [3, 4], choroideremia [5], and 
retinitis pigmentosa [6]. Important assets of microperimetry 
include the ability to reliably test macular function even in patients 
without foveal fixation [7], to assess fixation stability, and to local-
ize fixation points on the retina, known as preferred retinal loci 
(PRL), topographically representing fixation attempts. This poses 
a substantial advantage in inherited retinopathies and age-related 
macular degeneration, where loss of fixation stability poses a chal-
lenge for conventional perimetry methods [8, 9]. Furthermore, 
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microperimetry may detect early changes in retinal function, even 
in the absence of visual acuity changes [10, 11].

Several microperimetry devices have been developed: the 
Macular Integrity Assessment (MAIA, CenterVue, Padova, Italy) 
and MAIA Scotopic, the MP-1 and MP-3 (Nidek, Padova, Italy), 
and the Optos OCT SLO (Optos Plc., Dunfermline, UK). In the 
remainder of this chapter we refer to the MAIA microperimeter, 
but amended procedures can be followed with the other devices. 
The decibel scales of these different microperimetry instruments 
are not comparable or interchangeable, as the MAIA has the larg-
est stimulus attenuation range (0–36 dB; Fig. 1) and the highest 
available stimulus intensity (318.47  cd/m2, or 1000 apostibls) 
[12]. Therefore, to monitor disease progression, the same instru-
ment should be used at baseline and follow-up.

Microperimetry testing with the MAIA is a largely automated 
process (see Note 1), including automatic image focusing on the 
retina, correcting for refractive errors between −15 and +10 diop-
ters. However, automation should be used as a starting point rather 
than an endpoint to minimise sources of error or inaccuracies. 
During testing, stimuli with similar size to the Goldmann III 
(4 mm2) are presented to the subject over different locations within 
the central 36° of the retina, against a 4 apostilbs (1.27 cd/m2) 
background. The luminance of the presented stimuli varies within 
the 36 dB dynamic range. During testing, a real-time fundus image 
is generated with a confocal Scanning Laser Ophthalmoscope 
(SLO), and changes in fixation are registered 25 times per second 
during examination. Automated eye tracking corrects for eye 
movements, and ensures that the light stimulus and the retinal 
location on the fundus image correspond throughout the test. 
Both supra-threshold and full-threshold testing strategies are avail-
able, and the most appropriate strategy choice depends on the 
extent of pathology.

Both the MAIA and Nidek MP-1 microperimetry devices have 
therapeutic biofeedback modules to provide (re)fixation training 
to patients as a part of low vision rehabilitation. This rehabilitative 
option, although an important aspect of these microperimetry 
devices [13, 14], is beyond the scope of this chapter.

Ongoing and planned gene therapy trials have adopted micro-
perimetry as an outcome measure in assessing pretreatment charac-
teristics and therapeutic effect [15, 16]. Moreover, it has been used 
to assess implications for future gene therapy, e.g., the potential 
therapeutic window of opportunity, in phenotyping studies and 
retinal treatment planning [17–19]. The fundamental materials 
and methods necessary for proper performance of microperimetry 
will be presented in the following pages.
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2  Materials

	 1.	The MAIA microperimeter (MAIA, Centervue, Padova, Italy).
	 2.	A computer or laptop with image storage software for export-

ing the obtained microperimetry examination and the comple-
mentary printout.

	 3.	An eye patch, in order to test each eye individually. Alternatively, 
use 5 × 5  cm gauze; the newer versions have an inbuilt eye 
patch.

	 4.	Micropore tape.
	 5.	Alcohol for disinfecting the chinrest and forehead strap.

3  Methods

	 1.	The patient’s pupils do not have to be dilated. Performing the 
test with or without pupil dilation will yield similar and consis-
tent results (see Note 2) [20]. The MAIA operates with a mini-
mum pupil diameter of 2.5 mm.

	 2.	Prior to testing, instruct the patient on the purpose and pro-
cess of the examination. The examiner may do this while the 
patient is in dark-adaptation (see Note 3). Explain that this 
examination tests the ability to perceive light stimuli and to 
fixate at a steady target, that the patient should press the push-
button when he/she sees a small flashing light appearing any-
where, and that some lights may be dimmer than others. The 

3.1  Preparation 
of the Patient or 
Subject

Fig. 1 The Macular Integrity Assessment (MAIA) dB color scale and an example of the accompanying histogram 
of threshold frequencies. The colors are coded according to the MAIA normative database, with “green” signi-
fying normal values, “yellow” suspect values, “red” abnormal values, and “black” signifying a scotoma. The 
green normal curve shows the distribution in the normative database, while the grey bars show an example of 
the threshold (sensitivity) distribution in a patient with retinitis pigmentosa
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patient should not wait to see the light sharply and crisply, but 
press if they believe they see a light as the test will push to the 
limits of vision, so many lights will be very faint. It is normal 
that some stimuli are not seen, and there may be long periods 
where the subject does not need to press the button. Explain 
that it is important to not move the head or eyes during 
testing.

	 3.	Cover the eye not being tested using an eye patch or 5 × 5 cm 
gauze and micropore tape, making sure that there are no nasal 
or lateral openings. Start with the eye that has (subjectively) 
better vision, or, in the case of a trial setting, start with the 
control eye.

	 4.	Adjust the chair to the patient’s comfort. Uncomfortable seat-
ing may distract the patient during the examination.

	 1.	The room should be darkened/mesopic. This reduces glare 
and makes it easier to perform the test. The screen has a setting 
to switch it to darkroom mode, making it red and reducing a 
source of troublesome light.

	 2.	Input patient details in the microperimeter.
	 3.	Select the “expert” test with the 10-2 standard grid, which tests 

the retinal sensitivity on 37 different points on the retina.
	 4.	Follow-up exams are performed by clicking the “follow-up” 

option next to the baseline test. When performing a follow-up 
microperimetry exam, it is important to obtain a similar fundus 
image to the baseline image. Selecting the “follow-up” proto-
col ensures automatic alignment of the fundus images between 
examinations. It also ensures the same retinal points are tested 
at subsequent examinations.

	 5.	The examiner is responsible for inspecting the proper func-
tioning of the push-button. To do so, the examiner pushes the 
button and checks on the test screen if the “Button” indicator 
turns orange upon pushing the button.

	 1.	Subjects first adapt to the low light conditions in a process 
called dark-adaptation. There is no current consensus about 
the ideal adaptation time to be adopted prior to testing, and 
adaptation times in the literature vary highly, although it is 
common to have the subject adapt to the dark for at least 5 min 
(see Note 3). Generally, the subjects should be at least 10 min 
away from any glare sources in order to achieve consistent high 
sensitivity. The examiner can start the adaptation process while 
instructing the patient on the study.

	 2.	Select the test mode, grid, and eye to be tested (see Note 4). 
More information on the test duration for each mode is given 

3.2  Preparation 
of the Test

3.3  Performing 
Microperimetry
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in Note 5. See Notes 6–9 for information on selecting the 
appropriate test mode.

	 3.	Before starting the wanted test, start a test run in both eyes to 
negate the learning curve. An appropriate mode to perform 
this test run is the “4 levels fixed” mode. These results will not 
be used in later analysis. After both eyes have performed this 
test run, run the wanted test mode.

	 4.	Center the machine using the centering control on the touch 
screen on the newest version of the MAIA (green text on 
device, Fig. 2), or using the arrow keys on the control panel 
below the screen on the older version of the MAIA (red text 
on device), and ask the patient to inform you when the small 
red fixation ring is visible. Autoalignment can be used to start 
this process.

	 5.	Move the microperimeter closer to the eye, using the control 
panel, until the fundus image fills the screen without any dis-
tortion in the image. Distortion signals you are too close, black 
areas signal you are too far away.

	 6.	Click start to capture the fundus image. If the image is not 
clear, rerun autofocus. If after two autofocus runs the image 
remains unclear, adjust the image using the manual focus 
option (see Note 10). At follow up examinations, the focus 
should be matched to the baseline image as closely as possible 
to ensure microperimetry is being conducted in the same 

Fig. 2 The Macular Integrity Assessment (MAIA) microperimetry device. (a) The device from the operator’s 
perspective. The touch screen is used to enter patient information, to select test strategy, the eye to be exam-
ined, to follow screen prompts, and to center and focus the fundus image on the screen. The older device has 
red text instead of green text, and has a control panel below the screen, which is used to center the fundus 
image by moving the four-direction button, and to focus the fundus image by using the two-direction button. 
(b) The device from the patient’s perspective, showing the chinrest and forehead strap
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plane. If this is not the case, there will be greater variability in 
the sensitivity.

	 7.	Inform the patient that the test is about to start.
	 8.	Follow the screen prompts and start the test.
	 9.	Monitor the patient’s fixation, head and eye movements, and 

the image clarity throughout the test. The focus must not be 
altered once the test starts, but the machine can be moved left, 
right, up or down.

	10.	Periodically encourage the patient to maintain their concentra-
tion and keep their gaze fixated at the central red circle 
throughout the test. Offer encouragement.

	11.	When eye tracking is lost, the microperimeter produces an 
audio alarm signal (see Note 11). In this case, pause the exami-
nation and if required, recenter the fundus image using the 
arrow keys. During testing, do not change the image focus 
using the depth button. After recentering the image, restart 
the examination. More information on pausing the test is given 
in Note 12.

	12.	After test completion, an automatic screen prompt allows for 
export and/or print of the test. When the examiner chooses to 
“print” the test, a printout containing the outcome parameters 
of interest is generated. When the examiner chooses to 
“export” the test, an overview of the pointwise sensitivity is 
generated. This overview also appears in the printout.

	13.	Some patients may not be able to perform the MAIA micrope-
rimetry with the standard fixation target due to a central sco-
toma. Information on overcoming this problem is given in 
Note 13.

	14.	Considerations regarding microperimetry in children are given 
in Note 14.

For a brief overview of the different steps in performing micro-
perimetry with the Nidek MP-1 device, see Note 15.

	 1.	The reliability index, shown at the top left of the printout page, 
should be at least 85%.

	 2.	The so-called Preferred Retinal Locus (PRL, see Note 16), vis-
ible as a cloud of green points in every MAIA test, signifies the 
region enclosing the patient’s eye movements while trying to 
fixate. The PRL designates the location of fixation. Normal 
subjects use the fovea for fixation, while patients affected by a 
pathology affecting the central retina develop eccentric fixa-
tion, using extrafoveal areas. PRL provides information on the 
location and stability of a patient’s fixation.

	 3.	Fixation stability is represented in two ways:

3.4  Interpretation 
of the Parameters
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First way: The percentage of fixation points located within a 1° 
(P1) and 2° (P2) radius distance. P1 (%) and P2 (%) are 
given in numerical values on the printout, and are catego-
rized on a color grid representing stable (green bar; >75% 
of fixation points within P1), relatively unstable (yellow 
bar; <75% of fixation points within P1, but >75% of fixa-
tion points within P2), or unstable fixation (red bar; <75% 
of fixation points located within P2).

Second way: Bivariate contour ellipse area (BCEA) indices are 
automatically calculated in degrees2. This ellipse encom-
passes the proportion (95% and 63%) of the cloud of fixa-
tion points within the standard deviations of the horizontal 
and vertical eye positions during the fixation attempt. The 
BCEA provides a more accurate estimate of the fixation 
stability.

	 4.	The fixation graph at the bottom of the printout shows the eye 
movement amplitude (degrees) with time (minutes), visualiz-
ing changes in fixation during the examination.

	 5.	Macular Integrity Index: this is a numerical value that only 
appears in examinations performed with the full-threshold 4-2 
strategy and the standard MAIA stimuli grid, and is unique to 
the MAIA microperimeter. It represents the probability that a 
response is normal, suspect or abnormal, compared to age-
adjusted normative data. It does not indicate the disease sever-
ity, and it does not have a direct relationship with the mean 
threshold value for the sensitivity in dB.

	 6.	A high test-retest variability has been reported in microperim-
etry results, particularly at the border of scotomas and degen-
erated areas [21, 22]. This should be taken into account when 
assessing disease progression.

4  Notes

	 1.	Although microperimetry is largely an automated test, a skilled 
examiner is required to set up the machine parameters and to 
monitor the patient responses during the test.

	 2.	Pupil dilation does not have a significant effect on the mean 
threshold sensitivity, pointwise threshold sensitivity, and fixa-
tion stability (as measured by 95% BCEA) in healthy eyes and 
in eyes of patients with choroideremia [20]. Because a nonsig-
nificant effect of pupil dilation was found on the peripheral 
points, it is recommended that pupils are undilated for clinical 
trials, but they can be either dilated or undilated for clinical 
work. Note that even in the undilated state, the pupil size 
should at least be 2.5 mm, as a smaller size would lead to a 
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mismatch of pupillary aperture with the MAIA viewing piece, 
which would affect the measured sensitivity threshold. As 
microperimetry is tested in a mesopic environment, a mesopic-
adapted eye will likely meet this pupil size requirement.

	 3.	There is no current consensus on the optimal dark-adaptation 
time, and both phenotyping studies and gene therapy trials 
have used different dark adaptation times prior to microperim-
etry, varying from 5 to 45 min [16, 23, 24]. Often, the dark 
adaptation time, if applicable, is not mentioned in the available 
literature.

	 4.	The “4-2” mode and the “10-2” grid have caused confusion 
with new microperimetry users in the past. The “4-2” projec-
tion strategy describes the staircase psychophysical method, 
whereas “10-2” is the grid pattern covering the central 20° in 
diameter, with 2° spacing between points.

	 5.	The typical duration for the suprathreshold tests is 2 min per 
eye for the “fast” and “scotoma finder” modes, and 3 min per 
eye for the “4 levels fixed” mode. The typical duration for the 
full-threshold strategy “4-2” is less than 6  min per eye in 
absence of pathology, but around 10 min per eye when pathol-
ogy is present. Test durations have been shown to be signifi-
cantly longer for children than adults. In each case, the duration 
of the exam should not exceed 15 min per eye. Customised 
grids can be required with points added and subtracted before 
commencing.

	 6.	The supra-threshold mode “fast” is used to screen patients 
with no known disease. Measures two levels of sensitivity (27 
and 25 dB).

	 7.	The supra-threshold test mode “scotoma finder” is used to 
examine highly pathologic patients with one level of sensitivity 
(0 dB).

	 8.	The supra-threshold test mode “4 levels fixed” is used to exam-
ine pathologic patients, using four levels of sensitivity (0, 5, 15, 
and 25 dB). This mode is also suitable as a test-run in both 
eyes, to negate the learning curve in microperimetry.

	 9.	The full-threshold 4-2 test mode is used to examine retinal 
sensitivity in detail.

	10.	The manual focus can also be used to fine-tune the image. This 
is especially helpful in cases of high corneal distortion or media 
opacities.

	11.	On occasion, the image looks acceptable, but the machine will 
still produce the audible alarm signal. In this case, check 
whether the patient has rotated their head, sat back, or moved 
head position.
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	12.	The patient may pause the test at any time for up to 5 min in 
total per test. During any pause, the patient must remain in the 
darkened room. When the eye moves out of tolerance the test 
is automatically paused until the eye moves back into 
tolerance.

	13.	The MAIA has an option for cross-shaped dynamic multifix-
ation targets, which can be used in patients with a central sco-
toma who have substantial difficulties seeing the standard 
central fixation target, which is a red circle with a 0.76° diam-
eter. In this case, the multifixation target, comprising a 5 × 5 
grid with a 2.4° diameter, allows the patient to perform the 
microperimetry examination by fixating on an eccentric fixa-
tion target [25].

	14.	MAIA microperimetry has been shown to be feasible in chil-
dren aged 9–12  years [23]. However, children have consis-
tently lower fixation stability than adults, and make more 
frequent and larger eye movements [23]. Test results for point-
wise sensitivity and mean sensitivity are slightly less reliable 
than in adults. Children under the age of 9 are usually physi-
cally too small to be seated comfortably at the MAIA micrope-
rimeter, but a minimum feasible age for microperimetry has 
not been established yet [23]. Considerations such as an over-
all lack of attentiveness should be taken into account when 
performing microperimetry in children and when analyzing 
the printout.

	15.	With the Nidek MP-1 system, preparation of the subject and 
performance of the test are mostly similar, but involve several 
differences:

The image is not an SLO image, but an infra-red image.
(a)	 To center the image and to move the device closer to the 

patient’s eye, until the fundus fills the screen, a control 
stick is used instead of a control button panel.

(b)	 If necessary, the most accurate refractive error can be 
entered, in order to optimize the image focus.

(c)	 If the image is too dark or too saturated, the intensity of 
the infrared light may be manually adjusted by using the 
infrared power slide.

(d)	 When the image is optimized, the button on top of the 
control stick is pushed to initiate testing.

(e)	 After finishing the test, the examiner is asked if he/she 
wishes to test additional stimuli. This is usually not 
necessary.

(f)	 Color retinography is then performed with a bright flash. 
In order to optimize the image focus, move the optical 
head back and forth. To align the two on-screen targets, 
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move the optical head slightly left/right. Inform the 
patient that a bright flash will appear. Push the button on 
the control stick to perform the color retinography.

(g)	 Overlay the microperimetry examination onto the color 
retinography by choosing either the semiautomatic or 
manual registration, depending on the obtained image 
quality.

	16.	Preferred Retinal Loci (PRL) provide information on the loca-
tion and stability of a subject’s fixations, and provides a target 
for biofeedback training: patients with macular degeneration 
and loss of foveal sensitivity can be trained to relocate their 
PRL to an area with better sensitivity, which may lead to an 
improvement in fixation parameters, visual acuity, reading 
speed, and vision-related quality of life [26, 27].
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Chapter 26

Inspection of the Human Retina by Optical Coherence 
Tomography

Thomas Theelen and Michel M. Teussink

Abstract

Optical coherence tomography (OCT) is a high-resolution, three-dimensional, noninvasive imaging modality 
to examine the human retina. Since the introduction of spectral domain (SD-) OCT—the currently most used 
variant of OCT—previously unknown details of in vivo retinal morphology of a broad variety of pathologies 
have become visible. This chapter explains the basic principles of the OCT technology, deals with possible 
pitfalls in OCT examination or analysis, and hints at the use of OCT technology in functional imaging.

Key words Optical coherence tomography, Scattering, Reflection, Speckle, Decorrelation, Human, 
Retina

1  Introduction

OCT is a relative new imaging technique based on interferometry 
to capture three-dimensional images of the retina in high resolu-
tion. With spectral-domain (SD-) OCT, which became available 
for routine clinical examinations in 2005, the three-dimensional 
structure of the human retina could be observed in  vivo on a 
micrometer scale [1, 2]. OCT rapidly became one of the most fre-
quently used imaging modalities in ophthalmology because of the 
easy identification of important pathological features such as sub-
retinal fluid, distortions and thinning of retinal layers. A generic 
OCT system schematic is shown in Fig. 1. In a simple Michelson 
interferometer implementation (which time-domain OCT and 
SD-OCT have in common), a beam of low-coherence, near-infra-
red light is directed into a 2 × 2 fiber optic coupler to split the 
incident light. Light coming from the reference fiber is directed to 
a mirror and redirected back into the same fiber. Light coming 
from the sample fiber is focused on the sample and the tissue is 
scanned in two dimensions. The light reflected back from the ret-
ina is mixed with reference light returning from the mirror, and 
spectral interference of these light beams at the surface of the 

1.1  Basic Principles 
of Optical Coherence 
Tomography (OCT)
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detector is measured [3]. In SD-OCT, a diffractive grating spec-
trally separates the returning light into narrow bandwidths, which 
are focused on 1024 or 2048 separate photoreceptive elements of 
a high-speed line-scan camera. The received signals, representing 
intensity versus wave number, are processed by inverse Fourier 
transformation into electric field magnitude (i.e., reflectivity) ver-
sus sample depth. These individual depth profiles are called A-scans. 
A-scans acquired along one lateral direction form B-scans, and 
scanning in two directions at a particular depth produces C-scans.

SD-OCT has a much higher signal-to-noise ratio and a better 
depth resolution than time domain OCT. The former advantage 
enables depth profiles to be acquired at a far greater speed, which 
in turn makes SD-OCT less dependent on artifacts caused by eye 
movements. Therefore, SD-OCT is the predominantly used OCT 
technology in current clinical practice.

An OCT B-scan of a healthy human retina obtained with a com-
mercial SD-OCT system is displayed in Fig.  2. These images are 
typically displayed in log-scale intensity, where the original values are 
a measure of the number of photons reflected (backscattered). The 
different appearance of retinal layers on SD-OCT scans is caused by 
several optical effects.

	 1.	Differences in the refractive indices at the interface between 
two materials cause reflectance.

	 2.	Diffuse reflective properties of tissues.

Fig. 1 Basic spectral domain OCT system schematic and processing workflow
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	 3.	Angle between optical surfaces and incident OCT beam.
	 4.	Birefringence, i.e., reflectivity is dependent on the light polar-

ization state [5].

A single SD-OCT scan typically has a lot of speckle noise due to 
random interference effects. Averaging can improve image quality 
for morphological assessment. To do this, however, one has to 
ensure that the scans to be averaged are acquired at the same retinal 
location. Therefore, eye trackers have been implemented in 
SD-OCT systems. Of note, averaged OCT scans may no longer be 
used for quantitative analyses of tissue reflectivity. In addition, aver-
aging may lead to blurring, causing the effective axial resolution to 
decrease as more scans are being used for averaging. Figure 3 exem-
plifies how averaging can improve the OCT image quality.

2  Materials

OCT systems are provided by several manufacturers. Please refer 
always to the user manuals provided with the device. Below general 
materials and instructions to perform OCT and OCT angiography 
imaging are provided.

	 1.	Spectral Domain-OCT.
	 2.	OCT angiography imaging system.
	 3.	Alcohol swabs.
	 4.	Dilating eye drops (optional).
	 5.	Artificial tears (optional).

Fig. 2 Fovea-centered SD-OCT scan of a healthy eye, showing various optical layers of the retina. In this image, 
lighter pixels represent higher backscattering (i.e., reflectivity). Vitreous (1), retinal nerve fiber layer (2), ganglion cell 
layer (3), inner plexiform layer (4), inner nuclear layer (5), outer plexiform layer (6), Henle fiber layer (7), outer nuclear 
layer (8), photoreceptor inner/outer segment junction (9), photoreceptor outer segment—RPE interdigitation zone 
(10), RPE/Bruch’s membrane complex (11), choriocapillaris (12), choroid (13), sclera (14). The retina is displayed 
anatomically incorrect for better visualization of the layers; in reality the retina is flatter. Scale bar to the bottom left. 
Nomenclature according to the International Nomenclature for Optical Coherence Tomography [4]

OCT of the Retina
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3  Methods

	 1.	A careful explanation of the procedures to be carried should 
precede any examination.

	 2.	In general, OCT and OCT angiography scans may be taken with-
out pharmacological pupil dilation. However, in case of bad image 
quality, pupil diameter maximization can be useful. Details on 
pupil dilation and possible side effects are provided in Chapter 23.

	 3.	If pupil dilation is not desired or image quality is still insuffi-
cient despite a maximized pupil, one may apply artificial tear 
drops to improve the optical surface of the eye. In some cases, 
repeated application during long-lasting examinations is neces-
sary to achieve an enduring optical effect. In general, we advise 
to use preservation-free single-dose eye drops.

3.1  Preparation 
of Human Subjects

Fig. 3 Effect of B-scan averaging on the quality of SD-OCT scans. Number of 
averaged scans are 1, 3, 9, 16, 25, 36, 49, 64, 81, and 100 scans (from top to 
bottom row). Note that the greatest improvement is reached by nine averaged 
scans. More averaging only leads to minor additional quality (higher signal-to-
noise ratio) with increased loss of axial resolution

Thomas Theelen and Michel M. Teussink
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	 1.	Before positioning the subject for OCT recording, ensure that 
the head rest is properly cleaned with a soft alcohol swab.

	 2.	The examiner must ensure that the head rest and the chair are 
properly height adjusted, to prevent unintended movements of 
the subjects examined due to an uncomfortable position.

	 3.	If an eye with good central vision is examined, the use of an 
internal fixation target is the best option. However, in case of 
severe vision decrease, one may better use an external fixation 
light for the other eye with good vision. If both eyes have bad 
visual acuity one could use the external fixation target excentri-
cally according to the subjects normal fixation area.

	 4.	Every OCT device has its own recording protocol. Please refer 
to the manufacturers’ user manuals. It is important to perform 
a quality check after each recorded OCT scan and repeat with 
artificial tears of pupil dilation if necessary (see Notes 1 and 2).

OCT allows for qualitative and quantitative assessment of retinal 
diseases. For example, the identification of focal thinning of the 
nerve fiber layer can be important for the early diagnosis of glau-
coma [6, 7]. Of particular clinical interest is the strong reflectivity 
of the photoreceptor-RPE complex. With modern SD-OCT 
devices, four reflective bands may be observed in this complex in 
the healthy. These include reflections from the external limiting 
membrane, the inner-outer segment junction, photoreceptor 
outer segment tips, and the zone where outer segment tips inter-
digitate with RPE cell protrusions (interdigitation zone) [8]. 
Frequently however, the latter two are visualized as a single band. 
Disruptions, thickness changes, and reflectivity changes of the 
photoreceptor bands have been linked to loss of visual function in 
numerous retinal diseases. However, the absence of particular 
bands (e.g., the inner–outer segment junction band) does not 
necessarily indicate loss of structure, because optical changes may 
occur without tissue loss [9].

Early in OCT development, its potential for numerous functional 
applications beyond structural imaging was recognized [10]. 
Presently, some of the most advanced applications include OCT’s 
sensitive to birefringence (polarization-sensitive OCT), oxygen-
ated hemoglobin (spectroscopic OCT), enhanced contrast of tar-
geted molecules (contrast enhanced OCT) [11, 12], tissue 
elasticity (shear wave imaging OCT) [13], blood flow (OCT angi-
ography), and stimulus-evoked intrinsic optical signals (IOS) 
indicative of hemodynamic activation and/or phototransduction 
(IOS-fOCT). Currently, only OCT angiography has been intro-
duced in clinical practice and is commercially available from sev-
eral manufacturers.

3.2  OCT Recordings

3.3  OCT Applications

3.3.1  SD-OCT as a Tool 
to Detect Retinal Disease 
Biomarkers

3.3.2  Functional OCT

OCT of the Retina
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In OCT-A, blood flow is discriminated from static tissue by analyzing 
phase changes [14–17] or intensity changes [18, 19] in the OCT signal 
caused by moving light-scattering particles, i.e., intravascular blood 
cells. Phase-based methods are insensitive to motion normal to the 
incident beam (i.e., axial motion) and require phase-sensitive detection. 
Intensity-based methods make use of rapid fluctuations in the scatter-
ing pattern of blood flow, caused by a stream of randomly distributed 
blood cells through the imaging volume (voxel), leading to decorrela-
tion of reflections in proportion to particle velocity. In OCT-A, speckle 
noise produces high decorrelation values throughout the flow image 
regardless of the actual sample reflectivity. Because of the randomness 
of these speckles, generated by the interference of waves with random 
phases [10], simply averaging of multiple images of the same location 
suffices to suppress speckle (Fig. 3). One intensity-based method, split-
spectrum amplitude decorrelation angiography (SSADA), demon-
strated high gains in the signal-to-noise ratio of flow detection due to 
an equalized sensitivity to flow in all three dimensions by equalizing the 
axial and lateral resolution [20]. The SSADA-technique is therefore 
used in various commercialized SD-OCTs (Fig. 4).

OCT-A devices offer a multitude of clinical biomarker sensing 
properties.

	 1.	Scattering information of the underlying morphological OCT.
	 2.	Noninvasive information of blood-flow within vessels.
	 3.	Three-dimensional vessel structure information.

A major drawback is that OCT-A cannot detect serum flow 
and leakage. However, novel algorithms combining scattering and 
flow information may help to overcome this disadvantage in the 
future [21].

3.3.3  OCT angiography 
(OCT-A)

Fig. 4 OCT-A images of a healthy subject obtained with a commercial device based on the SSADA technique, 
displaying axially average flow in three vascular compartments. Superficial retina showing the retinal vessels 
and capillary beds, including the inner limiting membrane, retinal nerve fiber layer, and ganglion cell layers (a). 
Deep retina, showing the deeper inner retinal capillary beds, including the inner plexiform layer, inner nuclear 
layer, and outer plexiform layer (b). Choriocapillaris, showing the choroidal capillary bed, defined as 10 μm 
below Bruch’s membrane directly below the RPE (c)
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4  Notes

Current OCT devices allow for ultrahigh-quality scans—if applied cor-
rectly to the examined eye. Ocular conditions, OCT positioning, and 
focusing faults may still seriously affect the quality of the received images. 
Here, practical advice is given to get the optimum out of an OCT scan.

	 1.	Ocular conditions (see Fig. 5). Compared to visible light, the 
infrared light used in OCT fortuitously is relatively insensitive 
to ocular media clouding/opacities. Dry eye syndrome and 
severe cataract are nevertheless frequent reasons for increased 
scattering leading to a low signal-to-noise ratio (SNR) and bad 
images.

	 2.	Application faults (see Fig. 6). The examiner has to pay atten-
tion to the right position and focus of the OCT scanning 
device according to the patients’ pupil. Defocus of the device, 
the wrong distance to the cornea and non-pupil centered 
imaging may result in incorrect scans, change of tissue reflec-
tivity, and segmentation errors.

Condition Consequence Example Solution

Dry eye Increased speckle
Segmentation faults

Severe cataract Increased speckle noise
Segmentation faults

Apply artificial tears 

Maximal mydriasis

Fig. 5 Ocular conditions decreasing optical coherence tomography (OCT) image quality

Condition Consequence Example Solution

Wrong distance Decreased tissue reflectivity
Decreased SNR
Vignetting (shadowing)

Increase / decrease 
camera-cornea distance 
until uniform 
illumination

Decenter Tilted OCT scan
Affected tissue reflectivity
Segmentation errors

Center according to 
uniform illumination on 
fundus image and 
horizontal OCT scan

Defocus Increased speckle noise
Decreased SNR
Segmentation errors

Re-focus fundus image 
on retinal vessels

Fig. 6 Examination faults leading to image deterioration in optical coherence tomography (OCT). SNR signal-
to-noise ratio

OCT of the Retina
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Chapter 27

Vector Shedding and Immunogenicity Sampling  
for Retinal Gene Therapy

Alun R. Barnard, Anna N. Rudenko, and Robert E. MacLaren

Abstract

There has been recent growth in the number and magnitude of clinical trials for various forms of retinal 
gene therapy. Because of regulatory requirements, and to better understand vector safety profiles, there is 
a need for standardised and effective methods to collect, process, and store biological samples taken from 
trial patients that can be used to assess the dissemination of the vector within bodily fluids and any systemic 
cellular and humoral immune responses.

Key words Viral vector shedding, Immunogenicity, AAV, Gene therapy, Clinical trials

1  Introduction

In most countries and territories, there is a regulatory requirement 
to assess the potential risk to third parties and to the environment 
from any medicine containing or consisting of GMO/GMMs 
(genetically modified organisms/microorganisms), before authori-
zation to market the product is granted [1–3]. This is true even for 
medicines that are based on wild-type viruses that are nonpatho-
logical or “safe,” such as vectors derived from AAV (adeno-
associated virus). Part of the risk assessment will involve inspection 
of the biological properties of the wild-type and modified vector 
(such as replicative ability, potential for gene transfer/recombina-
tion, etc.) but an important component will also be empirical data 
on how the vector disseminates into the environment, through the 
secretions and/or excreta of the patient receiving treatment. This 
latter component is defined as vector shedding. The types of secre-
tions and/or excreta of the trial participant that are collected 
should be tailored to the specific route of administration, for exam-
ple, a tear sample is most useful for ocular gene therapy, but others 
samples such as saliva, urine and faeces may also be included. 
Peripheral blood and related products are also often included as 
vector shedding samples, although these materials are not 
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considered true excreta since they do not shed into the environ-
ment spontaneously. As gene therapy becomes a more widespread 
and mainstream treatment strategy for a number of retinal diseases, 
with more investigative clinical trials taking place [4–9], it would 
be useful to have standardised materials and methodologies for the 
accurate collection of vector shedding samples.

Consideration should also be made as to the best methods for 
detecting the presence of vector in samples. For viral GMMs, it is 
accepted that direct methods of detection (such as culturing) may 
not be applicable and indirect monitoring techniques, such as 
detection of viral DNA by polymerase chain reaction (PCR), may 
be necessary. Although PCR is limited, insofar as it will determine 
whether the GMM nucleic acids are detected and not necessarily 
indicate the presence of an intact GMM, the use of quantitative 
PCR (qPCR) methods can determine if the amount of GMM 
nucleic acid is changing over time. This is useful, as a sample type 
that shows decreasing copy-numbers over time might confirm 
that, although the initial vector that is delivered is being shed, this 
is reducing and no replication of vector is taking place. Other 
advantages of using qPCR-based assays are that they are sensitive, 
reproducible, and rapid. Whatever molecular method is chosen for 
vector shedding analysis, it should be validated, quality controlled 
and compared against appropriate standards. If a PCR-based assay 
is chosen, then a great advantage is that shedding samples may be 
minimally processed, frozen, and stored for later analysis. However, 
care must be taken to preserve the vector DNA (or RNA) in sam-
ples and reduce the activity of DNase/RNase enzymes that might 
be present in the sample or introduced from the environment.

Another important aspect in the assessment of regulatory 
approval and the future management of patients is the degree to 
which a GMO medicine elicits a systemic immune response. For 
subretinal gene therapy using AAV, the low vector dose and direct 
administration into an immune privileged site are likely to limit 
immune responses as compared to, say, hepatic portal vein deliv-
ery of vector for gene therapy for hemophilia. However, to better 
understand the full safety profile of any potential GMO medicine 
it is important in early clinical trials to look for markers of sys-
temic cellular and humoral immune activation, even if these do 
not necessarily manifest as a noticeable immune response in the 
patient. There are several assays to study immune responses. The 
most common methods measure the specific antibody content of 
serum or plasma fractions of peripheral blood, either by directly 
quantifying these by Enzyme-Linked ImmunoSorbent Assay 
(ELISA) or indirectly with a cell-based neutralizing antibody 
assay. Specific immune-cell fractions can also be isolated from 
blood for use in an ex vivo assay of adaptive immune responses, 
for example peripheral blood mononuclear cells (PBMCs) can be 
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isolated for use in enzyme-linked immunosorbent spot 
(ELISPOT) assays. Whatever immunoassays are ultimately used, 
they should be validated, quality controlled and compared against 
appropriate standards wherever possible. From a sampling per-
spective, it is important that standardised methods exist for col-
lection, processing and storage, in order to reduce variability and 
preserve quality.

The schedules of sample collection for vector shedding and 
immunological assessment will likely overlap but will likely have a 
different overall duration and temporal resolution. For trials involv-
ing nonreplicating vectors, such as AAV, vector shedding will be 
most important in the period immediately following vector admin-
istration and sampling will be most intensive during this period and 
may be reduced or discontinued later in the trial. To our knowl-
edge, the only vector shedding sample for AAV retinal gene therapy 
that has tested positive for vector DNA to date has been a tear 
sample collected on the day immediately after administration [8].

For immunological assessment sampling, although it is impor-
tant to obtain a baseline sample for these tests, cellular and humoral 
adaptive immune responses to the vector and transgene product 
may develop later, especially if immune suppression is given around 
the time of vector administration. Thus, this sampling may be more 
evenly spaced throughout the duration of the trial and may con-
tinue after vector shedding sampling has been discontinued. The 
methods for collection and processing of samples are described 
below. These are intended to be accessible to a range of individuals, 
but it assumed they will normally be carried out by clinical research 
nurses who have some ophthalmic training and phlebotomy 
experience.

2  Materials

It is best to use materials that are individually wrapped and single-
use. Wherever possible, they should be certified as sterile and free 
of pyrogens, DNA, RNases, DNases, and PCR inhibitors. All 
materials should be used by the expiry date on the packaging. 
Materials should be stored at room temperature (unless stated oth-
erwise) and be kept in a separate area away for direct sunlight, high 
humidity, and away from potential exposure to viral vectors. Most 
components of the kits described below can be assembled together 
and “bagged up” so they are ready in advance of sampling. The kits 
described aim to split the sample into three identical aliquots for 
long-term storage. This allows for retesting if there are problems 
during analysis.

Vector Shedding and Immunogenicity Sampling
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	 1.	 HydraFlock Mini Tip swab in peel pouch (Medical Wire and 
Equipment), or similar (×2, one for each eye).

	 2.	 Biopur 1.5 mL Safe-Lock cryosafe tubes (Eppendorf), or simi-
lar, ×4.

	 3.	 Biopur 1.5 mL Safe-Lock cryosafe tubes prefilled with 1 mL 
Phosphate-Buffered Saline (PBS, pH  7.4, without calcium, 
magnesium, or Phenol Red, ThermoFisher Scientific). Sample 
tubes should be chilled to 2–8  °C and kept on ice prior to 
sampling (×2).

	 4.	 Sufficient cryosafe adhesive labels (see Note 1).
	 5.	 Graduated pipettes (e.g., individually wrapped, certified sterile 

1.0 mL graduated Pasteur pipette from STARLAB), ×2.
	 6.	 Sterile, disposable forceps, ×2.
	 7.	 Sterile, disposable scissors, ×2.

	 1.	 Saliva Collection Aid (Salimetrics).
	 2.	 Biopur 2 mL Safe-Lock cryosafe tubes (Eppendorf), ×3.
	 3.	 Sufficient cryosafe adhesive labels (see Note 1).
	 4.	 Graduated pipette (e.g., individually wrapped, certified sterile 

1.0 mL graduated Pasteur pipette from STARLAB).

	 1.	 Sterile urine collection container/cup (up to 100 mL).
	 2.	 Biopur 2 mL Safe-Lock cryosafe tubes (Eppendorf), ×3.
	 3.	 Sufficient cryosafe adhesive labels (see Note 1).
	 4.	 Graduated pipette (e.g., individually wrapped, certified sterile 

1.0 mL graduated Pasteur pipette from STARLAB).

	 1.	 We have taken the view that this type of sample is not necessary 
following ocular gene therapy, and to date no regulatory author-
ity, from a variety of countries, has requested that we include it.

	 1.	 Venepuncture set (Vacutainer® Blood Collection Set).
	 2.	 Gold top Vacutainer® blood collection tubes (BD: 5  mL, 

13 × 100 mm Vacutainer® SST™ II Advance plastic tube, gold 
Hemogard™ closure, contains silica clot activator and gel), ×2.

	 3.	 Lavender top Vacutainer® blood collection tube (BD: 4 mL, 
13 × 75 mm Vacutainer® plastic tube, lavender Hemogard™ 
closure, contains dipotassium EDTA salt).

	 1.	 Biopur 2 mL Safe-Lock cryosafe collection tubes (Eppendorf), 
×3.

	 2.	 Sufficient cryosafe adhesive labels (see Note 1).

2.1  Tear Sampling 
Kit

2.2  Saliva 
Sampling Kit

2.3  Urine 
Sampling Kit

2.4  Faeces 
Sampling Kit

2.5  Blood 
Collection Kit

2.6  Blood 
Processing Kit
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	 3.	 Graduated pipette (e.g., individually wrapped, certified sterile 
1.0 mL graduated Pasteur pipette from STARLAB).

	 1.	 Biopur 2 mL Safe-Lock cryosafe tubes (Eppendorf), ×3.
	 2.	 Sufficient cryosafe adhesive labels (see Note 1).
	 3.	 Graduated pipette (e.g., individually wrapped, certified sterile 

1.0 mL graduated Pasteur pipette from STARLAB).

	 1.	 Disinfectant that is effective against nonenveloped viruses 
(e.g., Distel High Level Laboratory Disinfectant manufac-
tured by Tristel).

	 2.	 Decontamination solution for the degradation/deactivation 
of DNA and RNA (e.g., DNA-ExitusPlus™ manufactured by 
AppliChem GmbH).

	 3.	 Cryosafe and solvent-resistant, permanent marker pen (e.g., 
fine tip, black VWR Lab Marker) to write on cryosafe adhesive 
labels. A label printer may be used instead, but labels should 
be cryosafe and the printed text should be solvent-resistant.

	 4.	 Rack for Safe-Lock tubes, which has been previously treated 
with a disinfectant against nonenveloped viruses and decon-
taminant for the degradation/deactivation of DNA and RNA.

	 5.	 Rack for Vacutainer® blood collection tubes, which has been 
previously treated with a disinfectant against nonenveloped 
viruses and decontaminant for the degradation/deactivation 
of DNA and RNA.

	 6.	 Calibrated bench-top centrifuge, with a timer and capable of 
speeds generating a relative centrifugal force (RCF) of at least 
1100.

3  Methods

Throughout the sampling and processing procedures it is impor-
tant to wear gloves and other personal protective equipment 
(PPE). These will be identical to those of standard precautions 
used by clinical staff for routine handling of blood or tissue samples 
that could potentially harbour blood-borne viruses or other patho-
gens [10]. A minor difference is that disposable PPE (especially 
gloves) should be changed between sample types (and between 
eyes when sampling tears) to help minimise the potential for carry-
over/contamination between samples.

The need to collect these samples is not immediately obvious, 
so it is important to explain the procedure to the trial participant 
and why it is required. It is standard practice to create worksheets 
to document the identity, sample type, visit type and date, timing 

2.7  Serum 
Processing Kit

2.8  Other Necessary 
Items/Equipment
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and chain of custody of samples. Identities should be recorded 
using an anonymous Participant Identifier specific to the trial par-
ticipant concerned.

	 1.	 Perform check of necessary materials against list detailed 
above.

	 2.	 Confirm that no eye drops have been applied to the trial par-
ticipant’s eyes within the preceding hour. Do not proceed if 
this is not the case: the collection must be delayed.

	 3.	 Use adhesive cryolabels and cryomarker to label the 2× tubes 
prefilled with 1 mL PBS.

	 4.	 Make sure the participant is sitting comfortably with the head 
well supported. Ask the participant to look up throughout the 
procedure (and so avoiding touching the cornea). Always hold 
the swab parallel to the cornea to avoid injury if the participant 
moves unexpectedly (see Fig. 1).

	 5.	 Starting with the right eye, gently pull the lower lid down and 
gently touch the whole length of the flocked tip of the swab 
on the inside of the lower eyelid (the lower fornix) at the outer 
aspect (see Note 2).

	 6.	 Place the entire swab tip in the appropriate labeled tube (con-
taining 1 mL of chilled PBS). Use sterile scissors to cut the 
swab shaft approximately 3.5 cm from the tip. Close tube cap 
tightly.

	 7.	 Repeat the process for the other eye (left) with a separate 
swab, scissors and labeled sample tube (see Note 3).

	 8.	 Vigorously shake the tubes with swab tips inside and then 
incubate on ice for at least 5 min. Further processing can be 
delayed by up to 30 min provided the tubes are kept chilled 
(2–8 °C).

	 9.	 Use adhesive cryolabels and cryomarker to label the 4× unused 
Safe-Lock cryosafe collection tubes identically (two tubes per 
eye).

	10.	 Use sterile disposable forceps to remove the swab tip from the 
PBS solution in one of the tear fluid sample tubes. Squeeze 
residual moisture back into tube by pressing the swab to the 
inner side of the tube.

	11.	 Use a sterile graduated pipette to transfer the tear fluid sample 
so that approximately equal amounts of sample (~0.33 mL) 
are divided between the 3× individual (but identically labeled 
for the same eye) Safe-Lock cryosafe collection tubes.

	12.	 Using a fresh sterile forceps and pipette, repeat the process of 
removing the swab tip and dividing the tear fluid sample taken 

3.1  Tear Sampling 
and Processing
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from the other eye. Close the caps of the Safe-Lock cryosafe 
collection tubes tightly.

	13.	 Discard all single-use materials as clinical waste (see Note 4).

	 1.	 Perform check of necessary materials against list detailed 
above.

	 2.	 Confirm that the trial participant has followed instructions not 
to have anything to eat or drink for 30 min prior to collection 
of the sample. Do not proceed if this is not the case: the col-
lection must be delayed.

	 3.	 Remove the Saliva Collection Aid (SCA) from packaging and 
place it securely into a freshly opened 2 mL Safe-Lock cryosafe 
collection tube (see Fig. 2).

	 4.	 Instruct the participant to allow saliva to pool in the mouth. 
(Some find it helpful to imagine eating their favorite food.)

	 5.	 Ask the participant to tilt their head forward and gently force/
allow saliva to pass (drool) through the SCA into the Safe-
Lock cryosafe collection tube (see Note 5).

	 6.	 Continue the process until the Safe-Lock cryosafe collection 
tube is filled to a volume of 1 mL.

	 7.	 Remove the SCA from the first filled Safe-Lock cryosafe col-
lection tube and close the cap of the tube tightly.

	 8.	 Place the SCA in a new Safe-Lock cryosafe collection tube.

3.2  Saliva Sampling 
and Processing

Fig. 1 Sampling method for tears. (a) full view of unpackaged HydraFlock® Mini Tip swab. There is a thicker 
plastic handle and toward the tip the shaft is thinner to allow it to be cut more easily. (b) during sampling the 
swab is held parallel to surface of the face, the lower lid is gently pulled down and the whole length of the 
flocked tip of the swab is touched on the inside of the lower eyelid (the lower fornix) at the outer aspect. (c) the 
tip of the swab is then immersed in prechilled PBS in a 1.5 mL cryosafe tube. This swab is held in place while 
the thin part of the shaft is cut just above the level of the end of the tube. The tube cap can then be tightly 
closed—the inset image shows the swab tip in place in the tube. (d) after vigorously shaking the capped tubes 
with swab tips inside and incubating on ice for at least 5 min, the tube can then be opened and sterile dispos-
able forceps used to remove and discard the swab tip (the tip should be pressed to the inner side of the tube 
to release residual PBS solution back into tube)

Vector Shedding and Immunogenicity Sampling
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	 9.	 Repeat the process above: instruct the participant to allow 
saliva to pool in his mouth then drool through the SCA into 
the Safe-Lock cryosafe collection tube until filled to a volume 
of 1 mL.

	10.	 Remove the SCA from the second filled Safe-Lock cryosafe 
collection tube and close the cap of the tube tightly.

	11.	 Place the SCA in a new Safe-Lock cryosafe collection tube.
	12.	 Repeat the process above again: instruct the participant to 

allow saliva to pool in his mouth then drool through the SCA 
into the Safe-Lock cryosafe collection tube until filled to a 
volume of 1 mL.

	13.	 Remove the SCA from the third filled Safe-Lock cryosafe col-
lection tube and close the cap of the tube tightly.

	14.	 In total, 3 × 1 mL samples of saliva should be collected. If this 
is not possible, at least 3 × 0.5 mL of saliva must be collected 
but salivary stimulants must not be used. A sterile, disposable 
pipette can be used to transfer saliva so approximately equal 
amounts of sample (0.5–1 mL) are contained in three indi-
vidual 2 mL cryosafe collection tubes.

	15.	 Use adhesive cryolabels and cryomarker to label the 3× filled 
and sealed Safe-Lock cryosafe collection tubes identically.

	16.	 Discard all single-use materials as clinical waste (see Note 4).

Fig. 2 Sampling materials for saliva. (a) the saliva collection aid (SCA) is a tube 
type device, to be handled by the middle collar. (b) plastic ridges allow the tube 
to be inserted snugly into a 2 mL collection tube. (c) the SCA-tube assembly can 
be stood in a tube rack, ready for immediate use. (d) a sterile, Pasteur-style, 
graduated pipette as shown here can be used to transfer saliva so approximately 
equal amounts of sample (0.5–1 mL) are contained in three individual 2 mL cryo-
safe collection tubes

Alun R. Barnard et al.



367

	1.	 Perform check of necessary materials against list detailed above.
	2.	 Instruct the participant to provide a sample of mid-stream urine 

by disregarding the initial flow of the voided urine and then, 
without disrupting the flow, collecting approximately 10 mL of 
urine in the sterile container (see Note 6).

	3.	 Using a sterile graduated pipette, transfer 1 mL of urine into 
each of the 3 × 2 mL Safe-Lock cryosafe collection tubes.

	4.	 Close the caps of the Safe-Lock cryosafe collection tubes tightly.
	5.	 Use adhesive cryolabels and cryomarker to label the 3× filled 

and sealed Safe-Lock cryosafe collection tubes identically.
	6.	 Discard all single-use materials as clinical waste (see Note 4).

	1.	 Perform check of necessary materials against lists detailed above.
	2.	 The drawing of blood (venepuncture) should be conducted 

according to local procedures and guidelines (see Note 7).
	3.	 Collect first Vacutainer® blood collection tubes, 2× Gold top 

Vacutainer® blood collection tube. This tube must be gently 
inverted five times after collection.

	4.	 Collect second Vacutainer® blood collection tubes, 2× Lavender 
top Vacutainer® blood collection tube. This tube must be gently 
inverted 8–10 times after collection.

FILL TUBES COMPLETELY to ensure a standard dilution 
of anticoagulant/additive.

	5.	 Unprocessed Gold top Vacutainer® blood collection tubes 
should be stored at room temperature (18–25 °C) before pro-
cessing—they MUST NOT BE CHILLED OR FROZEN.

	1.	 Perform check of necessary materials against lists detailed above.
	2.	 Carefully open the Vacutainer® tube containing the whole 

blood sample.
	3.	 Using a sterile graduated pipette, transfer 1 mL of blood into 

each of the 3 × 2 mL Safe-Lock cryosafe collection tubes.
	4.	 Close the caps of the Safe-Lock cryosafe collection tubes tightly.
	5.	 Use adhesive cryolabels and cryomarker to label the 3× cryosafe 

collection tubes identically.
	6.	 Discard all single-use materials as clinical waste (see Note 4).

	1.	 Perform check of necessary materials against lists detailed above.
	2.	 Check the condition of the centrifuge and that a recent calibra-

tion/validation has been performed.
	3.	 Allow the blood to clot in the 2× Gold top Vacutainer® 5 mL 

blood collection tubes for a minimum of 30 min in a vertical 

3.3  Urine Sampling 
and Processing

3.4  Blood Collection

3.5  Anticoagulated 
Blood Sample 
Processing

3.6  Processing Blood 
to Obtain a Serum 
Sample
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position. Ensure the formation of a dense clot and proceed to 
processing within a maximum of 2 h of collection.

	4.	 Place the 2× Gold top Vacutainer® 5 mL blood collection tubes 
in the centrifuge rotor and ensure that the rotor is balanced.

	5.	 Centrifuge at room temperature at a speed generating an RCF 
of 1100–1300 for 10 min for swing-head rotors or 15 min for 
a fixed-angle rotor (see Note 8).

	6.	 Check that the serum has been successfully separated from the 
clot by the intermediate gel layer (see Note 9).

	7.	 Carefully open the Vacutainer® tubes containing the separated 
serum samples.

	8.	 Using a sterile graduated pipette, transfer an equal volume 
(~1 mL) of serum into each of the 3 × 2 mL Safe-Lock cryosafe 
collection tubes.

	9.	 Close the caps of the Safe-Lock cryosafe collection tubes tightly.
	10.	 Use adhesive cryolabels and cryomarker to label the 3× cryo-

safe collection tubes identically.
	11.	 Discard all single-use materials as clinical waste (see Note 4).

	1.	 Promptly transfer the samples to the storage area for immediate 
freezing (see Note 10).

	2.	 Processed samples should be stored frozen at colder than 
−60  °C.  The frozen storage should have limited/controlled 
access and temperature monitoring in place.

	3.	 Follow local processes for the logging of entry of samples.
	4.	 The final action would be to complete any sample worksheets 

with the time at which samples have been frozen and to store 
worksheets in a secure locked cabinet.

4  Notes

	 1.	 Many types of label may be used, but it is important that the 
label and adhesive are certified cryosafe (i.e., they do not 
degrade or fall off when frozen to ultralow temperatures of 
colder than −60 °C). They should also fit on a 1.5 mL tube 
but allow writing in a font size that is legible.

	 2.	 The foreign object sensation may cause the participant to 
blink. This should not be discouraged and the swab should be 
withdrawn and then the tip touched gently again on the lower 
fornix after blinking has ceased. The swabs used here are 
designed for very rapid absorption (much faster and more 
effective than cotton or rayon fibre buds) so it is not necessary 
to hold the swab in place for an extended duration or to rub 

3.7  Sample Storage
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against the surface. Conversely, the sample is released very 
effectively when immersed in liquid.

	 3.	 After tear samples have been taken, it may not be possible to 
process them immediately but will be more practical to con-
tinue with collection of other samples and come back to this 
later. The delay between collection and processing should be 
kept as short as possible, and during this time the tear samples 
should be kept on ice to maintain the integrity of any potential 
vector DNA.

	 4.	 Used materials may normally be disposed of via normal clinical 
waste routes. Sharps should be placed in appropriate contain-
ers (sharps bins) and other contaminated disposable equip-
ment/material should go in normal biohazard yellow bags for 
disposal, unless it is suspected that the patient may substan-
tially shed viable GMMs after administration (unlikely in ocu-
lar gene therapy), in which case potential GMMs in the waste 
may have to be inactivated using physical or chemical meth-
ods, before disposal.

	 5.	 Collecting saliva is not a quick process, especially on a patient’s 
first attempt. We recommend against the use of oral stimulants 
when collecting saliva samples due to the possibility of causing 
assay interference or increasing variability in general. Instead, 
good communication is key, with the patient asked to remain 
calm and allowing some time for saliva to pool in the mouth 
before attempting to drool through the collection aid. Passing 
saliva into the tube should be a passive process and it does help 
if the patient is told to bend their head and/or body far for-
ward to allow gravity to do the work. If the patient is too 
forceful in pushing saliva from their mouth, this causes the 
sample to be become excessively frothy.

	 6.	 There is no logical reason why a “midstream” urine sample is 
needed for vector shedding, but since this is the established 
method for urinalysis in general (it reduces bacterial contami-
nation from skin commensals), it is arguably easier just to fol-
low the status quo.

	 7.	 Venepuncture should be conducted using as large a gauge 
hypodermic needle as possible (i.e., 21 G), to prevent hemo-
lysis of the sample. Blood collection systems from other manu-
facturers can be substituted here, if this fits with local practice 
and guidelines. However, the tube volume and additive should 
be as close as possible to those given. If other clinical samples 
are taken in the same venepuncture session, then they should 
be added to the collection list in accordance with the manufac-
turer’s guidance on the order of draw for multiple tubes. For 
Vacutainer® blood collection tubes this can be found at www.
bd.com/vacutainer/pdfs/plus_plastic_tubes_wallchart_
orderofdraw_VS5729.pdf.
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	 8.	 A swing-head rotor centrifuge is preferred for better separa-
tion and barrier formation but a fixed-angle rotor is acceptable 
if that is all that is available. If the centrifuge shows only revo-
lutions per minute (RPM), a conversion to RCF must be per-
formed. The radius of the rotor is needed for this calculation, 
which can often be found in the centrifuge handbook or man-
ufacturer’s website. Various online tools can then be used to 
perform the calculation, for example, http://www.hettich-
centrifuge.co.uk/support.html.

	 9.	 Tubes should not be recentrifuged once the barrier has 
formed—to improve the serum quality after a poor separation, 
transfer the serum into a new Gold top Vacutainer® 5  mL 
blood collection tube and repeat the centrifugation step.

	10.	 To maintain the DNA integrity of vector shedding samples it 
is important to proceed with processing and subsequent freez-
ing as soon as possible. If immediate freezing is not possible, 
the processed samples should be immediately chilled at 2–8 °C 
and maintained at this temperature for no longer than neces-
sary (ideally less than 2 h before freezing). A prefrozen chiller 
rack (e.g., StarChill MCT from Starlabs) or ice box may be 
used, but any reusable equipment must be thoroughly cleaned 
and treated with a disinfectant against nonenveloped viruses 
and an agent for the degradation/deactivation of DNA and 
RNA between uses.
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