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Purpose: Intravitreal injection of adeno-associated virus (AAV) vectors is a good approach for transducing retinal
ganglion cells (RGCs) in mice. It allows for high transduction efficiency and is relatively specific to RGCs. To deliver
vectors, most studies use a transscleral approach that can have potentially negative effects, causing damage to the lens
or retina. We optimized the intravitreal injection method using a transpupillary approach to minimize ocular damage
and efficiently transfect RGCs.

Methods: C57BL/6J mice were anesthetized, and their irises were dilated. The eyeball was held with forceps while a
small, full-thickness incision was made halfway between the center and periphery of the cornea. Using a bent 35-gauge
blunt needle, the tip was navigated through the incision across the anterior chamber to reach the distal aspect of the pupil.
The needle was inserted through the pupil, swept around the lens, and entered the vitreous, delivering expression vec-
tors containing cytomegalovirus (CMV) promoter-driving green fluorescent protein (A AV-CMV-GFP) into the vitreous
chamber. Fourteen days after injection, live fluorescent fundus images were taken, followed by immunostaining for GFP.
Results: With the improved injection technique, the lens remained clear and undamaged. Fundus imaging and GFP
staining showed that over 90% of the mouse retinas sustained no visible damage. Retinas injected via the transpupillary
approach also exhibited GFP transduction throughout the ganglion cell layer.

Conclusions: Transpupillary intravitreal injection reduces the potential risk compared to the transscleral approach, offer-
ing a promising and efficient method for delivering reporter genes to RGCs and ensuring high levels of gene expression
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without damage to the lens or retina.

The eye and retina provide a unique model system for
studying the effects of genetic manipulation in neurons.
The output cells of the retina are the retinal ganglion cells
(RGCs), which are neurons that sit on the inner surface of
the retina adjacent to the vitreous chamber of the eye [1,2].
RGC:s project their axons down the optic nerve to transmit
visual information from the retina to the brain [1,3]. Thus,
distinct compartments allow a unique opportunity to deliver
treatment to the RGCs via the vitreous and to monitor the
effects of the treatment on axons within the optic nerve and
terminal fields of RGCs in the brain. The normal function
of RGC:s is critical for maintaining vision, and injury to the
RGCs or diseases such as glaucoma or optic neuropathies
[4] can lead to vision loss. Intervening in the disease process
of neuronal degeneration using genetic therapies can lead
to RGC survival, potentially preserving or restoring vision.
One approach to treating RGCs is to transduce these cells
via injections of recombinant adeno-associated viral (AAV)
vectors into the vitreous.
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AAV has become the favored vehicle for transducing
RGCs with recombinant genes or antisense vectors [5]. As a
delivery system for small viral vectors, AAVs are preferred
in rodent studies due to their nonreplicating nature, low
immunogenicity, and high titer. These viral particles can
be injected into the eye with minimal complications [6,7].
This approach is used to overexpress genes within RGCs
[8], knock down specific genes using shRNA [9], or mark
transduced cells with reporter genes [5]. Intravitreal injection
is a preferred method due to its high transduction success and
specific selectivity for RGCs in various animal models [9-11],
including rodents [4,12]. Most studies use a transscleral
approach to intravitreal injection. In this commonly accepted
procedure, a needle with a beveled tip is inserted through the
sclera 1 mm below the limbus into the vitreous cavity [13,14].
While this procedure offers an easy approach and is effective
for AAV delivery, some obvious inherent risks are associated
with it, including potential injury to the lens or the retina.
Damaging the lens during the execution of these studies can
cause changes in gene expression [15], affect RGC develop-
ment, or alter the RGC’s response to insults and injury [16].
Injury in the retina may result in changes in gene expression
or bleeding, which can significantly impact the experimental
results.


http://www.molvis.org/molvis/v31/1

Molecular Vision 2025; 31:1-9 <http://www.molvis.org/molvis/v31/1>

Timmers et al. [17] described a transcorneal injection
route into the eye of the rat. We have used this approach
to deliver plasmids into the subretinal space aided by elec-
troporation [18—20]. In this report, we demonstrate that an
improved transpupillary approach for intravitreal injection
minimizes damage to the eye and efficiently transfects RGCs.
This method offers an alternative technique for transfecting
RGCs in the mouse model, especially for those requiring the
maintenance of an intact retina. We present photomicrographs
and a schematic diagram of this procedure so that others can
readily learn and repeat our approach.

METHODS

Mice: All procedures involving animals were approved by the
Animal Care and Use Committee of Emory University and
were in accordance with the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research. C57BL/6J
mice (The Jackson Laboratory, Strain #000664, n=7) were
purchased from the Jackson Laboratory. All animals were
housed in the standard 12h:12h light—dark cycle and were
given standard mouse chow and water ad libitum.

AAV vector production: We used an AAV?2 vector to express
green fluorescent protein (GFP) under the cytomegalovirus
promoter (AAV-CMV-GFP). The virus titer was 1.2x10"?
genome copies per milliliter. All plasmids were made at
Emory Integrated Genomic Core and were packed into AAV
at Emory Viral Vector Core.

Transpupillary intravitreal injection:

Preparing the needle— The top 5 mm of the NanoFil
35G blunt needle (NF35BL-2, World Precision Instruments,
Inc., Sarasota, FL) was bent to 30° (Appendix 1), making it
easier to go around the lens in the following steps. The needle
was attached to a Hamilton syringe (NanoFil 10 pl, World
Precision Instruments, Inc., Appendix 1), and the syringe was
carefully filled with 70% ethanol and thoroughly flushed out,
deeply cleaning the syringe. Following the 70% ethanol, the
needle was rinsed with phosphate-buffered saline (PBS).

Preparing the mice —C57BL/6J mice were deeply
anesthetized with intraperitoneal injections of 100 mg/kg
ketamine (Cat. #VINV-KETA-OVED, Vedco Inc., Saint
Joseph, MO) and 10 mg/kg xylazine (AnaSed; NCD 46066-
750-02, Pivetal, Greeley, CO), followed by 0.5% proparacaine
eye drops (Cat. #24208—730—06, Bausch and Lomb, Roch-
ester, NY) as local anesthesia. Pupils were dilated with 1%
tropicamide drops (Cat. #17478—102—12, Akorn, Inc., Lake
Forest, IL). Each mouse was placed on a heating pad (39 °C)
during the surgery.
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The following steps were taken to perform the transpu-
pillary intravitreal injection:

1) The globe of the eye was held with forceps (HSC
702-93, Karl Hammacher (Solingen, Germany; Appendix
1) while a small, full-thickness incision was made using a
28-gauge needle halfway between the center and periphery
of the cornea. The needle’s bevel was oriented downward to
minimize the risk of lens damage (Figure 1A-B).

2) The needle was retracted, and aqueous humor was
allowed to flow out. A sterile cotton-tipped applicator was
used to absorb the liquid.

3) A bent 35-gauge blunt needle (prepared previously)
was attached to a Hamilton syringe and then preloaded with
2 ul of the injection solution. The needle was inserted through
the incision (Figure 1C), avoiding puncturing the other side of
the eye or damaging the lens. The tip of the needle was moved
through the anterior chamber to the distal aspect of the pupil
(Figure 1D). The needle passed through the pupil beneath the
iris, sweeping around the lens (Figure 1E) and then into the
vitreous chamber (Figure 1F). A schematic diagram of the
procedure is provided in Figure 2.

4) At this point, 2 pl of cytomegalovirus promoter
driving green fluorescent protein (AAV-CMV-GFP) was
delivered into the vitreous chamber. The needle was then
slowly removed.

5) Antibiotic ointment was applied to the eye. Following
injection, the mouse was left on a heating pad until it fully
recovered from anesthesia and then returned to a clean cage
when it was fully awake. A video of the procedure can be
found here (Appendix 2).

Advice for successful injection: It is very important to ensure
that the needle is placed in the correct anatomic location
before performing the injection. The needle must be care-
fully swept close to the lens. After the tip of the needle
passes through the suspensory ligament of the lens, it is
pushed approximately 1 mm further to place the needle tip in
the vitreous chamber. At this point, the needle tip is clearly
visible across the lens under a microscope. When the needle
has passed beneath the lens and reached the middle of the
pupil, as seen through the microscope (Figure 1F), it is in the
correct position for the injection.

Spectral domain optical coherence tomography (SD-OCT):
Fourteen days after injection, fluorescent fundus imaging
was conducted on the live mice. The mice were anesthetized
as previously described. Once anesthetized, proparacaine and
tropicamide eye drops were administered to provide topical
anesthesia and to dilate the pupils. A Micron IV SD-OCT
system with a fundus camera (Phoenix Research Labs,
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Pleasanton, CA, USA) was used to obtain fundus photographs
for both eyes. Each mouse was placed on the OCT platform,
and its head was adjusted to properly align with the camera
lens. Topical Optixcare Eye Lube (Aventix Animal Health,
Burlington, ON, Canada) was applied to the cornea before
imaging. The focus and brightness were adjusted until the
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fundus became visible on the computer screen. Bright-field
images were taken once the fundus was clear, with the optic
nerve centered. To see the fluorescence, the filter and exciter
knobs were set for GFP.

Immunohistochemistry: After live imaging, the mice were
perfused through the heart with saline, followed by 4%

Figure 1. Transpupillary intravitreal injection technique. A—B: Make an incision in the cornea using a 28-gauge needle with the bevel oriented
downward. C-D: Insert a bent 35-gauge blunt needle attached to a syringe preloaded with injection solution through the incision to enter the
pupil. E-F: Sweep the needle around the lens beneath the iris to reach the vitreous chamber and then inject the solution.
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TABLE 1. LIST OF ANTIBODIES USED IN THIS STUDY.
Antibodies Dilution SOURCE IDENTIFIER
Rabbit anti-POU6F2 1:500 MyBiosource Cat. #MBS9402684
Rabbit anti-BRN3A 1:500 Synaptic Systems Cat. #411003
Chicken anti-GFP 1:500 Millipore Sigma Cat. #AB16901
Donkey anti-rabbit, Alexa Fluor 594 conjugated 1:1000 Jackson Immunoresearch Cat. #711-585-152
Donkey anti-chicken, Alexa Fluor 488 conjugated 1:1000 Jackson Immunoresearch Cat. #703-545-155

paraformaldehyde in phosphate buffer (pH 7.3). The eyes
were removed, and the retinas were dissected out and shaped
into a cloverleaf pattern with four quadrants. Flat mounts of
the retina were prepared for staining using a protocol similar
to that previously described [21]. All antibodies and dilutions
used are listed in Table 1.

The retinas were blocked in 3% bovine serum albumin
(BSA) and 3% donkey serum in 0.5% Triton X-100 in phos-
phate buffered saline (PBS) for 1 h. The retinas were stained
with a combination of antibodies, which has been reported to
serve as a pan-nuclear RGC marker [21,22]. These included
rabbit anti-POUG6F?2 at 1:500 and rabbit anti-BRN3A at 1:500.
The retinas were also stained with chicken anti-GFP at 1:500.
After staining with the primary antibodies for two nights at
4 °C, the retinas were rinsed three times in PBS with 0.1%
Tween-20 (PBST) at room temperature. The retinas were
then incubated with the corresponding secondary antibodies.
These included Alexa Fluor 488 (Goat-Anti-Chicken IgY

[H'L]) and Alexa Fluor 594 (Goat-Anti-Rabbit IgG [H'L])
at 1:1000 at 4 °C overnight. After three rinses in PBST, the
retinas were placed on glass slides, and coverslips were
placed over the retinas using Fluoromount-G (Cat. #0100—01,
Southern Biotech, Birmingham, AL). All retinal flat mounts
were imaged using a Nikon Eclipse Ti2 microscope (Nikon,
Inc., Melville, NY) with a Nikon AIR confocal imager
(Nikon, Inc., Melville, NY).

RESULTS

In this study, the retinas injected via the transpupil-
lary approach demonstrated effective vector distribution
throughout the ganglion cell layer (Figure 3A), which is
critical for accurately assessing the impact of gene delivery
on retinal function. Five of the 14 retinas had more than 90%
of the ganglion cell layer surface with transduced RGCs,
indicating that the transduction had spread across most of

Figure 2. I1lustration of the transpupillary method of intravitreal injection in the mouse eye, with a beveled needle inserted into the vitreous
space through a punctured incision in the cornea. The length of the needle is not drawn to scale.
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Figure 3. Immunostained retinal flat mount. A: Representative retinal flat mount showing strong GFP expression throughout the entire
retina. B: Some GFP-positive cells exhibit the dendritic morphology typical of RGCs and have an axon extending from the cells to the optic
disc, confirming their identity as RGCs. C—E: Immunostaining the retina with GFP, BRN3A, and POU6F2, indicating that virtually all the
GFP-positive cells are RGCs. Scale bar in A = 500 um. Scale bar in B-E = 50 pm.

the retinal surface. Only one retina had less than 50% of the
retinal surface with transduced RGCs.

Transpupillary intravitreal injection effectively transduces
RGCs: We took confocal images of retinal whole-mounts
with a 20X magnification to image a 1024x1024 pixel area,

with a resolution of 0.62 um/pixel. The retinal whole-mount
images showed extensive, strong GFP expression throughout
the entire retina 14 days following injection (Figure 3A).
Several cells had typical RGC dendrite morphology (Figure
3B). Many had axons extending to the optic disc (Figure 3A),
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Figure 4. Representative fundus images of the same retina 14 days after injection of AAV-CMV-GFP. A is an image taken under bright
light illumination. B represents the image with GFP signal only. Features in the retina are labeled as follows: BV = blood vessels, ONH =
optic nerve head, and RGCs = retinal ganglion cells. The images have been enhanced using the sharpen tool on Adobe Photoshop. Scale

bar =200 um.

confirming their identity as RGCs. When stained with a
combination of BRN3A and POU6F2, which should represent
virtually all RGCs [21], we found GFP-positive cells were
mainly RGCs (Figure 3C-E).

Transpupillary approach reduces the risk of damaging the
lens or retina: Unlike the conventional transscleral method,
in which a sharp needle is used to penetrate the sclera to inject
directly into the vitreous, our improved approach employed a
sharp needle only to make an incision in the cornea. A blunt
needle was used in the following steps, minimizing the risk of
damaging the lens and avoiding puncturing the retina. After
the transpupillary injection procedure, the lens remained
clear and appeared undamaged. Fundus bright-field imaging
(Figure 4A) and GFP fluorescence filter images (Figure
4B) were clear, which indirectly confirmed that the cornea

and lens had no opacification. It is worth mentioning that,

sometimes, the fluorescence fundus image did not correlate
with the immunostaining image; that is, less fluorescence
was observed in the fundus image compared to the immu-
nostained flat mounts. Most (over 90%) of the retinas showed
no visible damage to the lens or retina. None of the mice had
retinal detachment or vitreous hemorrhage. Only one out of
14 retinas displayed minor damage, likely due to the blunt
needle being inserted too deeply and hitting the retina. The
cornea remained clear; no haze was observed around the site

of the injection.

Potential pitfalls and trouble shooting: We have encountered
a few problems when performing this procedure. Most of
these issues are not severe and can be overcome with prac-
tice. Overall, the procedure is easy to learn. Table 2 outlines
some of the challenges that we have encountered with this

technique, along with suggestions to resolve these problems.

TABLE 2. PITFALLS AND TROUBLE SHOOTING.

Problems Probable cause

Suggestions

Localized

cornea haze Repeated cornea injection

Bleeding Traumatizing iris blood vessel

iris.

Cloudy lens Nicking lens capsule

Retina damage  Penetrating the retina

retina.

Air bubbles Syringe not degassed

When multiple injections are needed, try to use the same incision site each time.

Make sure the pupil is fully dilated. Sweep close to the lens to avoid injuring the

Avoid touching the lens with needle tips.

When the needle is in the vitreous, avoid pushing the needle too far toward the

Flush thoroughly with ethanol and PBS before filling with vector solution. Degas
the solution in the syringe.
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DISCUSSION

Mouse models of human retinal diseases are commonly used
to develop genetic therapies [23]. In this study, we used a
recombinant AAV2-CMV-GFP virus in a mouse eye model
via intravitreal injection. AAV2 has been widely researched
and commonly employed in clinical trials due to its effective-
ness [24-26]. AAV2-mediated gene delivery can transduce
more than 95% of RGCs [27]. When the genes of interest
were packaged into AAV2 backbone constructs, the transfec-
tion efficiency for these new vectors was the same as the
AAV2-GFP, which was tested previously [28]. This study
introduces a novel approach to intravitreal injection that uses
a transpupillary method instead of the conventional trans-
scleral method.

The conventional method involves scleral injection,
which can be safe and efficient but has potential disadvan-
tages. These include traumatic cataract and vitreous hemor-
rhage, similar to the complications observed in clinical intra-
vitreal injections in humans [29]. Additionally, even with a
small-needle sclerotomy, there is a risk of vector, medication,
or vitreous escaping the eye or entering the subretinal space,
leading to retinal detachment [30,31]. The resulting opening
can be a potential entry point for bacteria [32]. Although the
incidence of these complications is low, caution is warranted,
particularly in experimental mouse models. Mice have large
round lenses, making them more susceptible to injury during
transscleral intravitreal injection. In our previous study, we
used AAV to induce regeneration of RGC axons down the
optic nerve [28], which requires multiple injections into the
vitreous space in one mouse. Multiple injections can cause
repeated damage to the retina, sclera, or lens, leading to
changes in gene expression that complicate the ability to
clearly define the effects of the experimental treatment. Using
the transpupillary approach described in this study decreases
the potential for confounding effects of ocular injury.

Frequent transscleral intravitreal injections have been
associated with complications, including infection and
vitreous hemorrhage [33]. In the mouse model, retinal
hemorrhage after injection can occur. Some mice showed
mild bleeding around the injection site at the sclera [34].
Our improved transpupillary approach eliminates the risk of
posterior-segment bleeding since we do not make an incision
through the sclera or retina. The only risk of hemorrhage
occurs when the iris is accidentally touched. However, this
can be easily controlled with practice. Overall, this procedure
is easy to learn and master.

Conclusions: We describe a novel method for transducing
RGCs using AAV via a transpupillary injection approach. The
advantages of the transpupillary approach are that it reduces
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the impact of confounding variables on experimental data
compared to the transscleral approach. This method repre-
sents a promising and efficient method of delivering reporter
genes to RGCs, creating conditions for high levels of gene
expression without damage to the lens or retina.

APPENDIX 1. SUPPLEMENTAL FIGURE 1.

To access the data, click or select the words “Appendix 1.”
Images of instruments used in this study. A: 35G blunt-ended
30 degree bent needle. B: NanoFil 10 pl Hamilton syringe
with attached 35G blunt needle. C: Forceps with 3mm round
ring tip used for holding the eyeball.

APPENDIX 2. VIDEO.

To access the data, click or select the words “Appendix 2.”
Demonstration of transpupillary approach of intravitreal
injection in the mouse eye.
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