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Abstract

Subretinal injection (SRI) is a widely used technique in retinal research and can be used to deliver 

nucleic acids, small molecules, macromolecules, viruses, cells or biomaterials such as nanobeads. 

Here we describe how to undertake SRI of mice. This protocol was adapted from a technique 

initially described for larger animals. Although SRI is a common procedure in eye research 

laboratories, there is no published guidance on the best practices for determining what constitutes 

a ‘successful’ SRI. Optimal injections are required for reproducibility of the procedure and, when 

carried out suboptimally, can lead to erroneous conclusions. To address this issue, we propose 

a standardized protocol for SRI with ‘procedure success’ defined by follow-up examination of 

the retina and the retinal pigmented epithelium rather than solely via intraoperative endpoints. 

This protocol takes 7–14 d to complete, depending on the reagent delivered. We have found, 

by instituting a standardized training program, that trained ophthalmologists achieve reliable 

proficiency in this technique after ~350 practice injections. This technique can be used to gain 

insights into retinal physiology and disease pathogenesis and to test the efficacy of experimental 

compounds in the retina or retinal pigmented epithelium.

Introduction

Subretinal injection (SRI) is used to access and deliver agents to the subretinal space. 

Clinically, it is a crucial step during vitrectomy surgery in the management of submacular 

hemorrhages1 and retinal folds2, and in delivering gene therapy to treat retinal dystrophies3. 

In retinal research, SRI is used mainly in rodent models for gene4,5 or cell6 therapy research 

and to gain insights into retinal disease pathogenesis, especially in macular degeneration7-17.

SRI in rodents was first described by Little et al., who transplanted human fetal retinal 

pigment epithelium into the subretinal space in a rat model of retinal degeneration18. Since 

then, SRI has been used extensively in retinal research not only for cell transplantation 

but also for gene therapy, understanding disease pathogenesis, identifying novel therapeutic 

targets, and testing the efficacy of potential therapeutics in several retinal diseases7-15. Our 

group discovered the key role of Alu RNA in the pathogenesis of age-related macular 

degeneration in 20117. Using the SRI technique, we successfully established a model 

of atrophic (also known as dry) age-related macular degeneration in mice and identified 

multiple drug targets7-15. The SRI technique used in mice is more complex than in rats 

because of their smaller size. Here we provide details of how to inject mice, outlining the 

differences from the injection of rats, as applicable.

Applications of the SRI

In the past 10 years, the application of SRI in preclinical research and for clinical use 

has grown tremendously19, as summarized in Fig. 18,11,13-15,20-35. Although the subretinal 

route has been used extensively for administering adeno-associated virus (AAV) gene 

therapy vectors in mice, the use of this route to study phenotypic (degenerative) changes 

in the retinal pigmented epithelium (RPE) in mice has been reported by fewer groups, 
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with some researchers reporting difficulties in replicating this technique21,36. Proper 

execution of this technique is critical to obtaining valid insights into the molecular, 

cellular and anatomic effects of agent delivery. Also, the SRI technique is used to study 

neovascularization21,22,37-42 and subretinal fibrosis25,39,41.

Comparison with other methods

Three different techniques have been described to access the subretinal space in mice: the 

corneal approach, the transscleral approach and the pars plana approach (also named the 

limbal approach) (Fig. 2a-c, respectively). The transcorneal route, which consists of a needle 

passing the iris and lens through the pupil, is a common technique in studies where inducing 

a total retinal detachment may be desirable43-45. The transscleral posterior route, which is 

used to access the subretinal space without entering the vitreous cavity or penetrating the 

retina, is the mainstay procedure in newborn mice46,47. The pars plana approach, in which 

the needle is inserted via sclerotomy, permits direct visualization of the needle trajectory 

within the eye37,48.

Here we describe the pars plana approach for SRI in mice. This approach was adapted from 

Bennet et al.49, who initially described using it on larger animals. Direct visualization of 

the needle trajectory, the retinotomy site and the injection flow along with the absence of 

iatrogenic injury to the lens makes the pars plana approach advantageous compared with 

the other approaches. Our technique differs from a recent description of this technique in 

mice, wherein the authors define procedural success as the formation of a diffuse bullous 

retinal detachment45. However, it is already known that a high subretinal bleb will induce 

retinal degeneration in rabbits50. Moreover, a persistent separation between the neural 

retina and the underlying RPE can cause substantial variability of retinal or RPE injury 

in mice51. To test similar findings in mice, we repeated the procedure described in previous 

studies in which a large bleb is immediately evident after the successful injection of 0.6 μl 

phosphate-buffered saline (PBS) (Fig. 3c)36,44. This technique resulted in iatrogenic damage 

to the retina and the RPE, as evidenced by a large area of hypopigmentation in fundus 

photographs (Fig. 3g), subretinal vacuolization in image-guided spectral-domain optical 

coherent tomography (SD-OCT) images (Fig. 3h) and RPE degeneration in fluorescent 

micrographs of zonula occludens-1 (ZO-1)-stained RPE flat mounts (Fig. 3i), when 

compared with the representative images (Fig. 3d-f) from standard procedures (Fig. 3a, 

b) used in our protocol. On the basis of these results, we conclude that, although the initially 

described routes and endpoints for SRI might be sufficient to study cellular tropism or 

transduction efficacy of gene therapies, they are not ideal for studying the retinal phenotype 

or function.

Expertise needed to implement the protocol

The SRI technique requires a good working knowledge of the anatomy of the eye, preferably 

with prior microsurgical experience, appropriate equipment and dedicated practice. This 

considerable procedural requirement is consistent with our laboratory’s experience of 

training two dozen personnel with prior ophthalmic surgical experience in this procedure 

over the past 20 years and has been formally studied in a recent study52.
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Limitations of the protocol

The lack of a histological macula (defined as the retinal region containing more than 

one row of retinal ganglion cells) in rodents is often cited as a limitation for studies on 

macular degeneration. However, the RPE in mice is not dissimilar to the human macular or 

perimacular RPE, which is nearly always the initial locus of RPE degeneration in macular 

degeneration. In addition, the phenotypic similarities of RPE degeneration in mice and 

human macular degeneration, as well as the availability of genetically modified strains, 

further support mice as an ideal species to study RPE degeneration. The other major 

technical concern is the extensive training and specialized equipment required for the proper 

adoption of this technique.

Experimental design

Overview of the Procedure—The general protocol for SRI requires reagent and animal 

preparation (Steps 1–7), SRI surgery (Steps 8–20), additional experimental treatment (Step 

21) or use of transgenic mice, fundus photo examination (Steps 22–23), euthanasia and 

enucleation (Steps 24–25), sample collection (Steps 26–34) and confocal imaging (Steps 

35–36; Fig. 4). After anesthesia and pupil dilatation, the reagent is delivered into the 

subretinal space by SRI. The phenotype of the RPE changes can be observed via fundus 

imaging, SD-OCT and ZO-1 staining of flat mount preparations at the suggested timepoints 

(Table 1). Other tissue samples can be collected for histological sectioning or extraction of 

RNA or protein according to specific experimental aims.

Controls—Negative and positive controls can be used in the training periods to improve 

surgical skills. Negative and positive controls for the technique could be selected from Table 

1. This can help to distinguish whether the observed RPE degeneration is due to Alu RNA 

administration versus unsuccessful SRI.

Experimental animals—Adult mice aged 6–10 weeks are most suitable for the pars plana 

approach because their eye sizes are sufficiently large to facilitate surgical manipulation. 

Mice of older age and greater weight have relatively bigger eyeballs; therefore, this 

technique is expected to be even less difficult. For mice older than P10, transcorneal SRI 

can also be used44. For newborn mice whose eyes are even smaller, the transscleral posterior 

route is more suitable46,47,53. Thus the surgical approach should be tailored to the age 

and size of the mice required for experimental needs. Several mouse backgrounds with 

pigmented eyes are suitable for this model. Conversely, lack of RPE pigmentation renders 

the identification of the retinotomy and access to subretinal space challenging in B6 albino 

mice and other nonpigmented strains. No notable difference was observed between male and 

female mice in SRI. Male rats require more anesthetic supplementation because of greater 

lean body mass and more rapid metabolism54. In this protocol, we used adult C57BL/6J 

mice from 6 to 8 weeks of age, weighing 18–20 g for the SRI experiment (Supplementary 

Video 1). All procedures should be conducted in accordance with the Association for 

Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in 

Ophthalmic and Vision Research (http://www.arvo.org/). Anesthesia and euthanasia must be 

performed in accordance with the institutional animal use committee guidelines.
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Treatment procedure—The intravitreous route can be used to deliver treatment 

immediately after the SRI, using the same anesthesia procedure. The volume of intravitreous 

injection is usually 1 μl. The treatment can also be delivered by enteral or parenteral routes, 

with the total volume varying according to the animal weight.

Materials

Animals

Mice: we routinely use C57BL6J (6–8-week-old, The Jackson Laboratory) and other 

genetically modified mice according to experimental design ! CAUTION All animal 

studies must conform to the appropriate governmental and institutional regulations. All 

animal experiments described in this protocol were approved by the University of Virginia 

Institutional Animal Care and Use Committees and were performed in accordance with the 

ARVO Statement for the Use of Animals in Ophthalmic and Visual Research.

Reagents

▲ CRITICAL Reagents and equipment identified are examples. Alternatives from other 

manufacturers can be used in substitution.

• 2,2,2,-tribromoethanol, 99% (Alfa Aesar, cat. no. 75-80-9)

• Alexa Fluor 594 (Invitrogen, cat. no. A32740; RRID: AB_2762824)

• Antifade mounting medium (Vectashield HardSet, cat. no. H-1400-10)

• Antifade mountant with DAPI (Invitrogen, cat. no. P36931)

• Anti-Cre rabbit polyclonal antibody (FITC), 1:1,000 (Novus Biologicals, cat. no. 

NB100-56133, RRID: AB_838060)

• Calcium and magnesium-free PBS (VWR Life Science, 10×, sterile, ultra-pure 

grade, cat. no. 97063-660)▲ CRITICAL Ultra-pure grade is important to avoid 

PBS-caused RPE degeneration.

• Carboxymethylcellulose 1% (Liquigel, Refresh)

• Electron microscopy sciences 32% paraformaldehyde solution (PFA; Fisher, cat. 

no. 50-980-495) ! CAUTION PFA is a highly toxic irritant. Use personal 

protective equipment, protective gloves and eye or face protection before 

handling. Avoid breathing vapor. Wash hands thoroughly after handling.

• Erythromycin ophthalmic ointment, USP 0.5% (Bausch & Lomb, NDC 

0574-4024-35)

• Ketamine hydrochloride (Fort Dodge Animal Health)

• Phenylephrine hydrochloride ophthalmic solution, USP 2.5% (Paragon Bio Teck, 

NDC 17478-201-15)

• Proparacaine hydrochloride ophthalmic solution, USP 0.5% (Bausch & Lomb, 

NDC 17478-201-15)
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• Purified AAV stored at −80 °C (Vector Biolabs) ! CAUTION AAVs are 

biohazardous materials and must be handled according to governmental and 

institutional regulations. Experiments involving AAVs require Biosafety Level 2 

and Animal Biosafety Level 2 containment and safety practices as required by 

the US Centers for Disease Control and Prevention.

• Rabbit IgG (H+L) secondary antibody, 1:250 (Invitrogen, cat. no. A27034; 

RRID: AB_2536097)

• tert-Amyl alcohol (Emplura, cat. no. 8.06193.1000)

• Triton X-100 (Merck, cat. no. 1.08603.1000)

• Tropicamide ophthalmic solution, USP 1% (Akorn, NDC 17478-102-12)

• Xylazine (Phoenix Scientific)

• ZO-1 monoclonal antibody (ZO-1A12), Alexa Fluor 594, 1:100 (Fisher, cat. no. 

339194; RRID: AB_2532188)

Equipment

• 0.22 μm polyethersulfone (PES) membrane filter unit (Millex-GP, cat. no. 

SLGP033RS)

• 10 ml syringe (BD, cat. no. 302995)

• 30 gauge (G) needle (BD, cat. no. 305128)

• Centrifuge (Eppendorf, cat. no. 5415D)

• Confocal microscope (A1R Nikon confocal microscope system, Nikon)

• Customized 37 G needle for mice (Ito)

• Customized 37 G needle for rats (Ito) ▲ CRITICAL It is crucial that the 

needles are airtight and have no dead space. Refer to the parameters and 

reference drawing of the needles in Extended Data Fig. 1.

• Deep freezer, −80 °C (Froilabo, cat. no. BM690)

• Dumont no. 7 curved forceps (Fine Science Tools, cat. no. 1129700)

• Fundus imaging camera (Topcon TRC-50IX) linked to a digital imaging system 

(Sony)

• Image-guided OCT (Phoenix Research Labs)

• Insulin syringes (BD, cat. no. 329461)

• Iris scissors, 4.5 inches (Graham-Field, cat. no. 2652)

• Microsyringe, 5 and 10 μl (Exmire MS-01, Ito) ▲ CRITICAL It is important 

that the microsyringes have no dead space, to achieve high reproducibility for 

the experiment ▲ CRITICAL 5 and 10 μl syringes are both suitable for the SRI 

injection. A 5 ▲l syringe is recommended for beginners as less fluid is injected 

with the same force applied on the plunger ! CAUTION Avoid the use of highly 
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acidic substances as all parts of the syringe that make direct contact with the 

liquid are made of stainless steel (SUS316).

• Microscope slides (Fisherbrand, cat. no. 12-550-15)

• Optic lens (made from 200 ▲l tip; refer to Supplementary Video 2)

• PrecisionGlide Needle 30 G (BD, cat. no. 305106)

• Sterile alcohol prep pads (Fisher, cat. no. 22-363-750)

• T/Pump localized temperature therapy and Mul-T-pump local temperature 

therapy pad (e.g., Stryker)

• Vannas scissors curved (Storz, cat. no. E3387)

• Vortex (IKA minishaker MS2)

Reagent setup

Avertin stock solution—In a 20 ml glass vial, dissolve 10 g of 2,2,2,-tribromoethanol 

(99%) with 10 ml of tert-amyl alcohol. Store at room temperature (25 °C), avoiding light, for 

up to 6 months. For a working solution, add 1 ml stock solution to 39 ml PBS. Stir at 37 °C 

for 30 min before use. ▲ CRITICAL Avoid the formation of crystals in the final solution. 

Aliquot and store away from light at 4 °C. The working solution is stable for several months.

PFA solution, 2% (wt/vol)—Prepare fresh PFA solution by dissolving 3 ml 32% of PFA 

in 45 ml 1× PBS, and adjust the pH to 7.4. ! CAUTION PFA is highly toxic and can cause 

irritation if exposed to skin, inhaled, or swallowed. A chemical fume hood and personal 

protective equipment including gloves and safety goggles are recommended when working 

with PFA.

Alu RNA synthesis—Alu RNAs can be synthesized as previously described7-14,16. 

Synthesize Alu RNA with an in vitro transcription kit (AmpliScribe T7-Flash Transcription 

Kit; Lucigen, ASF3507) from Alu expression plasmid with an adjacent T7 promoter. The 

sequence of the Alu RNA used in this protocol is 

GATCCTAATACGACTCACTATAGGGCCGGGCGCGGTGGCTCACGCCTGTAATCCCA

GCACTTTGGGAGGCCGAGGCGGGCGGATCACAAGGTCAGGAGATCGAGACCATC

CTGGCTAACACAGTGAAACCCCGTCTCTACTAAAAATACAAAAAATTAGCCGGGA

GTGGTGTCGGGCGCCTGTAGTCCCAGCTACTCGTGAGGCTGAGGCAGGAGAATG

GCGTGAACCCGGGAGGTGGAGCTTGCAGCGAGCCGAGATCGCGCCACTGCACTC

CAGCCTGGGTGACAGAGCGAGACTCTGTCTCTTTAAAGGTAC. Treat the resulting 

Alu RNA with DNase, and purify (Nucleospin, RNA Clean-up, Macherey-Nagel, 740948.5). 

The integrity of the Alu RNA should be monitored by gel electrophoresis. The synthesized 

Alu RNA can be stored at −80 °C for 3 months.

Equipment setup

Housing and husbandry of experimental mice—House mice under a 12 h light cycle 

with water and chow provided ad libitum ! CAUTION All experiments must be conducted 
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in compliance with the governmental and institutional guidelines for the care and use of 

animals within the research program.

Procedure

Reagent and syringe preparation ● Timing 30 min for 12 mice

▲ CRITICAL Reagent preparation should be carried out in a laminar flow hood equipped 

with UV light for sterilization. For RNA-related work, all work surfaces and equipment 

should be decontaminated with DNA and RNAZap before the experiment.

1. Prepare PBS by diluting 500 μl of 10× ultra-pure into 1× PBS using distilled 

water. Use a 0.22 μm PES membrane filter unit, to filter the 1× PBS solution. 

This filtered 1× PBS is ready to be injected into the animal or used for drug 

dilution, etc.

▲ CRITICAL STEP It is critical that an ultra-pure PBS is used to avoid RPE 

toxicity. Make fresh 1× PBS solution every time before the experiment.

2. Prepare the nucleic acids (RNA/DNA), AAV, RPE stressors or small molecules 

to be tested.

▲ CRITICAL STEP All reagents to be injected should be stored under 

reagent-specific conditions (temperature, RNase-free, etc.) before and during the 

procedure.

3. Store the syringes in ethanol. Before injection, attach the 37 G needle to the 5 

μl syringe and wash with fresh ethanol three cycles, ddH2O three cycles and 1× 

PBS three cycles, each cycle including ten times of aspiration and ejection of the 

wash buffer.

▲ CRITICAL STEP Proper sterilization of syringe and needle before the 

procedure is essential. After each injection, it is important to clean the needle 

with an alcohol pad and wait for it to dry before the next injection. The syringe 

should only be chemically sterilized, not by autoclaving. After the experiment, 

clean the syringe and needles in 1× PBS three cycles, ddH2O three cycles and 

ethanol three cycles, each cycle including ten times of aspiration and ejection of 

the wash buffer. Then disassemble and store in ethanol.

Anesthesia and preparation of mice ● Timing 10 min per mouse

4 Set up the preparation area, surgical area and recovery area. Preparation 

area includes temperature therapy pad, drugs (tropicamide, proparacaine 

hydrochloride and carboxymethylcellulose 1%), 30 G needles, sterile alcohol 

prep pads and scissors. The surgical area is for the injection procedure. It 

includes a temperature therapy pad, head rest for mice, hand rest for the surgeon, 

needle washing buffer (ethanol, ddH2O and PBS), syringe, optic lens, washing 

PBS, 30 G needle and tweezers. Refer to Supplementary Video 1 for details. The 

recovery area is for mice to awake from anesthesia on the temperature therapy 

pad after surgery.
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▲ CRITICAL STEP SRI is a sterile technique. New surgeons should refer to 

the principles of rodent surgery55.

5 Weigh the mice.

6 Dilate pupils with topical 1% tropicamide and 2.5% phenylephrine.

? TROUBLESHOOTING

7 Anesthetize mice. For mice, use intraperitoneal (i.p.) injection of 140–150 μl 

per 10 g of mouse body weight of Avertin. For both mice and rats, anesthesia 

can also be achieved by i.p. injection of 100 mg/kg ketamine hydrochloride 

and 10 mg/kg xylazine. To avoid cataract formation after anesthesia, keep the 

eye moistened by regular application of lubricant drops or gel. Turn on the 

temperature therapy pad, and set to 37 °C. After anesthesia, place the mice on 

the temperature therapy pad to avoid hypothermia. Trim the whiskers to avoid 

interference in the visual field of SRI procedures.

? TROUBLESHOOTING

Injection procedure ● Timing 1.5 h for 12 mice

8 Perform the SRI under direct visualization using a surgical microscope. Adjust 

the light intensity, focus and magnification to ensure proper visualization of the 

fundus.

▲ CRITICAL STEP A vitreoretinal surgical microscope (e.g., Leica F40) 

is highly recommended as it provides a higher-quality view of the fundus 

compared with a stereomicroscope (e.g., Nikon SMZ800N)

9 Fill the 5 μl syringe with 1–2 μl reagent. Prevent air bubbles in the solution.

▲ CRITICAL STEP We suggest using a custom 37 G needle with no dead 

space to ensure uniform volume delivery and prevent retinal degeneration by 

the procedure itself. Aspirating viscous samples by syringe can take more time 

(detailed parameters and design shown in Extended Data Fig. 1).

10 Elevate the head of the mouse by placing it on a head rest. The eye to be injected 

should be perpendicular to the microscope light.

11 Apply the proparacaine hydrochloride ophthalmic solution to the eye.

12 Under the surgical microscope, place an optic lens over the moistened cornea to 

allow visualization of the retina.

▲ CRITICAL STEP The diameter and width of the ring matter. A good 

ring includes holding the lubricant gel without leakage and a clear view of the 

fundus. For a 6–8-week-old mouse, a ring with a diameter of 3 mm and a height 

of 1.5 mm is recommended. Refer to Supplementary Video 2 for the detailed 

ring-making procedure.

13 Apply hydrogel to the optic lens.

? TROUBLESHOOTING
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14 Adjust the microscope field, focus and light intensity until the fundus is visible.

▲ CRITICAL STEP The optic nerve should be visualized in the surgical field.

? TROUBLESHOOTING

15 Perform a sclerotomy 1 mm posterior to the limbus with a 30 G sterilized 

needle. Unlike Bennet et al49., we do not perform conjunctival peritomy because 

the mouse conjunctiva is extremely thin.

▲ CRITICAL STEP For consistency in the follow-up examination, we 

recommend that the sclerotomy and retinotomy be placed in the same quadrant 

among different mice. Moreover, the retinotomy is usually opposite to the 

sclerotomy site along the same axis. For example, if the sclerotomy is located on 

the nasal side of the sclera, the retinotomy site is better located in the temporal 

side of the optic nerve.

▲ CRITICAL STEP Do not insert the 30 G needle more than about halfway 

in. If it is inserted entirely, the hole will become too large and the intraocular 

pressure will quickly drop, which will easily cause a more extensive retinal 

detachment. Refer to Supplementary Video 1 for details.

▲ CRITICAL STEP Change the 30 G needle between mice to avoid infection.

! CAUTION Dispose of the 30 G needle after each procedure in an appropriate 

container.

? TROUBLESHOOTING

16 Using a 5 μl Ito syringe attached to a blunt 37 G Ito needle, introduce the needle 

at a 60° angle to avoid touching the lens (Supplementary Video 1). Introduce 

the needle under direct visualization until it touches the retina, ideally, 2–3 optic 

disc diameters from the optic disc.

▲ CRITICAL STEP It is essential the surgeon’s hand and the syringe are 

supported to prevent instability during the injection. If the needle is inserted too 

deep under the retina, it can easily cause subretinal hemorrhage. If the surgeon’s 

hand trembles, unnecessary force will be applied to the retina, causing a more 

extensive retinal detachment.

▲ CRITICAL STEP While introducing the needle inside the vitreous cavity, 

tilting the syringe to a closer angle (45°) makes it easier to reach the retina near 

the optic nerve.

▲ CRITICAL STEP Ensure the site of the retinotomy is away from the retinal 

vessels to avoid retinal/vitreous hemorrhage.

17 Apply gentle pressure on the retina by pressing the plunger to induce a 

retinotomy and provide access to the subretinal space. After that, perform 

SRI by slow and intermittent delivery into the subretinal space (Supplementary 

Video 1).
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▲ CRITICAL STEP The ideal depth of the retinotomy is visualized 

by a brownish pigmentation at the retinotomy site. This represents RPE 

pigmentary dispersion and indicates a successful full-thickness retinotomy. Red 

discoloration can mean inadvertent injury to the choroidal vessels, and the 

procedure has to be terminated.

▲ CRITICAL STEP We suggest a slow and intermittent delivery over 45–60 

s to ensure proper distribution of the injected solution and prevent localized 

bullous retinal detachment, which can lead to iatrogenic retinal degeneration.

▲ CRITICAL STEP The amount of material injected into the subretinal space 

may vary but should not be more than 1 μl in mice and should cause only a 

small, flattened bubble in the retina, not a bullous retinal detachment. For a 

rat, the injection volume could be as large as 4 μl of PBS without inducing 

degenerative changes.

? TROUBLESHOOTING

18 Withdraw the needle slowly, and avoid touching the retina or lens.

▲ CRITICAL STEP Wipe the 37 G needle with sterile alcohol prep pads 

between different mice to avoid infection. Wait for the needle to dry before 

further steps.

▲ CRITICAL STEP Wash the needle with 1× PBS ten times when the 

different reagents are to be delivered.

19 Check the fundus after 2–3 min to ensure no bullous retinal detachment and to 

judge intraoperative success.

▲ CRITICAL STEP A diffuse bullous retinal detachment shown in a 

previous protocol45 induces iatrogenic retinal degeneration (Fig. 3c, g-i) after 

nontoxic PBS SRI. We define a minimal flattened elevation of the retina as an 

intraoperative success (Fig. 3b, d-f). Keep animal manipulation to a minimum to 

avoid ocular hypotony and retinal detachment.

? TROUBLESHOOTING

20 While the animal recovers from anesthesia on a temperature therapy pad, apply 

the antibiotic ointment to the eye to prevent postoperative infection. Apply the 

ointment gently to the cornea without damaging the cornea or applying pressure 

to the eyeballs.

? TROUBLESHOOTING

Mouse treatment ● Timing <3 min per mouse, per treatment

21 Administer treatments via intravitreous (option A) or i.p. (option B) routes.

A. Intravitreous injections

Huang et al. Page 11

Nat Protoc. Author manuscript; available in PMC 2024 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



▲ CRITICAL Intravitreous injections can be either delivered 

immediately after SRI (Step 19) or at a selected timepoint according to 

the experiment design.

i. Prepare 1 μl of the drug in another 37 G needle + 5 μl syringe.

ii. Advance the needle into the eye through the same punctured 

hole.

▲ CRITICAL STEP Be careful not to exert external 

pressure on the globe as this can lead to hypotonia and retinal 

detachment.

iii. Introduce the needle until the tip is close to the retina, and 

deliver the agent.

▲ CRITICAL STEP Wait for 20–30 s before removing 

the needle from the eye. This prevents the reflux of the 

intravitreous injection.

? TROUBLESHOOTING

B. I.p. injection

▲ CRITICAL I.p. injection can be delivered at any time according to 

the experiment design.

i. Perform i.p. injection according to experiment design.

! CAUTION This step must conform to the appropriate 

governmental and institutional regulations. It should be 

performed in accordance with the ARVO Statement for the 

Use of Animals in Ophthalmic and Visual Research.

Fundus imaging ● Timing 30 min for 12 mice

▲ CRITICAL Fundus imaging can be undertaken at any time after injection in accordance 

with the particular aims of the study. The recommended observation timepoints for the 

positive and negative controls are listed in Table 1.

22 Dilate mouse eyes with topical 1% tropicamide and 2.5% phenylephrine.

23 Take fundus photos of mice (Table 1). Anesthesia is not necessary while using 

the fundus imaging camera (Topcon). A standard fundus photo of an eye should 

include the optic nerve, injection site and surrounding injected area (Fig. 5a,b).

Mouse euthanasia and enucleation ● Timing 10–15 min per mouse

▲ CRITICAL (Optional) A laser spot can be administered around the optic nerve on the 

opposite side of the injection site to enable beginners to better identify the injection site 

and keep it intact in the following procedures. Laser strength should be adjusted to enable 

creation of a small air bubble in the subretinal space for a choroidal neovascularization 

(CNV) induction. More details of the laser induction can be found in a published protocol 
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for CNV development in mice56. It is important to avoid laser impacts to the retinal vessels 

to prevent intraocular hemorrhage.

! CAUTION Use protective goggles to filter the wavelength of the laser to protect the eyes.

24 Euthanize mice following your approved protocol. We humanely euthanize the 

mice in a carbon dioxide chamber, using cervical dislocation as a secondary 

method of euthanasia.

25 Perform enucleation by inserting a curved Vannas scissor and cutting the four 

recti muscle at their insertion on the globe. Lift the eyeball, and cut the optic 

nerve. Collect the eye, and remove excess periocular muscles in PBS.

▲ CRITICAL STEP Careful manipulation of the eyeball is necessary during 

enucleation to prevent inadvertent opening up of the sclerotomy and collapse of 

the eyeball.

▲ CRITICAL STEP Perform Steps 25–26 on each mouse individually. Do not 

simultaneously euthanize and enucleate multiple mice.

(Optional) RPE and choroidal flat mounts ● Timing 3 h over 2 d

26 Fix the eye in 1 ml 2% PFA for 30 min at 4 °C.

27 Remove the anterior segment, lens, and retina, and apply four complete radial 

cuts in the RPE/choroid/sclera complex.

▲ CRITICAL STEP Radial cuts should be carefully placed to prevent injury to 

the injected area. Keeping the sclerotomy and the retinotomy on the same axis 

(Step 15) and laser-induced marker (Step 24) are two auxiliary ways to ensure 

the radical cuts are away from the injection area.

28 Wash with PBS three times, TBS three times and TBS-Triton-X (0.2%) three 

times.

29 Incubate RPE flat mounts with 400 μl of blocking buffer (0.75 g bovine serum 

albumin in 50 ml TBS-T) for 1 h in a rocker at 4 °C.

30 Incubate the RPE flat mounts overnight in a rocking platform at 4 °C with 

a primary antibody that targets the protein of interest such as Alexa Fluor 

549-conjugated mouse ZO-1 (diluted 1:100 in blocking buffer).

31 Wash with TBS-T three times. If the primary antibody is conjugated (such as 

Alexa Fluor 549-conjugated mouse ZO-1), skip to Step 35.

32 Incubate the tissue section with appropriate secondary antibodies (such as goat 

anti-rabbit IgG (H+L), Alexa Fluor 594 conjugate if the primary antibody 

isotype is from rabbit) for 1 h. The conjugate of the secondary antibody can 

be chosen as needed.

33 Wash with TBS-T three times.
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34 Wash with TBS five times, then mount the samples on glass slides with RPE 

layer face up using anti-fade mounting medium.

(Optional) Confocal imaging and image analysis ● Timing 6 h for 12 mice

35 Obtain images by confocal microscopy (model A1R Nikon confocal microscope 

system, Nikon). First identify the injection site and the surrounding area using 

lower magnification, then acquire images at higher magnification15.

▲ CRITICAL The injection site is identified by the characteristic stellate 

pattern of the RPE at the injection site (Fig. 6)15.

36 Quantify RPE degeneration based on ZO-1-stained flat mount images using 

semi-automated cellular morphometry analysis. For the results shown here, 

microscopy photos of the RPE were taken and transmitted in a deidentified 

fashion to the Doheny Image Reading & Research Lab (DIRRL). A step-by-

step guide showing the analysis, illustrated by pictures, can be found in the 

Supplementary Manual.

Troubleshooting

Troubleshooting advice can be found in Table 2.

Timing

Steps 1–3, reagent and syringe preparation: 30 min for 12 mice

Steps 4–7, anesthesia and preparation of mice: 10 min per mouse

Steps 8–20, SRI injection: 1–1.5 h for 12 mice, depending on the combination of injection 

type

Step 21, mouse treatment: <3 min per mouse

Steps 22–23, fundus imaging: 30 min for 12 mice

Steps 24–25, mouse euthanasia and enucleation: 10–15 min per mouse

Steps 26–34 (Optional), RPE and choroidal flat mounts: 3 h over 2 d

Steps 35–36 (Optional), confocal imaging and image analysis: 6 h for 12 mice

Anticipated results

On the basis of previous work7-16, we defined successful SRI both intraoperatively and 

post-operatively. For the postoperative definition of success, SRI of PBS results in no 

RPE degeneration after 7 d, as assessed by the absence of a sizeable hypopigmented area 

adjacent to the injection site in fundus imaging and normal cellular architecture of the 

RPE as visualized by confocal imaging of ZO-1-immunostained RPE flat mounts (Fig. 5a). 

Conversely, successful SRI of in vitro transcribed Alu RNA, which is cytotoxic to the RPE, 
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results in RPE degeneration evident after 7 days7-14,16. RPE degeneration is defined by the 

presence of a large hypopigmented area adjacent to the injection site in fundus imaging and 

by the disorganized and hypertrophic appearance of ZO-1-stained RPE flat mounts (Fig. 5b).

For beginners, high-resolution OCT scans performed immediately after injection can show 

the success of fluid delivery into the subretinal space. It can also help identify the changes 

of the outer retina and RPE (Fig. 7a-c, left column). Proper SRI of PBS should not cause 

RPE degenerative changes shown in OCT on both days 1 and 7 (Fig. 7a); however, a 

procedure that results in an expansive bleb after SRI can induce iatrogenic damage to the 

retina and the RPE, as evidenced by subretinal vacuolization in OCT on day 7 (Fig. 7b). 

Conversely, a proper bleb seen on OCT does not necessarily indicate a successful injection. 

For example, if the injection needle enters the subretinal space during the injection, 

the procedure itself could cause injection-related RPE damage even if the bleb flattens 

immediately after injection (Fig. 7c). Other relevant factors include injection speed and 

retinotomy force. The drawbacks of performing OCT immediately after injection include 

the additional movement of the mice, development of cataract in the contralateral eye and 

additional time consumption. A drawback of performing OCT in the follow-up period is 

extra anesthesia. We suggest OCT-guided examination during the training phase.

Another way of demonstrating the efficacy of this technique is to perform SRIs of 1 μl 

(1011 plaque-forming units (p.f.u.)/ml) of either an AAV encoding Cre recombinase driven 

by an RPE-specific promoter (AAV2-hRPE(0.8)-iCre-WPRE) or a control AAV (AAV2-

CMV-Null)57. Successful AAV delivery and gene transduction is indicated by positive Cre 

expression in the RPE layer of AAV2-hRPE(0.8)-iCre-WPRE treated eyes (Fig. 5c) 10 d 

after injection and its absence in AAV2-CMV-Null treated eyes (Fig. 5d).
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Extended Data

Extended Data Fig. 1 ∣. Custom needle parameters.
Detailed illustration of the needles designed for subretinal injection in rat (top) and mice 

(bottom).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 ∣. Applications of SRI in rodent models.
SRI has been used in various applications, e.g., to deliver reagents to create disease models, 

for gene and cell replacement therapies. A2E, N-retinylidene-N-retinylethanolamine; DR, 

diabetic retinopathy; LCA, Leber Congenital Amaurosis; PEC, macrophage-rich peritoneal 

exudate cell.
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Fig. 2 ∣. Depictions of three SRI approaches.
a, The corneal approach. b, The transscleral posterior approach. c, The pars plana approach.

Huang et al. Page 22

Nat Protoc. Author manuscript; available in PMC 2024 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3 ∣. Representative images of a proper and improper SRI procedure to study the RPE 
phenotype.
a, Clear view of the fundus shown as seen through the surgical microscope after mounting 

the ocular ring on the eye and adding the lubricant gel. After adjusting the focus under the 

surgical microscope, we can clearly see the optic nerve located in the center of the field. 

Scale bar, 1 mm. b, Ideal postinjection fundus as visualized under the surgical microscope 

after SRI of 0.6 μl PBS. The blue triangle indicates the injection site. Scale bar, 1 mm. 

c, Extensive bleb (retinal detachment) as visualized under the surgical microscope induced 

by improper SRI of 0.6 μl PBS. Scale bar, 1 mm. d–f, The same eye as that observed 

in b; fundus photography (d) and OCT (e) showed no RPE degeneration (scale bar, 100 

μm); confocal images of RPE flat mounts stained for ZO-1 also showed normal cellular 

architecture (scale bar, 25 μm) (f). g–i, The same eye as that observed in c; fundus 

photography (g) and OCT (h) showed hypopigmentation and subretinal vacuolization on 

day 7 (D7) (scale bar, 100 μm); confocal images of RPE flat mounts staining for ZO-1 

showed disrupted cellular architecture (scale bar, 25 μm) (i).
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Fig. 4 ∣. Overview of the procedure.
The general protocol for SRI involves reagent and animal preparation (Steps 1–7) followed 

by SRI injection (Steps 8–20), additional experimental treatment (Step 21) or use of 

transgenic mice, fundus photo examination (Steps 22–23), euthanasia and enucleation 

(Steps 24–25), sample preparation (Steps 26–34) and confocal imaging (Steps 35–36). IVT, 

intravitreous; I.p., intraperitoneal; I.v., intravenous.
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Fig. 5 ∣. Representative images of a successful SRI.
a,b, Representative fundus photo (left) and flat mounts stained for ZO-1 (red, right). The 

pictures depict the classical phenotypic characteristics of mice administered with SRI of 

PBS (a, no degeneration) or Alu RNA (b, note focal hypopigmentation). Blue triangle, 

injection site. Scale bars, 20 μm. c,d, Representative fundus photo (left) and fluorescent 

micrographs of 10-μm-thick retinal sections labeled with DAPI and anti-Cre in C57BL/6J 

mice after injection of AAV2-hRPE(0.8)-iCre-WPRE (c) or AAV2-CMV-Null (d). Note the 

Cre expression 10 d after injection shown by white arrowheads (c). Scale bars, 100 μm. 

WPRE, woodchuck hepatitis posttranscriptional regulatory element.
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Fig. 6 ∣. Identification of the injection site in mouse RPE flat mounts.
a,b, Fundus photographs (left) and RPE flat mounts stained for ZO-1 (red) at lower (10× and 

20×) and higher magnifications (60×) after SRI of PBS (a) or AβOs (b). The injection site 

is identified by characteristic stellate pattern in the RPE (white arrow), which corresponds 

to the region where the needle touches the RPE. The surrounding area is examined, and 

higher-magnification images are acquired and analyzed. Scale bars, 10× (200 μm), 20× (100 

μm) and 60× (50 μm). AβO, amyloid-beta oligomers. Figure reproduced with permission 

from ref. 15.
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Fig. 7 ∣. Follow-up of successful and improper SRI of PBS.
a, After successful SRI of PBS, the retina reattaches as early as day 1 as visualized on OCT 

(left). On day 7, fundus photography showed no RPE degeneration, and OCT and confocal 

images of ZO-1-immunostained RPE flat mounts (red, right) at lower (10× and 20×) and 

higher magnification (60×) of the same eye showed normal RPE cellular architecture. 

b, After improper SRI, a bullous retinal detachment was observed intraoperatively. OCT 

showed RPE and outer retinal changes as early as day 1. On day 7, fundus photos showed 

areas of hypopigmentation, and OCT and confocal images of ZO-1-immunostained RPE 

flat mounts showed distorted RPE cellular architecture. c, An improper injection technique 

could also cause injection-related RPE degeneration, even flattening of the bleb. In this case, 

the injection needle has entered the subretinal space. Blue triangles indicate the site of the 

injection. Scale bars, 10× and 20× (100 μm), 60× (50 μm) for ZO-1 and 100 μm for OCT 

scans.
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Table 1 ∣

Examples of positive and negative controls

Suggested mass Suggested
volume

Suggested
observation
timepoints 
(d)

RPE degeneration
observed (d)

Solute

Positive controls

 AAV1-BEST1-Cre in Dicerf/f mice7 1011–1012 

p.f.u./ml
0.3–1.0 μl 14 Start from day 10–

14
10× PBS, ddH2O

 AAV2-hRPE(0.8)-iCre-WPRE in Dicerf/f 

mice57
1011–1012 

p.f.u./ml
0.3–1.0 μl 14 Start from day 10–

14
10× PBS, ddH2O

 AβOs15 1 μM, 1 μl 0.5–1.0 μl 7 Start from day 5 10× PBS, ddH2O

 Alu RNA8,23 300 ng 0.5–1.0 μl 7 Start from day 5 10× PBS, ddH2O

 B2 RNA58 225 ng 0.5–1.0 μl 7 Start from day 5 10× PBS, ddH2O

 Cholesterol-conjugated B1/B2 antisense 
oligonucleotides7

2 μg 0.5–1.0 μl 7 Start from day 7 10× PBS, ddH2O

 Cholesterol-conjugated Dicer1 siRNA 
in vivo14, Dicer1 siRNA: 
sense, CUCUGUGAGAGUUGUCCdTdT; 
control siRNA: sense, 
UAAGGCUAUGAAGAGAUdTdT)

1 μg 0.5–1.0 μl 7 Start from day 7 10× PBS, ddH2O

 Cr (VI)13 20 nM, 1 μl 0.5–1.0 μl 7 Start from day 5 10× PBS, ddH2O

 Cu (I)13 5 nM, 1 μl 0.5–1.0 μl 7 Start from day 5 10× PBS, ddH2O

 Fe (III)13 20 nM, 1 μl 0.5–1.0 μl 7 Start from day 5 10× PBS, ddH2O

 Plasmid expressing Alu sequences 
(pAlu)11,14

300 ng 0.5–1.0 μl 7 Start from day 7 10% Neoportor 
(Genlantis), 
OPTI, and 10× 
PBS mixture

Negative controls

 AAV1-BEST1-GFP7 1011–1012 

p.f.u./ml
0.3–1.0 μl 14 – 10× PBS, ddH2O

 AAV2-CMV-Null57 1011–1012 

p.f.u./ml
0.3–1.0 μl 14 – 10× PBS, ddH2O

 Empty-control vector (pNull)11,14 300 ng 0.5–1.0 μl 7 – 10% Neoportor 
(Genlantis), 
OPTI, and 10× 
PBS mixture

 PBS;7,8,13-15,23 refer to Step 1 for details – 0.5–1.0 μl 7 – 10× PBS, ddH2O
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Table 2 ∣

Troubleshooting table

Step Problem Possible reason Solution

6 Pupils are not 
dilated enough

Drop of tropicamide has dripped out Place an additional drop of tropicamide on the eye, and ensure that 
the mouse does not remove it from the eye

7 Cataract 
development

Use of xylazine–ketamine mixture for 
anesthesia

Use Avertin as an anesthetic

Death of mice Anesthetic overdose
Hypothermia

Single injection of Avertin should be sufficient
Use temperature therapy pad

Insufficient 
anesthesia

Incorrect dosage of anesthetic agent; 
lack of experience

Weigh the mice precisely
Calculate the drug delivered accurately
Avoid air bubbles when aspirating the anesthesia drug

13 Hydrogel slips 
from the ring circle

The concentration of the liquid gel 
is too low. We do not recommend 
standard artificial tears (0.25% of 
carboxymethylcellulose)
The height and diameter of the ring 
does not match the cornea

1% carboxymethylcellulose sodium is recommended. Adjust the 
diameter of the ring to match the corneal diameter
For 6- to 8-week-old mice, a ring of 3 mm diameter and 1.5 mm 
height is recommended

14 The optic nerve 
cannot be clearly 
seen

Mouse is incorrectly positioned
Needle touches the lens and causes 
cataract

Adjust the position of the mouse on the head rest
Avoid damaging the lens when advancing the needle
To create the sclerotomy, do not introduce the full length of the 30 G 
needle

15 Bleeding from the 
sclerotomy

Rupture of the vasculature around the 
limbus

Avoid puncturing the blood vessel
In most circumstances, the bleeding will stop by itself
Gently wipe off the blood with a sterilized swab and continue the 
procedure if the bleeding is not intense (without blood flows into the 
eye cavity)

17 Subretinal space is 
not established

The reagent is delivered in the vitreous 
cavity or retina instead of the subretinal 
space

The angle between the needle and the retina should be 45° or less
Optimize the microscope settings so that the wave of the reagent 
opening the subretinal space can be clearly seen
Visualization of the RPE brownish pigmentation in the retinotomy 
site is a good sign there is full-thickness retinotomy

The inner limiting membrane (ILM) or 
retina tissue obstructs the tip of the 
needle

Withdraw the tip a little bit to avoid/release the ILM or other retinal 
tissue in the needle lumen, and then advance the needle near to the 
retinotomy site again

Liquid reflux Visualization of a small fluid wave when injecting is a good sign of 
liquid delivery
OCT examination after injection in the training periods

Intraoperative 
subretinal/vitreous 
hemorrhage

Injury to retinal or choroidal blood 
vessel

It is essential to use a hand rest to support the surgeon’s hand and the 
syringe to ensure stability during the injection
Avoid touching the retinal vessel
Avoid excessive pressure. Gentle pressure is sufficient to create a 
retinotomy
If retinal bleeding is detected, exclude the eye from the analysis

19 Bullous retinal 
detachment is 
observed

The retinal detachment is too large, 
causing RPE degeneration

Avoid a large retinotomy by controlling hand stability
Create an angulated retinotomy. The angle between the needle and 
the retina should be 45° or less
Press the syringe plunger gently and slowly, giving time for the fluid 
to accommodate into the subretinal space
Avoid intraocular pressure fluctuation during the procedure 
as intraoperative hypotony (large sclerotomy size or extensive 
manipulation) can increase the extent of retinal detachment

20 Postoperative 
infection

Contamination of the needle, syringe or 
reagents delivered

Sterilize the needle and syringe
All the agents delivered should be prepared in a sterile environment
PBS should be made fresh and used as a negative control to check 
any contamination

Antibiotic ointment not used Rapidly apply antibiotic ointment after the surgery

21 The solution is not 
injected into the 
vitreous

The solution enters the lens instead The needle should enter into the eye at a 60° angle or more, and if 
the lens is damaged, the injection should be aborted
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Step Problem Possible reason Solution

Wound leak from 
the sclerotomy

The needle has been taken out of the 
eye too early or too fast

Wait 20–30 s before taking the needle out of the eye

The total volume of injection was too 
high

Do not inject more than 1 μl into the vitreous cavity
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