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Preface

Retinal ganglion cells (RGCs) are responsible for propagating visual stimuli to the brain, and
their axons make up the optic nerve. For many traumatic and degenerative blinding diseases,
including glaucoma and traumatic optic neuropathy, the loss of RGCs is their characteristic
feature. RGCs and the optic nerve are also part of the central nervous system (CNS), and the
study of CNS disease and trauma (brain/spinal cord injury) very often begins with RGCs, a
reliable, easy to use model of CNS damage. It is thus clear that a good understanding of the
methods and techniques employed when culturing, manipulating, quantifying, and func-
tionally assessing RGCs is necessary when trying to better understand these diseases and /or
develop novel therapies. The current volume delivers on this necessity, providing the reader
with exhaustive and detailed protocols for the study of RGCs at both the in vitro and in vivo
level, including the culture of rodent and human cells, and immunohistochemical, morpho-
logical, and functional assessments of various in vivo models of RGC death.

Cardiff, UK Ben Mead
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Isolation and Culture of Primary Retinal Ganglion Cells from
Rodent Retina

Esmahan Durmaz, Matyas Kutnyanszky, and Ben Mead

Abstract

Primary retinal ganglion cell (RGC) cultures are widely used for evaluating the neuroprotective and
neurogenic effects of candidate compounds. The axons of RGCs make up the optic nerve and are
responsible for transmitting electrochemical signals to the brain. As the retina is an outgrowth of the
brain, both it and the optic nerve are part of the central nervous system (CNS). In the process of culturing
RGC, the eye and retina are dissected, meaning the RGC, disconnected from the brain, degenerate without
intervention due to the traumatic damage they have endured. Therefore, this in vitro model is invaluable for
investigating the CNS therapeutics. Here, we present a protocol for the isolation and culture of primary
RGCs from rodent retina.

Key words Retinal ganglion cells, Retinal culture, Neuroprotection, Retina, Cell culture

1 Introduction

Retinal ganglion cells (RGCs) are affected by various eye condi-
tions, including glaucoma, which leads to vision impairment. To
test pharmacological interventions in vitro or investigate mechan-
isms underlying these eye conditions, retinal cell cultures, cell lines,
retinal organoids, and organotypic retinal explants are used
(detailed in other chapters), with each method having their own
strengths and weaknesses. Retinal organoids can be generated
through the differentiation of embryonic/induced-pluripotent
stem cells through modulation of various signalling pathways,
including TGFB, Wnt Nodal, and BMP. While they are an alterna-
tive to primary cell culture, the RGCs are unable to complete full
maturation so it is unknown how true to RGC these organoids are
and the many subtypes that exist in adult retina [1]. Another alter-
native, organotypic retinal explant, offers the investigation of the
interaction between RGCs and other cell types. However, it does
not allow the wide number of treatment conditions that retinal

Ben Mead (ed.), Retinal Ganglion Cells: Methods and Protocols, Methods in Molecular Biology, vol. 2708,
https://doi.org/10.1007/978-1-0716-3409-7_1,
© The Author(s), under exclusive license to Springer Science+Business Media, LLC, part of Springer Nature 2023
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Fig. 1 Schematic overview of the retinal ganglion cell culture protocol

cultures allow. Additionally, retinal explant requires an advanced
dissection procedure compared to primary RGC culture. Com-
pared to other methods, primary RGC culture is a simple system
to set up and test candidate therapeutics. There is no alternative cell
line available. Previously, the rat RGC-5 cell line was proposed as an
alternative to primary RGC culture, however these were later found
to have been mischaracterized and are instead a mouse photorecep-
tor cell line 661 W [2]. Primary RGC cultures have been used to
evaluate the neuroprotective properties of various novel drugs [ 3—
6] and are a suitable assay before in vivo assessments are pursued. As
axotomy is part of the RGC culture, RGC are expected to die
rapidly in culture of 72 h, as well as attempt to regenerate their
axons. The proposed method (shown schematically in Fig. 1) is a
heterogeneous culture that aims to replicate the multicellular envi-
ronment of the retina. Approximately 70% of the cells will be
neurons (neurofilament”) and less than 10% are RGC (Thyl™)
[6]. To visualize surviving /regenerating RGCs, immunocytochem-
istry is used with primary antibodies directed against p-III-tubulin.

2 Materials

See Table 1 for recommended storage conditions.

1. Papain Dissociation System (Worthington Biochemical Corpo-
ration, Cat. # LKO03150). Kit contains: Earle’s Balanced Salt
Solution (EBSS), papain, albumin ovomucoid inhibitor, and
DNase I

2. Supplemented Neurobasal-A: 24.2 mL of Neurobasal-A,
500 pL of B27 supplement, 62.5 pL. of 200 mM L-glutamine
and 125 pL of gentamycin

3. Phosphate-buffered saline (PBS)
4. 0.1 mg/mL Poly-D-Lysine (PDL; dilute in PBS if necessary)
5. 20 pg/mL Laminin (dilute in PBS if necessary)
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Storage conditions of reagents used in this protocol

Reagent name

Storage condition/duration

PDL

Laminin
Dissolved Papain
Dissolved DNase I
EBSS

—20 °C for 1 year/working conc 8 °C for 1 month
—80 °C for 1 year/working conc 8 °C for 1 month
—20 °C for 1 year/reconstituted —20 °C for 4 months
—20 °C for 1 year/reconstituted 8 °C for 4 months

—20 °C for 1 year/reconstituted 8 °C for 4 months

Albumin ovomucoid inhibitor —20 °C for 1 year/reconstituted 8 °C for 4 months

B-27 supplement
L-Glutamine
Neurobasal-A

Supplemented neurobasal-A

—20 °C for 1 year (refer to use by date)
—20 °C for 1 year (refer to use by date)
8 °C for 1 year (refer to use by date)

8 °C for 2 weeks

6. 50 ng/mL Neurotrophic factor (e.g., brain-derived neuro-

trophic factor, ciliary neurotrophic factor) to act as a positive
control

7. Adult rats (100-200 g)
8. 8-well cell culture chamber slides
9. 37 °C CO, incubator

10. Dissecting microscope, forceps, and spring bow scissors

11. 15- and 50-mL falcon tubes

12. Centrifuge

13. 70% ethanol

14. Sterile pipets

15. 4% paraformaldehyde

16. Blocking buffer: 3% bovine serum albumin and 0.1% triton

17.

18.

19.
20.
21.
22.

x-100 in PBS

Antibody diluting buffer: 3% bovine serum albumin and 0.05%
tween-20 in PBS

1 mg/mL B-III-tubulin monoclonal antibody (used at 1:500
dilution)

Fluorescent secondary antibody
Mounting media with DAPI
Coverslips

Fluorescent microscope
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3 Methods

3.1 Preparation of All steps are carried out under sterile conditions.

Slides 1. Add PDL solution to each well /chamber (enough to cover the

bottom ~300 pL in 8 well chamber slides), and incubate for 1 h
at room temperature under sterile conditions. Wash 3 times
with sterile PBS (see Notes 1 and 2).

2. Add laminin solution to each well /chamber (enough to cover
the bottom ~300 pL in 8 well chamber slides), and incubate for
30 min at room temperature. Wash 3 times with sterile PBS.

3.2 Dissection of the  All experiments were performed under the United Kingdom Ani-
Retina mals (Scientific Procedures) Act 1986.

1. Euthanize animal using an appropriately ethical technique, and
remove eyes before placing them in Neurobasal-A media for
short-term transport (see Note 3).

2. Under a dissection microscope, puncture the cornea using a
sterile needle, 1-2 mm anterior to the limbus (Fig. 2; see
Note 4).

Fig. 2 Schematic illustration of retina dissection. (a) The eyeball is removed from the rat cadaver and placed
into a petri dish with media under a dissection microscope. (b) The eye (cornea) is punctured with a needle. (c)
One blade of the scissors is positioned in the puncture hole and used to cut alongside the circumference of the
cornea. (d) The anterior (cornea) and posterior (eye cup) segments are separated. (e) The retina is peeled from
the eye cup and separated from the sclera. (f) Three distinct structures (retina, eye cup (sclera), and lens)
should remain, allowing the retina to be taken without any contamination from the other ocular tissues
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. Put one blade of the scissors through the hole made, and cut

around the circumference of cornea. Remove the cornea and
lens, leaving behind an eye cup.

. Gently peel the retina from the eye cup using closed forceps.

The eye is connected at the optic nerve and will need cutting or
tearing.

. Reconstitute papain with 5 mls EBSS, aliquot into 1.25 mls,

and incubate at 37 °C for 10 min. One aliquot is needed per
2 retinae. Aliquots can be stored at —4 °C if not used.

. Reconstitute DNase I with 500 pls EBSS.
. Add 62.5pls of DNase I solution into 1.25 mL of papain.

. Place retina into digestion solution prepared in previous steps,

mince retina and incubated for 90 min at 37 °C (see Note 5).

. After the 90 min incubation, centrifuge the tube containing the

retina and digestion solution at 300x g for 5 min. During the
centrifugation, prepare a solution containing 1.35 mL EBSS,
150 pL reconstituted albumin ovomucoid inhibitor, and 75 pL
DNase I.

. Gently discard the supernatant and resuspend the pellet in the

solution created during the previous step.

. To form a discontinuous density gradient, prepare a falcon tube

containing 2.5 mL of albumin ovomucoid inhibitor and care-
fully add the retinal suspension by slowly adding to the inner
wall of the tube while it is held at a 45-degree angle.

. Centrifuge the discontinuous density gradient at 70 g for

6 min.

. Remove the supernatant, and resuspend with 1 mL of supple-

mented Neurobasal-A. As the cellular debris clusters at the
boundary between the 2 solutions, it is ideal to remove the
supernatant through pipetting rather than pouring.

. Count cells.
. Plate cells so that each well contains 125,000 cells and 300 pL

of supplemented Neurobasal-A medium. This seeding density
is appropriate for 8-well chamber slides (0.7cm?), alternative
plates should be scaled up appropriately (see Note 6).

. Add the treatments of interest (se¢ Note 7) to the appropriate

wells, and incubate for 72 h at 37 °C and 5% CO,. Three
technical repeats per treatment group are recommended.
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3.6 Assessment of
RGG CGulture for
Neuroprotection and
Regeneration

Incubation
with primary
antibody

Blocking

Incuba
with secondary
antibody

Visualization

Fig. 3 Fundamental steps of immunocytochemistry

1

. After 72 h in culture (see Note 8), pour oftf media and fix in 4%

paraformaldehyde for 10 min (workflow is shown schematically
in Fig. 3).

. Wash (3 x 5 min with PBS), block for 20 min in blocking

buffer and then incubate with primary antibody (Stock 1 mg/
mL p-III-tubulin (see Note 9), used at 1:500; diluted in anti-
body diluting buffer) for 1 h at room temperature.

. Wash (3 x 5 min with PBS), incubate with an appropriate

secondary antibody (diluted in antibody diluting buffer) for
1 h, wash a final time as before and add mounting media (with
DAPI) and cover with a glass coverslip.

. RGC are quantified (both total number and the number regen-

erating a neurite), using a fluorescent microscope (see Note
10), typically in the entire well (see Fig. 4 for example of their
typical phenotype). Comparisons between RGC counts in
untreated control and positive control can then be drawn. If
no or few RGC are seen in the well (see Note 11), refer to
Table 2.

Alongside survival and the number of regenerating neurites,

regeneration length can also be measured. Typically, 9 neurites are

measured per well, taking the longest neurite from each region of
the well as if it was divided into a 3 x 3 grid.

5.

Download and install Fiji https: //fiji.sc/. Open Fiji and under
the tab “Help,” click “Update.”


https://fiji.sc/
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Beta-Ill tubulin

Fig. 4 Morphology of RGCs after 3 days. This cell type typically exhibits a slightly
elliptical shape with some of them having neurite outgrowths

6.

10.

11.

12.

Click Manage Update Sites and tick the “Neuroanatomy“up-
date site before applying changes. This will install the plugin
“SNT” or “Simple Neurite Tracer.”

. Under the tab “Plugins” go to “Neuroanatomy” and “SCT”

and open the plugin.

. In the SNT plugin window that has opened, click File, choose

tracing image, and open the file for tracing,

Images should ideally be black and white, but if RGB, choose
the options tab in SNT and ensure the correct color channel is

chosen for the tracing (e.g., channel 2 for beta III tubulin if
channel 1 is DAPI).

Using the cross hairs, click at the beginning of the neurite and
then at the end. The neurite will be traced automatically. Click
Finish.

When finished tracing all your neurites, click “Show Path
Manager” and highlight all your paths/neurites in the window
that opens, before clicking “Analyze,” “Measurements,”
“Measure Paths.” Tick “Length” and click “Okay.”

For the length to be displayed in the correct units, Fiji must be
calibrated to your specific microscope magnification. To do
this, open an image in FIJT (not SCT) with the same magnifi-
cation of the images with the neurites that you will be
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Table 2
List of possible issues, reasons, and solutions

Cell culture

issue Reason

Solution

Few/no cells PDL/laminin toxicity, cell

Check PDL /laminin concentration. Ensure it is
washed with PBS 3 times

Use fresh papain, wait for papain activation before
use, and mince the tissue properly

Check CO, concentration, humidity, and
temperature in the incubator

Add the drug at least 4 h later after cell seeding to
avoid drug-specific actions disrupting cell
attachment

Add PBS washes more delicately (confirmed
problem if cell numbers are lower poststaining
compared to just before)

B27 can lose effectiveness quickly, and without it,
RGC will not survive

Salts in the medium can be precipitated and toxic to
cells. To get rid of precipitated salts, the medium
can be filtered

Make sure all equipment used for cell isolation, such
as the incubator and the hood, are clean and that
the antibiotic is effective and is of the right
concentration

Incubate with papain for only 90 min and not longer

Check all reagent concentrations and incubation
time, and do not use old reagents

Ensure positive control is used that has demonstrable
neuritogenic properties (e.g., CNTF)

measuring. Draw a straight line across the scale bar using the
straight-line tool (5th button from the left) then click “Ana-
lyse” and “Set Scale”. Type in the length of the scale bar in
“Known distance” along with the units below. Make sure
Global is ticked, so it applies to all other images during the

in the well attachment, papain digestion,
incubator, too rigorous
washing during staining
Cell death B27 supplement, medium,
Contamination, long papain
incubation
No neurite Laminin, medium,
outgrowth B27 supplement
SCT analysis.
4 Notes

1. Never leave the wells to dry out at any point in the procedure,
always keep them in the final wash until ready to proceed to the

next step.

2. PDL and laminin can be recovered and reused up to five times.
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. After axotomy, RGC loss begins immediately [7]. Therefore,

the retinal dissection and RGC isolation should be done as
rapid as possible.

. All forceps and scissors should be sterilized with 7.5% Iodi-

nated Povidone (or suitable alternative) before use. Dissection
can be done on the bench (not sterile environment). Only
manipulate the needle with one hand, to prevent needle stick
injury.

. During the 90-min digestion step, frequent mixing of the

solution of retina and digestion reagents can increase digestion
efficiency. A battery-operated rotor that can fit into the incuba-
tor is recommended. Do not exceed 90 min to avoid RGC loss.

. Cell suspension should be mixed when added into the medium

to provide equal distribution in the well.

. RGC are a particular sensitive cell type, and thus, many com-

pounds may be toxic (e.g., lipofectamine).

. After 3 days, the number of RGCs in culture declines signifi-

cantly to allow neuroprotective assessments, and enough time
has passed for any potential significant neuritogenesis to occur
[8]. Other time points can be used but may be less effective at
measuring these endpoints.

. Alongside p-1II-tubulin; RBPMS, Brn3, and Thyl are com-

monly used as specific RGC markers. However, a decrease in
expression is observed in RGC in culture, likely due to their
injured /degenerating phenotype [9].

Stained retinal cultures are imaged under a fluorescent micro-
scope (confocal is not necessary). RGC are identified as
B-II1-tubulin positive cells with staining isolated to one pole
of the cell. Neurites are processes whose size at least exceeds
the diameter of the cell.

A variety of factors can cause the culture to fail, and this is
typically seen as few or no RGC being seen in the well. Please
see Table 2. for how to troubleshoot this issue.
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Purification of Retinal Ganglion Gells from Differentiation
Through Adult via Imnmunopanning and Low-Pressure
Flow Cytometry

Sean M. Riordan, Afnan M. Aladdad, Kiran J. McLoughlin,
and Karl E. Kador

Abstract

The isolation and culturing of rodent retinal ganglion cells (RGC) is a key step in studying the function and
cellular response of this crucial cell type. Typical methods used for isolation of RGCs include immunopan-
ning or magnetic bead separation with antibodies targeting RGC specific protein markers. However, in
developmental research, many of the most common markers, such as Thy-1, are not expressed in early
stages of development. To help study these crucial early stage RGCs, we have developed a novel method
that utilizes a transgenic mouse with a GFP tag on the protein BRN3 and a low-pressure fluorescence-
activated cell sorter (FACS) system.

Key words Fluorescence Activated Cell Sorting (FACS), Retinal Ganglion Cells (RGC), Brn3,
Immunopanning

1 Introduction

RGCs are responsible for transmitting the cellular signal from the
photoreceptors to the lateral geniculate nucleus and on to other
regions of the brain responsible for interpreting visual stimulus
such as the occipital lobe. These cells are also sensitive to external
stressors and as such are often linked to the development of diseases
of the eye such as glaucoma and age-related macular degeneration.
As a result, these cells are one of the most commonly used cells for
developing neuroprotective and neuroregeneration treatments
[1]. In addition to their role in the study of vision and diseases
such as glaucoma, RGCs serve an important tool in the study of the
central nervous system (CNS). RGCs are the most accessible CNS
projection neuron in the body and maintain the ability to extend
neurites including axons in vitro up to an early postnatal age.

Ben Mead (ed.), Retinal Ganglion Cells: Methods and Protocols, Methods in Molecular Biology, vol. 2708,
https://doi.org/10.1007/978-1-0716-3409-7_2,
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Furthermore, it is possible to create extremely pure isolations of
RGCs (>99%), making them extremely useful in answering impor-
tant scientific questions [2].

Isolation of RGCs from mice and rats has traditionally been
performed using immunopanning for RGC specific protein mar-
kers [2]. In recent years, additional methods including antibody
conjugated magnetic beads [3] and FACS have both proved suc-
cessful [4] though purity and survival from these alternative meth-
ods varies compared to immunopanning. Traditional high-pressure
FACS trials were able to purify RGCs to nearly 100% purity. Unfor-
tunately, these cells were mainly used for genomic and proteomic
analyses because of problems with viability after sorting with this
reduced viability presumed to be due to the high pressures required
during separation. The most often used protein marker for isolating
RGCs in all of these methods is Thy-1 due to its level of expression,
location on the plasma membrane, and specificity. However, the use
of Thy-1 imposes limits on the experimental questions that can be
answered due to its expression beginning embryonic day 17 in rats.
Perhaps most importantly, the use of Thy-1 limits the usefulness of
RGC isolation in injury models as Thy-1 is downregulated post
injury [5].

In the following protocol, we describe the use of a low-pressure
cell sorting platform to isolate RGCs from a suspension of disso-
ciated retina. Herein we will describe the isolation of optogeneti-
cally labelled RGCs from the Brn3b-GFP mouse at embryonic day
14-15, an age that is not available to methods using Thy-1. This
method can also be used with traditional antibody labeling of cells
in suspension commonly performed for FACS sorting.

2 Materials

2.1 Dissection,
Immunopanning, and
FACS

When appropriate, steps should be performed in a biosafety cabinet
using aseptic technique. To maintain proper pH grow cells at 37 °C
with 10% CO,. Prepare all solutions using cell-culture-grade
(endotoxin-free) water. Prepare all reagents at room temperature.
Storage conditions are as indicated. Small volume filtration steps
are performed with a sterile syringe and either a 0.22 pm or
0.45 pm syringe filter as indicated. Large volume filtration steps
are performed with a 500 mL bottle filter, 0.2 pm. Diligently follow
all waste disposal regulations when disposing waste materials.

1. 50 mM TrisHCI: First make 0.5 M TrisHCI by adding 11.8 g
Omnipure TrisHCI to 150 mL of water. Adjust the pH to 9.5
with 5 N NaOH. Sterilize by filtration. Dilute 10x with water
to get a working solution of 50 mM. Sterilize by filtration
again. Store both solutions at 4 °C.
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2.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

pH Sensitive D-PBS+Gluc (D-PBS+Gluc): Add 500 pL phenol
red to 500 mL of D-PBS+Gluc. Store at 4 °C.

. pH Sensitive Earle’s Balanced Salt Solution (EBSS): Add

500 pL phenol red to 500 mL of EBSS. Store at 4 °C.

. 0.5 mg/mL Insulin: Add 5 mg insulin to 10 mL of water. Add

50 pL 1.0 N HCI and mix well. Filter through 0.22 pm filter.
Store at 4 °C for up to 6 weeks.

. 100x Poly-D lysine stock: Add 5 mL water to a 5 mg bottle of

Poly-D-Lysine and mix well. Filter through 0.22 pm filter.
Aliquot and store at —20 °C.

. Poly-D lysine working solution: Dilute 200 pL Poly-D lysine

stock in 20 mL of water. Use immediately.

. Laminin working solution: Dilute 10 pL 1 mg/mL Laminin in

5 mL of Neurobasal Medium. Use immediately.

. Papain solution: Add 82.4 Units of Papain for postnatal litters

or 41.2 Units of Papain for embryonic litters to 10 mL of
D-PBS + Gluc followed by 5 pL. 1.0 N NaOH. Place in a
37 °C water bath and use immediately.

. Lo-Ovomucoid (Lo-Ovo) Stock: To 40 mL of D-PBS+Gluc

add 600 mg BSA. Mix well. Add 600 mg trypsin inhibitor.
Adjust pH to 7.4. Sterilize by 0.22 pm filtration after
completely dissolved. Aliquot and store at —20 °C.

Goat antiRabbit IgG (H&L) antibody (Jackson Immuno
Research: 111-005-003). Store at 4 °C.

Goat antiRat IgG (H&L) antibody (Jackson Immuno
Research: 112-005-003). Store at 4 °C.

Goat antiMouse IgM antibody (Jackson Immuno Research:
115-005-020). Store at 4 °C.

Mouse antiRat Thyl.l antibody from hybridoma cell line
T11D7 (European Collection of Authenticated Cell Cultures
(ECACC): 92021209). Store at —20 °C.

Rat antiMouse Thyl.2 antibody from hybridoma cell line YTS
154.7.7.10 (ECACC: 87072285). Store at —20 °C.

Rabbit antiMouse macrophage sera (Accurate Chemical: Al
AD31240). Aliquot and store at —20 °C.

FITC Mouse antiRat CD90.1 antibody, clone OX-7 (BDBios-
ciences: 561973).

FITC Rat antiMouse CD90.2 antibody, clone 53-2.1 (Thermo
Fisher Scientific: 11-0902-82).

1.0 N NaOH.

4% BSA: Dissolve 1 g BSA in 25 mL D-PBS+Gluc. Place in
37 °C water bath to assist in dissolving. Adjust pH to 7.4 with
1 N NaOH. Filter sequentially through 0.45 pm and 0.22 pm
filters. Aliquot and store at —20 °C.
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20. L-Cysteine (Desiccated).

21. 0.4% DNAse: Add appropriate volume of EBSS to bottle of
DNAse to achieve 12,400 Units per mL. Sterilize with a
0.22 pm filter. Aliquot and store at —80 °C.

22. 30% Fetal Calf Serum (FCS): To 14 mL D-PBS+Gluc add
6 mL heat-inactivated FCS. Sterilize with a 0.22 pm filter.
Store at 4 °C.

23. 30,000 U/mL Trypsin: Dilute Trypsin to a concentration of
30,000 Units/mL of EBSS. Sterilize with a 0.22 pm filter.
Aliquot and store at —80 °C.

24. Trypsinization solution: Add 50 pL 30,000 U/mL Trypsin to
4 mL of pre-equilibrated EBSS (prepare just before use).

25. 150 mm petri dish.
26. 100 mm petri dish.
27. Dissection microscope.
28. 47 mm petri dish.

29. Iris spatula.

30. Large scissors.

31. Small scissors.

32. #55 Forceps.

33. Scalpel holder.

34. #11 Scalpel blade.
2.2 RGC Growth . Neurobasal medium. Store at 4 °C.

Media . Penicillin/Streptomycin (Pen/Strep). Store at 4 °C.

. 0.5 mg/mL Insulin — Described above.

. 100 mM Sodium Pyruvate. Store at 4 °C.

. GlutaMax. Store at 4 °C.

. 5.95 pM Triiodo-thyronine (T3): Dissolve 3.2 mg T3 in
400 pL 0.1 N NaOH. Add 15 pL to 30 mL DPBS-Gluc.

Sterilize by filtering through a 0.22 pm filter. Discard the first
10 mL. Aliquot and store at —20 °C.

7. 80 mM Progesterone: In a 1.5 mL tube combine 500 pL. 100%
ethanol and 12.5 mg progesterone. Aliquot and store at —20 °C.

8. 2.3 mM Sodium Selenite: While in a chemical fume hood
combine 100 pL. 0.1 N NaOH and 4 mg sodium selenite.
Add 10 mL Neurobasal medium. Aliquot and store at —20 °C.

9. Sato solution: combine 40 mL Neurobasal medium, 400 mg
transferrin, 400 mg BSA, 10 pL 80 mM progesterone stock,
64 mg 16 pg/mL putrescine, and 400 pL 2.3 mM sodium
selenite stock solution. Mix well and filter through 0.22 pm
filter. Aliquot and store —20 °C.

N O W N
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10.

11.
12.

13.

14.

15.

5 mg/mL N-Acetyl Cysteine (NAC): 2 mL Neurobasal
medium and 10 mg NAC. Aliquot and store at —20 °C.

B27+. Aliquot and store at —80 °C.

5 mM Forskolin: Add 4.8 mL. DMSO to a 10 mg bottle of
Forskolin. Aliquot and store at —20 °C.

Brain-derived neurotrophic factor (BDNF). Aliquot and store
at —80 °C.

Ciliary Neurotrophic Factor (CNTF). Aliquot and store at
—80 °C.

RGC culture media: To 20 mL pre-equilibrated Neurobasal
medium, add: 200 pL 100X Pen /Strep, 200 pL 100X 5ug,/mL
stock insulin (4 °C), 200 pL. 100 mM sodium pyruvate (4 °C),
200 pL 100X GlutaMax (RT), 200 pL 100X T3 (—20 °C),
200 pL 100x Sato (—20 °C), 20 pL 1000X NAC (—20 °C),
400 pL 50X B27+ (—80 °C). Sterilize the solution by filtering
through a 0.22 pm filter. Add the following additional
reagents: 20 pL. 5 mM Forskolin, 20 pL. BDNF, 20 pL. CNTF.

3 Methods

3.1 Preparation of
Plating Surfaces,
Solutions, and Panning
Dishes

The following methods section will describe both the Full Immu-
nopanning (A) and the Immunopanning + low-pressure FACS
sorting (B) methods. These methods share a common “core” of
steps. Those steps that are specific to method A or method B will be
indicated in either the subheading or in an individual step as appro-
priate. Each set of two macrophage and one Thy-1 plates for the
immunopanning steps can be used for up to 25 animals.

The following steps should be performed the day before dissection.

1.

Prepare plating surface (tissue culture plastic or glass) with
Poly-D lysine working solution to cover the surface for
30 min at room temperature. Remove the solution and rinse
with D-PBS+Gluc three times. Coat dishes with laminin work-
ing solution and place in the incubator for at least 3 h.

. Pre-equilibrate 20 mL of D-PBS+Gluc by placing in a 50 mL

tube with the cap loose inside the incubator.

. Pre-equilibrate 15 mL of EBSS by placing in a 50 mL tube with

the cap loose inside the incubator.

. Prepare macrophage panning dish by diluting 76 pL of affinity

purified Goat anti-Rabbit IgG (H&L) in 24 mL 50 mM
TrisHCI. Add the solution to a 150 mm Petri Dish. Prepare
two macrophage panning dishes if isolating from RGCs from
rats. Store at 4 °C.
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3.2 Preparation of 1.
Solutions and Plates 2
the Day of Dissection

3

. (Method A only) Prepare Thy-1 panning dish by diluting 30 pL

of affinity purified Goat anti-Rat IgG secondary antibody (for
mouse RGC preps) or 30 pl of affinity purified Goat anti-
Mouse IgM (for rat RGC preps) in 12 mL 50 mM TrisHCI.
Add solution to a 100 mm Petri Dish. Store at 4 °C.

Prepare Papain Solution.

. Lo-Ovo Solution 1: Add 1 mL Lo-Ovo stock solution to 9 mL

of D-PBS+Gluc followed by 5 pL. 1.0 N NaOH.

. Lo-Ovo Solution 2: Add 1 mL Lo-Ovo stock solution to 5 mL

of D-PBS+Gluc followed by 6 pL. 1.0 N NaOH.

4. 0.2% BSA: Add 0.5 mL 4% BSA to 9.5 mL D-PBS + Gluc.

3.3 Dissection of 1.
Pups

3.4 Dissection of 1.
Embryos

. (Method A only) Finish preparation of Thy-1 panning dish by

rinsing the dish 3x with D-PBS+Gluc followed by adding
15 mL of Rat anti-Mouse T11D7 diluted antibody to the
dish and incubating at room temperature for at least 3 h.

. Bring the macrophage panning dish to room temperature

before use.

Use the scissors to remove the head of each pup. Remove the
“eyelid” by placing the apex of the small scissors near the pivot
area against the edge of the eye spot. The skin is then cut away
to reveal the eye.

. Insert the scalpel through the eye and pull down to allow access

to the inside of the eye.

. Push the iris spatula through the hole in the eye until the retina,

which is white in color, rests on the spatula.

. Transfer the retina into a 47 mm dish containing D-PBS+Gluc.

. After all the retinas are collected, use the fine forceps to remove

any nonretinal tissues from the dish containing the retinas.

Timed pregnant females are anesthetized and dissected to
remove the embryo sack on day 14 or after of pregnancy.

. After dispatching the Dam, the embryos are removed from

the sack.

. Remove the embryos from the sack using the small scissors.

. After removing the head of each embryo, the “eyelid” is

removed by placing the apex of the small scissors near the
pivot area against the edge of the eye spot. The skin is then
cut away to reveal the eye.

. Insert the scalpel through the eye and pull down to allow access

to the inside of the eye.
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6.

11.

Push the iris spatula through the hole in the eye until the retina,
which is white in color, rests on the spatula.

. Transfer the retina into a 47 mm dish containing D-PBS+Gluc.

. After all the retinas are collected use the fine forceps to remove

any nonretinal tissues from the dish containing the retinas.

. Finish preparation of the papain mixture. Activate the Papain

solution by adding 10 mg L-cysteine and mixing. Add 100 pL
of 0.4% DNAse. Sterilize by filtration through .022 pm filter.

. Carefully remove D-PBS + Gluc from retinas in the

47 mm dish.

. Transfer the retinas to a 50 mL conical tube by pouring half of

the Papain solution into the retina dish and then pouring the
retinas into the target vessel. Use the remaining Papain solu-
tion to rinse the dish and add to the 50 mL tube.

. Digest the retinas for 30 min in a 37 °C water bath. Gently

agitate at the 15-min point.

. During digestion finish preparation of the following solutions.

To the Lo-Ovo Solution 1 add 100 pL 0.4% DNAse. Transfer
6 mL of the Lo-Ovo Solution 1 to a new 15 mL tube called
Lo-Mo. Prepare Panning buffer by adding 2 mL of the 0.5%
BSA solution to 18 mL of D-PBS + Gluc, followed by 200 pL
insulin solution.

. During final 5 min of digestion finish the LoMo solution by

adding 80 pL Rabbit anti-Mouse macrophage antibody.

. After digestion of the retinas is complete carefully remove the

supernatant without disturbing the tissue.

. Gently rinse the retinas by adding 4 mL of the Lo-Ovo Solu-

tion 1. Allow the tissue to settle again before removing the
supernatant.

. Add 3 mL of the Lo-Mo solution to the retinas.
10.

Triturate the retinas using the following method starting
slowly and progressively, increasing speed to ensure gentle
breakdown of the tissue. Pipette 20x with a count of 5 s during
each up and down movement. Briefly allow the tissue to settle.
Transfer 1 mL of the clearer supernatant to an empty 15 mL
tube. Add another 1 mL of Lo-Mo to the retinas. Pipette 10x
with a count of 4 s during each up and down movement. Briefly
allow the tissue to settle. Transfer 1 mL of the clearer superna-
tant to the 15 mL tube. Add another 1 mL of Lo-Mo to the
retinas. Pipette 10x with a count of 3 s during up and down
movement. Remove the remaining solution the 15 mL tube.

Rinse the tube with the remaining Lo-Mo solution and add to
the 15 mL tube.
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3.6 Macrophage
Panning

3.7 Immunopanning
of RGCs with Thy1.2

12. Incubate at room temperature for 5 min to allow for the
antibodies to bind to the cells.

13. Centrifuge the cells at 80x g for 10 min at room temperature.

14. Remove the supernatant, and resuspend the pellet in 2 mL of
Lo-Ovo solution 2. Add remaining Lo-Ovo solution 2 and mix
gently.

15. Spin again immediately at 80% 4 for 10 min.

1. Remove the supernatant and resuspend gently in 2 mL panning
buffer.

2. Add 13 mL of panning buffer to the tube.
3. Add 50 pL 0.4% DNase to the tube.

4. Rinse the 150 mm petri dish containing the secondary anti-
body 3X with DPBS+Gluc.

5. Remove the final rinse, and add the cell suspension to the
150 mm petri dish.

6. Incubate the cells on the 150 mm petri dish for 45 min on a flat
level surface. To encourage RGCs to stay in solution shake the
dish vigorously while keeping it flat after 15, 30, and 45 min of
incubation.

7. During panning complete preparation of RGC culture media.

8. If performing a rat RGC prep (or a mouse prep of more than
10 pups), rinse the second macrophage panning dish as before,
transfer the cell solution to this dish, and repeat the panning
procedure.

9. The majority of the macrophage cells should now be adhered
to the surface of the dish. The supernatant containing the
RGCs can now be further purified by low-pressure flow cyto-
metry E-14 to adult (required for E14-E17) or immunopan-
ning with Thy-1 antibody (E18 to Adult).

This protocol will describe the use of Thy-1 antibodies for immu-
nopanning RGCs following depletion of macrophages. For mouse
isolations the rat anti-Mouse Thyl.2 antibody has been shown to
be effective [6]. For rat isolations the mouse anti-Rat antibody
T11D7 is used based on previously established protocols [2],
T11D7, an IgM antibody, was preferred over MRC-OX-7, an
IgG antibody, because of its higher level of RGC purity. However,
T11D7 is not able to bind to as many RGC subgroups as
MRC-OX-7 [2]. Please note that in addition to Thy-1 subtype,
the rat isolation of RGCs requires the use of two macrophage
panning plates performed sequentially due to the higher cell num-
bers. Also note that antibody specificity may vary based on rat or
mouse strain. Finally, Thy-1 immunopanning of RGCs can be
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performed in ages E18 to adult animals though there are diminish-
ing yields of RGCs from pups older than P2 due to die off of Thy-1
expressing cells starting at that age.

1.
2.

10.

11.

12.
13.

Wash the 100 mm T11D7 plate 3x with D-PBS+Gluc.

Shake the 150 mm dish firmly and pour the cell solution onto
the 100 mm T11D7 plate.

. Incubate the cell solution for 50 min with gentle shaking of the

plate at 10-min intervals.

. During panning complete preparation of 30% FCS and Trypsi-

nization solution.

. Release cells from panning dish with trypsinization solution

using the following steps.

. Confirm the presence of cells using a microscope.
. Discard the cell suspension.

. Wash the plate 6x with D-PBS+Gluc to remove nonadherent

cells.

. Rinse the plate 1x with 6 mL of pre-equilibrated EBSS, quickly

swirl, and discard.
Add 4 mL Trypsinization solution, and incubate for 4 min in at
37 °C.

Once cells are released, collect the cells by pipetting 30% FCS
onto the plate to release the cells. The following method is
recommended for optimum yield.

Add 2 mL of 30% FCS to the trypsinized cells.

Mechanically release the cells by pipetting 1 mL of the cell
solution into the dish. Follow the paths diagrammed in Fig. 1
as you rotate the dish about 1/8 of a turn with one hand and

B C

Fig. 1 Recommended pipette movements for collecting cells from Thy-1 plate (a), (b), and (¢) show the start
and finish points for each of the recommended movements for mechanical release of RGCs from the Thy-1
plate after trypsinization. The plate is rotated 1/8 of a turn while the movement is made and dispensing of
1 mL of the cell solution at an angle between 30° and 45° pointed towards the outside rim of the plate. The
combination of these movements has been found to be very effective in maximizing the collection of RGCs
from the immunopanning plate. Efforts are made throughout the trypsinization process not to fully eject the
solution in the pipet to reduce bubble formation
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3.8 Low-Pressure
Sorting of GFP-Tagged
RGCs

pipette with the other. Each path should be utilized for two full
revolutions of the plate (total of 6 revolutions) to ensure
maximum yield.

14. Remove 5 mL of the cell solution and place in a new
15 mL tube.

15. Add 5 mL of 30% FCS to the trypsinized cells.

16. Perform the mechanical release steps again with two full revo-
lutions of the plate for each path in Fig. 1.

17. Remove 5 mL of the cell solution and combine with the
previously collected cells.

18. Add 4 mL of 30% FCS to the trypsinized cells.

19. Perform the mechanical release steps again with two full revo-
lutions of the plate for each path in Fig. 1.

20. Before the final rinse, visualize the plate under a microscope to
check for adherent cells. If cells remain, perform another round
of mechanical release. Adjust your movements accordingly to
collect the remaining cells. If no cells remain, proceed to the
final rinse.

21. Perform a final rinse by collecting the remaining cell solution
and rinsing the plate with 1 mL of 30% FCS.

22. Centrifuge the cells in solution at 80x g for 15 min at room
temperature.

23. Remove the supernatant. Please note that the pellet will be
barely visible as a single litter will yield between 250,000 and
1.2 million cells, varying based on species, size of the litter of
animals, and age of the animals.

24. Gently resuspend the pellet in the desired volume of RGC
culture media.

This protocol will describe the use of a strain of transgene mice with
a GFP tag attached to the RGC marker Brn3b. Brn3b-P2A-eGFP
transgenic mice were created by the Animal Modelling Core Facil-
ity at the University of Missouri- Columbia crossed with CD-1
female mice. While this strain of animals has not yet been published,
it is similar to other published transgenic mouse and stem cell lines
that incorporate alternative fluorescent tags on Brn3b [7, 8].

1. Collect the supernatant from the macrophage plate, and cen-
trifuge at 80% g for 15 min at room temperature.
2. Remove the supernatant and resuspend in 1 mL of RGC media.

3. Count the number of cells per mL using your preferred
method.

4. Dilute the cells to less than 1 x 10° cells/mL for tagged cells.
For untagged cells use 1,/x10” /mL.
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5.

10.

11.

12.

13.

14.

15.

Set up the WOLF Benchtop Microfluidic Cell Sorter (Nano-
cellect, San Diego, CA, USA) or similar low-pressure cell sorter
and perform initial calibration according to the manufacturer’s
protocol using panning buffer including DNAse as both your
sorting and sheath buffer. Panning buffer is used instead of
growth media to prevent cell growth, which can induce
clumping.

. If using Brn3b-Fluorescent protein-labeled RGCs, use a non-

fluorescent RGC cell line type or a cell line of comparable size
and autofluorescence as your unstained control.

. Load your unstained cells according to manufacturer’s

protocol.

. Set the fluorescence gate by gating on a 2D dot plot with FL-H

on the X-axis and BSC-H (see Note 1) on the Y-Axis, adjusting
the fluorescence gain until two distinct populations are
observed. Set a gate to collect the higher intensity group.

. If not using optogenetically labeled RGCs, then an antibody

for an RGC marker such as Thyl.2 for rat RGCs or Thyl.1 for
mouse RGCs can be used to stain a subset of the cells by adding
20 pL of FITC (or similar) labeled antibody to 450 pL. RGCs
and incubating at room temperature for 20 min while pro-
tected from light. FITC-labeled Thyl.1 and Thyl.2 antibodies
are listed in the materials section. Prior to incubation, remove a
small number of cells for calibration.

After antibody incubation, rinse the cells by centrifuging at 80x
gtor 10 min, adding 1 mL of RGC media, centrifuging again at
80x g for 10 min, and then resuspending in the appropriate
volume for 1 x 10° cells/mL.

Load the unstained sample into the system and process these
cells according to the manufacturer’s protocol to use as a
control cell.

Adjust the settings to ensure the cells are running at an accept-
able speed for the instrument.

Use the unstained cells to set up your gates within the software
to allow for the differentiation of cells with and without a
fluorescent tag.

After flushing the system of unstained cells load the stained /
tagged cells into the system and sort based on the appropriate
size, isolated single cells rather than clumped cells, and the
presence of a fluorescent signal.

Set the cell gate by gating on a 2D dot plot with FSC-H on the
X-axis and BSC-Hon the Y-Axis.
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16.

17.

3.9 Plating and
Growth of RGCs
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Exclude doublets by gating on a second 2D dot plot with
FSC-width on the X-axis and BSC-H on the Y-Axis. Draw
your gate around the region where the cells are the most
homogenous.

Collect the tagged RGCs into the collection tube using the
appropriate gates.

. Count RGCs using your preferred method.
. Dilute RGCs to your desired concentration with RGC media.

. Remove the Neurobasal + laminin solution from your plating

surface, and add the desired volume of RGCs.

. Proceed to desired experimental assay (se¢e Notes 2 and 3).

Representative images of cell purity at each step of Thy-1
immunopanning (Fig. 2) and low-pressure FACS (Fig. 3)
have been included for reference.

. To maintain cells in culture, remove 50% of media every 2 days

and replace with fresh RGC media.

®

.o @

O .. Mixed
®  Retinal Cells

18t Immunopanning Dish:
Depletes Macrophage Cells

27 [mmunopanning Dish:
Selects Thy1* RGCs

Purified RGCs Cultured
@ In Serum-Free Media

Fig. 2 Example of RGC purity following immunopanning. lllustrative representation of the immunopanning
method. Please note that more than one immunopanning dish is recommended for mouse litters with more
than 10 pups and for all rat litters. Appearance of retinal cells at each step of the immunopanning procedure
(@) and (c) were taken with simultaneous Nomarski and fluorescence images. (a) A P8 retinal suspension that
had been retrogradely labeled with fast blue. Only about 1 in 200 cells are ganglion cells. (b) Cells adherent to
the first. Anti-Rat macrophage, panning plate. No fast blue-containing cells are adherent. (c) Cells adherent to
the second, Tl ID7-coated panning dish. All cells contain the fast blue label and are purified retinal ganglion
cells. Calibration: 25 urn. (Images reproduced with permission from Ref. [2])
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Fig. 3 Examples of RGC growth from preparations from different ages using low-pressure FACS. Immunocy-
tochemistry images of RGCs isolated at (a) E14 and (b) P2 aged mice. Immunostaining for beta Il tubulin
(Green) an RGC marker and a nuclear stain DAPI (Blue) allow for morphological analysis following 2 days
culture in vitro. The scale bar in each image is equal to 100 pM

4 Notes
1. If back scatter is not available on your system, then side scatter
can be used.
2. Neurite extension typically occurs by the second day in culture.
3. Assessment of cell purity can be performed using immunocy-
tochemistry for cell-specific markers. Common markers
include: Thy-1 and Brn3b (RGCs), Syntaxinla (amacrine),
CRX (Photoreceptor), GFAP (Glia), PKCalpha (Bipolar).
Alternatively, RNA can be isolated for quantitative RT-PCR
using probes for the same cell-specific markers.
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Preparation of Retinal Explant Cultures

Zubair Ahmed

Abstract

Organotypic retinal explants are routinely used as alternatives to in vitro cell culture and to replace the use of
animals in modelling retinal neurodegenerative diseases. Retinal explants fill the gap between in vivo which
are expensive, time consuming, and complex due to inaccessibility of target tissues. However, organotypic
retinal explants are less expensive and rapid and retinal cell types in the explant maintain their morphologic
interactions with other cells in the retina. Therefore, retinal explants have high potential to be used as tools
to assess the pharmacological and other therapies prior to in vivo validation, reducing the use of live
animals.

Key words Retina, Explants, Retinal ganglion cells, Optic nerve injury, Neuroprotection

1 Introduction

The retina is an easily accessible part of the mammalian central
nervous system (CNS) and consists of a thin layer of tissues at the
back of the eye that processes visual signals and transforms light
energy into electrical signals [ 1-4]. Retinal ganglion cells (RGC)
transport these signals to the brain but are susceptible to death in a
variety of ocular conditions that can lead to blindness [2]. These
include traumatic optic neuropathy, glaucoma, and optic neuritis
among others [5].

The retina is physically isolated from the rest of the brain but
provides a “window” through which brain functions can be exam-
ined. The retina comprises complex neural circuitry but contains
several classes of neurons which include photoreceptors, bipolar
cells, ganglion cells, horizontal cells, and amacrine cells. The cell
bodies of these neurons are stacked into five alternating layers with
cell bodies located in the inner nuclear, outer nuclear, and ganglion
cell layers [6-8]. The light-sensitive elements of the retina, the rods

Ben Mead (ed.), Retinal Ganglion Cells: Methods and Protocols, Methods in Molecular Biology, vol. 2708,
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and cones, absorb light which initiates a cascade of events that
changes their membrane potential causing neurotransmitter release
[6-8]. The amount of neurotransmitter release affects cells that
photoreceptors contact through their synapses, and eventually
this information is carried to the brain via the ganglion cells and
the optic nerve [6-8].

Although in vitro cell culture studies using retinal cells have
provided valuable insights into cellular processes in neurodegenera-
tive disease and after injury [9-13], cell cultures cannot accurately
reproduce the interplay between the different cell types in the
retina. However, retinal explants conserve the histotypic structure
of the retina and maintain their morphologic interactions, better
recapitulating an intact retina [ 14]. Organotypic retinal explants are
also useful in evaluating drugs and stem cell therapies, and although
rodent retinal explants are commonly used, human retinal explants
have also been described [12, 15, 16]. Therefore, retinal explants
serve as a useful tool for testing pharmacological agents in a 3D
environment with reproducible and chemically defined culture
conditions.

2 Materials

2.1 Instruments
Required

2.2 CGell Culture

1. Two pairs of watchmaker’s fine forceps (tip dimensions:
0.1 x 0.06 mm).

One pair of Vannas spring scissors (2.5 mm cutting edge).
One pair of fine scissors (straight, 25 mm cutting edge).
Surgical gloves.

0.1 M Phosphate buftered saline (PBS).

Petri dishes.

Paper towels.

Dissecting microscope.

V2NN

Two soft paintbrushes.

—

8-well chamber slides.

2. Supplemented Neurobasal-A: 24.2 mL Neurobasal-A, 500 pL
B27 supplement, 62.5 pL L-Glutamine, and 125 pL
Gentamicin.

3. 20 pg/mL Laminin in PBS.
4. 1 mg/mL Poly-D-lysine in PBS.
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3 Methods
3.1 Retinal 1. Place the eye in a petri-dish with the cornea facing up (Fig. 1a).
Wholemounts 2. To dissect out the retina, the cornea, the iris diaphragm, and

the lens together with the vitreous body must be removed first.

3. To remove the cornea, use a no. 11 scalpel blade and make an
incision into the centre of the cornea while holding the eye still
using a pair of watchmaker’s forceps (Fig. 1b) (see Note 1).

Fig. 1 Removing the cornea. (a) A scalpel blade is used to make an incision into the cornea. (b) The tips of the
fine scissors are inserted into the incision and cut towards the limbus (c). Circumferential cuts are then made
across the entire globe until the cornea is completely removed (d—f)
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Fig. 2 Removing the iris diaphragm and the lens. The iris diaphragm (a) is cut towards the limbus (b) and then
circumferentially (c) until it is completely removed. (d) Holding the sclera with forceps, the lens with the
vitreous is pulled out using a second pair of forceps, until it is completely free (e) and the eye cup is placed
facing up in culture the dish (f)

4. Pinch the cornea using forceps by inserting the tips through
the hole and using the tips of fine scissors make radial cuts to
the limbus (Fig. 1c¢).

5. Then make circumferential cuts all the way around the limbus
(Fig. 1d, e) until the cornea is removed (Fig. le).

6. Now remove the iris diaphragm (Fig. 2a) by picking up the
margins of the diaphragm using forceps and making radial cuts
to the limbus (Fig. 2b).
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Fig. 3 Separating the sclera from the retina. (a) By holding the sclera with one pair of forceps, the tips of the
other forceps is placed in the space between the sclera and the retina and (b) gently stroked to detach the
retina (b). (¢) This is completed until the retina is only held by the optic disc, which is then cut using fine
scissors to (d) detach the retina from the sclera completely

7.

9.

10.

Once the iris diaphragm is removed (Fig. 2c¢), the lens is
removed by holding onto the margin of the limbus using one
pair of forceps (Fig. 2d) and the other forceps is used to pull
put the lens along with the vitreous (Fig. 2¢) (see Note 2).

. The eye cup is immersed in 0.1 M phosphate buffered saline

(PBS) and left facing up (Fig. 2f) ready to detach the retina
from the sclera.

With one pair of forces, grab hold of the sclera (Fig. 3a) and use
one tip of the other forceps to push the tip into the space
between the sclera and the retina (Fig. 3b) and detach the
retina by stroking between the sclera and the retina with the
semi-closed forceps (Fig. 3c¢).

Once the retina is detached around the whole eye (see Note 3),
make a radial incision towards the optic disc, separate the retina
from the optic disk by cutting through the attachment using
small scissors to free the retina from the sclera (Fig. 3d).
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11.

12.

13.

Place the retina into a sterile petri dish and cut into small pieces
(2-3 x 2-3 mm) using a sterile scalpel.

Place each retinal explant in a cell culture insert or onto culture
vessel precoated with poly-L-lysine (2 h at room temperature)
and laminin (1 h at room temperature) with the RGC layer
facing up and culture in a thin layer of supplemented
Neurobasal-A medium for 5 min at 37 °C and 5% CO, (see
Note 3).

After 5 min, gently add culture medium to submerge the whole
explant and culture for up to 2 weeks at 37 °C and 5% CO,.

. A 19G hypodermic needle may also be used to release the

pressure in the eye so that the cornea may be pinched using
forceps to allow dissection of the cornea.

. Occasionally the vitreous does not come out with the lens. If

this happens, use a dissecting microscope and forceps to
remove the clear tissue (vitreous) from the retina which is
yellowish, without damaging the retina.

. A thin layer of supplemented Neurobasal-A will allow the

retinal explants to adhere to the culture surface within 5 min.

If this does not happen after 5 min, repeat this step.

4 Notes
1
2
3
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Gene Gun DiOlistic Labelling of Retinal Ganglion Cells

Gloria Cimaglia, Ryan J. Bevan, Andrew Want, and James E. Morgan

Abstract

Gene gun DiOlistic labelling enables the detailed visualization of retinal ganglion cells (RGCs) dendritic
structure. Since the level of labelling is independent of cellular health, it is useful for the characterization of
neuronal structure in degenerating neurons where expressed reporters may be inadequate. The method
uses compressed helium gas to fire tungsten or gold microparticles coated in carbocyanine dyes (DiD, Dil,
DiO) into flat mounted retinas. Here we describe the methods to optimize labelling and ensure a high yield
of adequately labelled cells, with a focus on retinal ganglion cells.

Key words Retinal ganglion cells, DiOlistics Labelling, Retina

1 Introduction

The ballistic delivery of tungsten /gold particles loaded with fluo-
rescent dyes has revolutionized our visualization of complex neu-
ronal network structures [1]. When fluorescent dyes are used, the
technique is commonly referred to as DiOlistics (in contrast to the
transfer of plasmid/genetic material which is called BiOlistics).
While genetic methods exist for the labelling of all cells in a con-
nectome [2], the dendrite overlap can complicate the reconstruc-
tion of single cells. The advantage of DiOlistics is that labelling is
sparse and only marginally biased by cell size. Furthermore, it
avoids any biased dependent of a neuron’s ability to express a
labelling fluorophore. It is therefore well suited as a method for
the evaluation of dendritic changes in degenerating neurons.
Carbocyanine lipophilic dyes are typically used to coat the
tungsten particles, 1,1’-Dioctadecyl-3,3,3'3’- Tetramethylindo
carbocyanine Perchlorate (Dil), 3,3’- Dioctadecyloxacarbocyanine
Perchlorate (DiO) and 1,1’- Dioctadecyl-3,3,3’,3’- Tetramethylin-
dodicarbocyanine, 4-Chlorobenzenesulfonate Salt (DiD). Their dis-
tribution within the plasma membrane relies on diffusion, limited by

Ben Mead (ed.), Retinal Ganglion Cells: Methods and Protocols, Methods in Molecular Biology, vol. 2708,
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the ambient temperature. The technique is best suited to unfixed
tissue but can also be employed in lightly fixed tissue.

DiOlistics has become a standard technique for monitoring
dendritic degeneration in retinal ganglion cells since the reduction
in the complexity of the dendritic arbor is a sensitive marker of
neuronal degeneration [3-8].

Here, we describe the steps required to label retinal ganglion
cells by DiOlistics in rodents. The technique can be applied to
freshly dissected retinas and cultured retinas with suitable modifica-
tions to accommodate differences in structure and the vitreoretinal
interface in the mouse and rat.

2 Materials

1. Rats or mice.

2. 80 mg of Tungsten particles (@ < 1 pm Tungsten, Alfa Aesar,
44210, Thermo Fisher).

3. 2 mg of 1,1’-Dioctadecyl-3,3,3’3’-Tetramethyl indocarbocya-
nine Perchlorate (Dil).

4.4 mg of 3,3- Dioctadecyloxacarbocyanine Perchlorate
(DiO) (or 1 mg of 1,1’- Dioctadecyl-3,3,3",3’- Tetramethyl
indodicarbocyanine, 4-Chlorobenzenesulfonate Salt (DiD)).

. 1.5 mL Eppendorf tubes.

. 400 pL of methylene chloride.

. Glass slides.

. Razor blade.

. 1 mL pipette and tips.

10. Tefzel tubing (= 30 cm; 1,652,441, Bio-Rad).
11. Parafilm.

12. Aluminium foil.

O 0 N O\ Ut

13. DiOlistics Gene Gun and associated gas (helium) cylinder.
14. Hand-held cautery for marking landmarks.

15. Hank’s Balanced Salt Solution.

16. Dissecting microscope.

17. Pierce Notched Forceps.

18. Straight Vannas Scissors.

19. 26G needle.

20. Inverted cell culture insert, 3 pm pore size.

21. Neurobasal-A media.

22. CO, incubator.
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4% paraformaldehyde (PFA)
Phosphate buftered saline (PBS).

Hoechst 33442 solution: Hoechst 33442 made up 1:1000
in PBS.

Glycerol-free mounting reagent.
Confocal microscope.

Imaris Image Analysis Software with Filament Tracer module
(Version 9.3.1, Bitplane).

3 Methods

3.1 Bullet
Preparation

3.2 Flatmount Retina
Dissection

—

. 80 mg of tungsten particles, 2 mg of Dil, and 4 mg of DiO

(or 1 mg of DiD) are weighed into separate 1.5 mL Eppendorf
tubes.

. Under a fume hood, 400 pL of methylene chloride is added to

each dye while the tungsten particles are evenly divided in two
equal parts onto two glass slides (se¢ Note 1).

. The tungsten particles are then dispersed using a razor blade.

. The dissolved dyes are then added dropwise to each glass slide

(Dil to one and DiO or DiD to the other). The separation of
dyes allows for distinct downstream fluorescent particles. After
each addition, the tungsten particles with dyes are left to dry for
3-5 min and then agitated with a razor blade to prevent aggre-
gation of the tungsten particles. The process is repeated for the
entire 400 pL dye solution.

. Once the coated tungsten has air dried, the two coated dye

particles are merged together, and the coated tungsten is fun-
nelled through a 1 mL pipette tip into the interior surface of
Tefzel tubing that is sealed at one end with Parafilm.

. The other end of coated tubing is then sealed with Parafilm and

manually rotated and inverted several times to ensure that the
beads are evenly distributed along the length and internal
circumference of the tube.

. The tungsten coated tubing is cut into individual “bullets” of

~12 mm, wrapped in aluminium foil to shield from room
lighting, and then stored at room temperature. These inserts
are suitable for DiOlistics Gene Gun labelling with a shelf life of
4 months.

. Animals are sacrificed sequentially to minimize ex vivo deterio-

ration and in accordance with local regulations and the UK
Animals Scientific Procedures Act 1986.
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3.3 DiOlistics
Labelling

2.

The corneas are marked immediately post sacrifice with a hand-
held cautery to mark the vertical ocular meridian: This fiduciary
mark is then used to orient any cuts in the retinal wholemount.

. Eyes are enucleated and timestamps recorded for both left and

right eyes (see Note 2).

. The eyes are then immediately transferred into Hank’s Bal-

anced Salt Solution.

. Under a dissecting microscope, each eye is dissected with

Pierce Notched Forceps and straight Vannas Scissors. A 26G
needle is used to puncture the globe at the limbus, and a
circumferential cut is then made parallel to the corneal limbus
over the cut along the ora serrata. A corneoscleral disc is
removed, followed by the lens and vitreous.

. The retina is then detached from the sclera and choroid and

separated by cutting the optic nerve at the optic nerve head.

. Remnants of excess vitreous are gently removed with the for-

ceps and scissors. The cortical vitreous, attached to the internal
limiting membrane is a significant barrier to effective labelling
in the rat, and it is critical that as much of this vitreous layer is
removed prior to labelling. This level of vitreous removal is less
critical for mouse retinas (see Note 3).

. Four cuts are made at the retina with a known reference orien-

tation to allow the tissue to be flat mounted with the ganglion
cell layer (GCL) upward.

The following are critical in ensuring high quality RGC

labelling.

1.

Retinal dissections should be performed one animal at a time in
order to minimize any postmortem tissue deterioration.

. Itis recommended to alternated left and right eye dissection in

order to minimize the effect of postmortem processing time as a
confounder.

. Since dye leakage can occur 48 h post labelling, we recommend

processing cohorts that do not exceed eight animals.

. Each dissected retina is transferred to a microscope slide with

the retinal ganglion side uppermost and excess HBSS removed
(see Note 4). The sample can be processed for DiOlistic label-
ling (Fig. 1).

. Aninverted cell culture insert, 3 pm pore size is placed over the

retina to prevent any large aggregated microparticles striking
the retina (see Note 5).

. Preloaded Helios® Gene Gun is pressurized by connection to

helium cylinder and fired at 100-120 psi for freshly prepared
mouse retinas and cultured explants or 120-140 psi for freshly
prepared rat’s retinas.
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Helios® gene gun

Tungsten coated
particles with

[ A/ fluorescent dyes (DiO,
s

Cell culture insert Dil, DiD)

Flat mounted retina

Fig. 1 Schematic overview of DiOlistic labelling. A bullet containing a mixture of tungsten coated particles
(DiO/Dil or Dil/DiD) is shot with a Helios™ gene gun through an inverted cell culture insert onto a flat mounted
retina and randomly label RGCs. Created with BioRender.com.

4. Once shot, retinas are submerged in Neurobasal-A media and
transferred into an incubator for 30 min (37 °C with 5% CO,)
to aid in dye diffuse.

5. Retinas are checked under a standard fluorescence microscope
to verify the labelling. If retinas are underlabelled, DiOlistic
labelling is repeated and re-incubated for other 30 min.
Repeated tissue is recorded for consideration in downstream
analysis.

6. After incubation, Neurobasal-A is removed, and the dye is fixed
to prevent further diffusion with 4% PFA (30 min, mouse
retinas; 1 h, rat retinas).

7. After fixation, samples are washed with PBS, nuclei labelled
(Hoechst 33442 solution, 15 min) and washed with PBS.

8. Samples are then mounted with glycerol free mounting
reagent, coverslipped and dried at room temperature for 1 h
and stored at 4 °C until imaging.
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3.4 Confocal
Microscopy

3.5 Retinal Ganglion
Gell Reconstruction

9.

—

It is recommended that imaging of DiOlistic labelled cells
occurs within the first 48 h. After this timepoint, dye can be
seen diffusing from labelled cells which can obscure details of
the dendritic arbor.

. Confocal imaging is essential for the characterization of the

dendritic arbor.

. RGC dendritic arbors can be encapsulated with a 20X objective

with a z plane step interval of (0.5-1.50 pm).

. RGCs are identified by their location in the GCL, the presence

of an axon projecting to the optic nerve, and a dendritic tree
extending into the IPL. If these features are not present the cell
cannot be included for analysis as there could be a high risk of
including other retina cell phenotypes.

. Entire cells are imaged including the axon and the full dendritic

tree using a separate channel for each dye and sufficient resolu-
tion for downstream analysis.

. Confocal images of RGCs are reconstructed using the Filament

Tracer module in Imaris (Version 9.3.1, Bitplane).

. Once the image is selected the z-stack is reduced to include

only the IPL (Fig. 2a, b).

. A region of interest (ROI) is demarcated around the dendritic

field and automatically traced to reconstruct the dendritic arbor
(Fig. 2¢, d).

Fig. 2 Imaris reconstruction of rat labelled RGC. (a) A RGC, identified by the presence of an axon (yellow
arrow). (b) Z-stacks at the IPL. (c) Selection of a reglon of interest (ROI) which includes the entire dendritic
tree. (d) Automatic selection of the soma with reconstruction of the dendritic arbor. (e) Reconstructed RGC
dendritic tree with manual correction of missing/extra branches. (f) Automatic computation of the dendritic

field area
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4. Any dendrites that have been missed or erroneously included
are either manually traced or erased.

5. Once the dendritic arbor is accurately reconstructed, Imaris
convex hull function is selected to calculate and determine
the dendritic field area (Fig. 2e, f).

6. All parameters are then exported for data analysis with Sholl
intervals set at 10 pm.

3.6 Sholl Analysis 1. Basic dendritic architecture is commonly determined by Sholl
analysis [7], which plots dendritic complexity as a function of
distance from the cell body using counts of the numbers of
dendrites that cross concentric rings at set intervals from the
centre of the cell soma (10 pm). A shift in the Sholl curve to the
left-hand side of the plot indicates a loss of dendritic complexity
in higher order dendrites. A flattening of the Sholl curve indi-
cates loss of lower order dendrites. (Fig. 3).

2. A large population of RGCs (> 15-20 cells per retina) is
required to represent the diverse populations in the retina. A
reliable summary of RGC changes require the pooling of RGC
plots from several retinas to generate Sholl curves based on
>80 cells. By conventions, scatter in the Sholl curves for
pooled cells is shown as + SEM.

3. Additional parameters describing the integrity of the dendritic
arbor are provided as part of the Imaris toolkit and these
include: (1) area under the curve: provides an overall measure
of dendritic complexity, allowing the comparison of different
curves through a single numerical value; (2) maximum number
of intersections: represents the point of highest complexity from
the Sholl profile and the peak of dendritic arborization;

" F i & >4t = RGCs from WT aduit rats

RGCs with dendritic loss

30

20

Number of intersetions

10—

o1
0 50 100 150 200 250 300 350

Distance from the soma (um)

Fig. 3 Example of Sholl analysis. (a) Quantification of dendrites intersecting concentric rings at 10 pm intervals
from the cell body. (b) Mean value of dendritic intersections at each intervals are plotted in function to the
distance from the soma. A left shift in the curve describes loss of dendritic complexity. Dashed lines indicate
typical branching indexes
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(3) total dendritic length: denotes the summed length of all the
dendritic branches; (4) branching level: indexed measure of the
dendritic branches based on their branching level (e.g., pri-
mary 1°, secondary 2°, tertiavy 3°, quaternary 4°), and
(5) Field area: Provides a measure of the areathat the dendrites
project and cover in the retina.

. Avoid cutting the optic nerve too close to the globe.

. Vitreous needs to be removed, otherwise the dyes will struggle

. The retina is moved onto the microscope slide with disposable

Pasteur pipettes. To not ruin the retina in the process, a small
piece of the pipette tip can be cut to increase the diameter size.

. Change the filter before it rips. As a general rule, every 8/10

4 Notes
1. Use a separate razor blade for each dye.
2
3
to diffuse into the tissue.
4
5
shots.
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Differentiation of Human Embryonic/Induced-Pluripotent
Stem Cells to Retinal Ganglion Cells

Maryam Esmaeili and Ben Mead

Abstract

The generation of retinal ganglion cells (RGCs) differentiated from human embryonic stem cell (hESC) or
induced-pluripotent stem cells (iPSC) could aid with understanding of human RGC development, neuro-
nal biology, drug discovery, potential cell-based therapies, and gene regulation. Here, we present a protocol
for differentiation of hESC to RGCs using a 40-day protocol, significantly shorter than typical retinal
organoids while still yielding cells with RGC-enriched markers and show physiological and morphological
properties typical of RGCs.

Key words Pluripotent stem cells, Retinal organoid, Stem cells, Human retinal ganglion cells

1 Introduction

Animal studies and primary cultures of mouse and rat RGCs have
been widely utilized for the study of RGC biology and treatment of
optic nerve disease, providing many important insights. However,
we need to overcome the potential limitations of rodent RGC for
treatment of human disease [1]. Using human cells is an ideal
model system to investigate human retinal diseases, facilitated by
the recent developments in differentiating human pluripotent stem
cells (hPSCs) into retinal neurons [2]. Furthermore, stem cell
differentiation can be used for cell-based therapeutic approaches
or secretion of protective factors for promoting survival [3]. Cell
transplantation of ESC-derived retinal pigment epithelial (RPE)
cells in patients with late-stage retinal degenerative disease such as
atrophic age-related macular degeneration (AMD) [4] and genera-
tion of retinal tissue with functional photoreceptor from human
iPSCs have been reported [5, 6]. Despite such progress in RPE and
photoreceptor, RGC differentiated from human ESC/iPSCs has
not advanced to the same extent. Although studies showed the
successful generation of RGC, these studies have some limitations

Ben Mead (ed.), Retinal Ganglion Cells: Methods and Protocols, Methods in Molecular Biology, vol. 2708,
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including lack of method to generate highly purified human RGCs
in large numbers, limited physiological characterization of the dif-
ferentiated cells, and the expression of a relatively small number of
RGC-associated genes [7—13]. Sluch et al suggested a protocol for
differentiation of hESCs to RGCs, which is simple, scalable, and
with subsequent isolation and characterization. Generation of
human stem cell-based RGCs, which can be highly purified and
well-characterized, is a promising method to investigate human
optic nerve diseases and help with more relevant system for drug
discovery and cell-based therapies [1]. Human RGC can be gener-
ated from any iPSC or ESC cell line using the described protocol,
but for the purposes of this chapter, we will use H7 /H9 ESC line
that have been CRISPR modified to express a fluorescent marker
under the BRN3B promoter as well as the surface marker THY1
[1]. The fluorescent marker allows ease of identification and,
together with the THY1 surface marker, allows purification, yet
these quality of life properties do not discount the use of other
ESC/iPSC cell lines. To generate RGC, five small molecules (For-
skolin, Dorsomorphin, IDE2, nicotinamide, and DAPT) are added
to ESC in culture over a 30—40 day period. Confirmation is done
via the BRN3B fluorescence as well as staining for RBPMS
and THY1.

2 Materials

. mTeSR1.

. Matrigel.

. Blebbistatin.

. Accutase.

. Neurobasal media.

. B27 supplement.

. N2 supplement.

. DMEM/F12.

. GlutaMAX Supplement.

. Antibiotic-antimyocotic (anti-anti).

. To make iNS media. Mix: 250 mL DMEM /F12 with 250 mL
Neurobasal and add 5 mL 100% glutamax, 5 mL 100% anti-
anti, 5 mL 100% N2 supplement, and 10 mL 50x B27
supplement.

O 0 N O\ Ul W N

—
_— O

12. Nicotinamide (NIC). Working concentration: 10 mM (mix:
2.44 g in 20 mL H,0O at RT to make a 1 M stock solution).

13. IDE2 (I). Working concentration: 2.5 pM (mix: 10 mg in
1.66 mL of DMSO for a 25 mM stock solution).
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14.

15.

16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

Forskolin (FSK). Working concentration: 25 pM (mix: 10 mg
in 974 pL of DMSO for a 25 mM stock solution).

Dorsomorphin (DSM). Working concentration: 1.0 pM (mix:
10 mg in 2.5 mL of DMSO for a 10 mM stock solution).

DAPT. Working concentration: 10 pM (mix: 5 mg of DAPT in
1.156 mL of DMSO for a 10 mM stock solution).

Phosphate-buffered saline (PBS).

Poly-D-Lysine (PDL; 0.1 mg/mL; dilute in PBS if necessary).
Laminin (20 pg/mL; dilute in PBS if necessary).

8-well cell culture chamber slides

37 °C CO, incubator

Microscope.

15- and 50-mL falcon tubes

Centrifuge.

70% ethanol

Sterile pipets.

3 Methods

3.1 Maintenance and
Passaging of Human
ESC/iPSC

All steps are carried out under sterile conditions (see Table 1 for
recommendations regarding preparation and storage of reagents).

1.

[S2 NN "IN I 8]

Add 1 mg frozen aliquot of Matrigel to 11 mL of ice-cold
DMEM/F12, and then precoat dishes overnight (range of
8-30 h) in 37 °C humidified incubator (sec Note 1).

. Pretreat cells with blebbistatin (5 pM) for at least 30 min.

. Rinse twice with Ca**/Mg?>* free PBS.

. Add 1 mL prewarmed accutase for 5-7 min incubated at 37 °C.
. Gently triturate up/down (5%) until cells have adequately

dissociated.

. Quench enzyme in 2 mL of mTeSR1 (without blebbistatin),

spin down, and remove supernatant.

. Resuspend in 2 mL of mTeSR1 with blebbistatin and count cell

numbers with a haemocytometer,/automated cell counter.

. Plate out 1 x 10° cells per 35 mm well (density may be different

depending on the cell line used).

. Feed cells with mTeSR1 without blebbistatin on day 2 after

passaging (An example of an ESC culture is shown in Fig. 1; see
Note 2).
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Table 1

Preparation and usage of some reagents in this protocol

Reagent name

Suggestion for preparation and storage

mTeSR1 and supplement
medium

Matrigel

Blebbistatin

iNS medium

Small molecules for
differentiation

The frozen supplement medium is stored at —80 °C and the liquid media at
4 °C. place the frozen supplement in 4 °C the night before it is needed and
do not thaw it in water bath as it has a short shelf life. Supplemented
mTeSR1 is aliquoted into 50 mL tube containing 40 ml of medium and
stored at —20 °C. Shelf life of each defrosted aliquot is <2 weeks

Thaw 10 mL bottle overnight on wet ice at 4 °C before aliquoting.

Each lot has a different concentration and the specification sheet does not
come with the bottle, so check here for concentration of each new lot:

http: //regdocs.bd.com /regdocs/searchCOA.do

To avoid gelation of Matrigel solution, it is very important to always keep the
bottle on ice and never let it reach RT. When aliquoting Matrigel,
everything has to be on cold ice, even the tubes, because any increase in
temperature will cause gelling of the matrix.

Make 1 mg aliquots and store at —80 °C

Dissolve 1 mg blebbistatin into 340 pLL. DMSO to make 10 mM solution,
aliquoted into 10 pL aliquots and stored at —80 °C and use 1:2000 dilution
in mTeSR1

Use iNS which is <2 weeks old
Add small molecules to iNS freshly when preparing the feeding media

Fig. 1 The confluency of iPSC plated in 6-well plate. 2 x 10/5 iPSC plated in 6-well Matrigel coated in

mTeSR1 medium (x4)
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3.2 Differentiation of 1.

ESC/iPSC

10.

Passage cells and plate on matrigel precoated plates in mTeSR +
blebbistatin (or another ROCK inhibitor) at 37 °C. This time
point will be called day minus 1 (d-1).

. At 24 h time point, switch cells to iNS media in normal oxygen

to induce differentiation, this time point is referred to as day
zero (dO0).

. Twenty-four hours after switching to iNS, feed cells again with

fresh INS that includes small molecules. This step washes out
any residual ROCK inhibitor which can interfere with differen-
tiation downstream, and it removes any dead cells that would
form from the media switching earlier. This time point is
referred to as day 1 (d1).

. Small molecules added to iNS media are FSK + NIC + DSM + 1
for D1-D6.

. DSM + I are removed on day 6 and FSK + NIC are added for
D6-D10.

. Change media on day 10 to remove NIC and only feed with
ESK until D30.

. Continue to feed cells every other day and use iNS media which

is less than 2 weeks old.

. DAPT is added to the culture to increase percent of RGCs at

the expense of total yield on D18-D30. This compound will
force final differentiation of all cycling progenitors, stopping
cell division, but overall yield of RGCs will be lower.

. On day 30, all small molecule treatment is stopped, and cells

continue to differentiate and mature until day 40 (Fig. 2), but
total number will only slightly be increased. Primarily, the cells
will be growing longer neurites at this stage although some
cells are still being born into day 50 and beyond (see Note 3).

Unlike traditional rodent primary retinal cultures, human RGC
do not die spontaneously and thus, injury and death must be
induced to study novel therapeutics. This may be done using
hypoxia, glutamate excitoxicity, or the microtubule poison
colchicine (see Fig. 3).

4 Notes

. Matrigel should be kept cold /on ice at all times (until coating),

even when aliquoting. All tubes and media should be kept cold
to prevent premature gelling. Coated dishes can be stored for
up to 1 week.
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Fig. 2 Morphology of RGC after 40 days of differentiation. Immunocytochemistry of hESC-derived RGCs plated
in 8-chamber slides showed (a) BRN3B-mCherry fluorescence marker for RGC, (b) staining with p-lil tubulin,
(c) DAPI and (D) merge images (<20)

2. Cells will typically cluster together to form colonies. These
colonies may exhibit spontaneous differentiation which will
be obvious from an altered morphology. Different cell lines
have a different propensity to spontaneously differentiate and
care should be taken to monitor for these. If this happens to a
substantial number of colonies (5-10%), a long pipette tip can
be used to physical remove/detach these colonies, for
subsequent removal in the next media change.

3. As not all iPSC/ESC begin to differentiate at the same time,
even at day 40 and beyond there will still be undifferentiated
ESC/iPSC in the culture dividing and /or beginning to difter-
entiate. As such, it may be required that cells are passaged if
cultures are kept going for many weeks beyond the day 40 time
point.
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B-III tubulin

Fig. 3 The injured culture of hESC-derived RGC with colchicine. hESC-derived RGC plated in 8-chamber slides
and treated with 1 pM colchicine for 48 h and ICC showed (a) the reduced number RGC with BRN3B-mCherry
fluorescence, (b) Beta-lll tubulin, (c) DAPI, and (d) merge images (x20)
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Laser-Induced Ocular Hypertension in a Mouse Model
of Glaucoma

José M. Ramirez, Elena Salobrar-Garcia, Rosa de Hoz, Juan J. Salazar,
Jose A. Matamoros, Lidia Sanchez-Puebla, Inés Lopez-Cuenca,
Joseé A. Fernandez-Albarral, and Ana |. Ramirez

Abstract

Glaucoma is a neurodegenerative disease that leads to the loss of retinal ganglion cells (RGC) and thus to
blindness. There are numerous experimental models used for the study of this pathology. Among the
different models, episcleral vein photocoagulation is one of the most widely used. In this model there is a
transient increase in intraocular pressure that returns to normal values about 7 days after induction of ocular
hypertension (OHT). In addition, typical glaucoma changes, such as loss of RGC, thinning of the optic
nerve fiber layer, and glial activation, occur in this model. All these changes have been described in detail
over time after OHT induction. In this chapter, we describe the detailed method of OHT induction in Swiss
albino mice by diode laser photocoagulation of limbal and episcleral veins.

Key words Ocular hypertension, Mouse model, Glaucoma, Photocoagulation, Limbal plexus,
Episcleral veins

1 Introduction

Glaucoma is a complex, chronic, and multifactorial neurodegenera-
tive disease and is considered the leading cause of irreversible
blindness [1]. Degeneration of retinal ganglion cells (RGCs) and
loss of their axons, as well as damage and remodelling of the lamina
cribrosa are the main events in the pathogenesis of this disease [2].

Experimental rodent models are commonly used for the study
of glaucomatous optic neuropathy because they are inexpensive,
easy to handle, and have similarities to the human retina [3]. In
addition, in the case of mice, they also have the advantage of being
genetically manipulated [4]. Tissue changes that occur in
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glaucoma, such as alterations of the optic nerve head, thinning of
the retinal nerve fiber layer, activation of glial cells, and progressive
degeneration of RGCs, must be present in an experimental model
of glaucoma [5]. The main models of glaucoma are as follows:

The DBA/2 ] transgenic mouse model is the most important
transgenic glaucoma model [6]. In this model, there is a gradual
increase in the intraocular pressure (IOP) with age leading to a
rapid and progressive loss of RGC (approximately 40% at 9 months
of'age) and clear signs of optic nerve degeneration [7]. However, it
has limitations such as an iris atrophy and peripheral anterior syne-
chiae that alter the anterior segment, influencing IOP
measurement [8].

Induced models of ocular hypertension (OHT) have the advan-
tage over DBA /2 ] of having a predictable increase in IOP follow-
ing the experimental procedure. This IOP increase is usually rapid,
and the values remain elevated for a relatively short period of time.
This fact could be an important limitation of these models since
primary open-angle glaucoma, the most common in the human, is
characterized by a slow and sustained IOP elevation over time.
However, it has been demonstrated that these models produce
alterations in the retina and degeneration of RGCs and their
axons, presenting similar pathophysiological mechanisms to the
genetic models [7, 9-11]. In these induced models, an attempt is
made to obstruct the classic aqueous humor drainage pathway.

The model of injection of hypertonic saline into the episcleral
veins causes scarring of the trabecular meshwork and consequent
IOP elevation [12]. The IOP increase with this model is irregular
and re-injections are necessary to achieve the initial IOP increase or
to maintain stable pressure values [13-15]. However, the increase
in IOP can be sustained for weeks and produces loss of RGCs and
alterations in the optic nerve head, such as collagen deposition and
increased MMP9 activity [12, 13, 16, 17]. This technique is usually
used in rats, since access to the episcleral veins in smaller animals
makes the procedure difficult [4, 13].

The model of intracameral injection of polystyrene micro-
spheres or magnetic microbeads causes an obstruction of the nor-
mal drainage flow of aqueous humor, resulting in an IOP increase
[18, 19]. With this technique, IOP values are transient and with a
single injection sustained elevations are achieved between
2-12 weeks, although re-injections are often necessary to obtain
the initial increase in IOP or to maintain it stable over time [18, 20,
21]. Depending on which of these two techniques is employed,
there is variability in the magnitude and duration of IOP increase,
as well as in the degree of RGC and axon loss, with an estimated loss
of 5—40% during the first weeks after injection [18, 22].

A new glaucoma model uses an intracameral injection of a cross-
linking polymer, which employs a mixture of temperature-sensitive
hydrogels that gel on contact with the aqueous humor, producing a
viscosity increase. The increased viscosity impedes normal drainage
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of the aqueous humor, producing an increase in IOP and a signifi-
cant loss of RGCs in the first weeks after injection. In addition,
there are also functional alterations in the inner retina as evidenced
by electroretinographic analysis [23].

The laser-induced ocular hypertension is a technique in which
different structures of the anterior chamber, such as the limbal
plexus, the trabecular meshwork, and the limbal and episcleral
veins, could be photocoagulated with a diode laser. The aqueous
humor drains through the trabecular meshwork, at the iridocorneal
angle, into Schlemm’s canal, thence into the collecting canals, and
finally into the systemic circulation through the episcleral veins
[24]. The alteration of any of these structures impairs the normal
drainage flow of aqueous humor, resulting in an increase in IOP
[25-27].

Photocoagulation of limbal and episcleral veins is a widely used
technique in rodents, and this is the technique that will be detailed
in this chapter. In these models, there is a transient increase in IOP
that returns to baseline values around 7 days after OHT induction
(Fig. 1). This procedure produces morphological alterations such
as axonal degeneration in the myelinated area of the optic nerve,
changes in the optic nerve head, thinning of the optic nerve fiber
layer, loss of RGCs, and glial cell activation [28-32]. All these
changes have been described in detail over time after OHT induc-
tion [32-34].

IOP evolution

1d 2d 3d 5d 7d

=o==Naijve ~o-0OHT

Fig. 1 Curve of intraocular pressure evolution in treated (red) and naive (blue) eyes over 7 days
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2 Materials

+ Isoflurane.

* Ketamine.

* Medetomidine.

» Atipamezole hydrochloride.

« Colircusi Double Anaesthetic”®.

» Cross-linked sodium hyaluronate eye drops.
« Tonometer (Tonolab®).

* Diode laser (Vidris Ophthalmic Photocoagulator-532 nm
Quantel Medical, Clermont Ferrand, France).

3 Methods

1. Tagging of Laboratory Mice Using Electronic p-Chips. All the
animals are tagging with a p-Chips preloaded in injectors that
are sterile, under inhalation anesthesia with isoflurane 2% in
oxygen (Fig. 2a). Chip identification avoided having to pierce

Fig. 2 Mouse handling throughout the experiment. (a) Chip insertion. (b) Weighing of the animal. (¢) Intraocular
pressure measurement. (d) Placement of the mouse on a stable base at the focus of the slit lamp
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Photocoagulated
plexus

Limbal plexus

Laser impact

\ Laser beam

Fig. 3 Anatomy of the anterior pole of the mouse eye. Left: Limbal plexus and episcleral veins. Right:
Application of the laser beam, where the impacts made and the thickening of the limbal vessels that still
remain to be photocoagulated can be observed

10.

11.

the ears of the animals, which is more confusing when there is a
large sample size, or to make identification errors by erasing the
marks made on the tail.

. Weigh the animals to determine the intraperitoneal anesthesia

to be administered (Fig. 2b).

. Basal IOP measurement with a rodent-specific rebound

tonometer (Tonolab®) under inhalatory anesthesia with iso-
flurane 2% in oxygen (Fig. 2¢).

. Intraperitoneal anesthesia with ketamine (75 mg/kg) and

medetomidine (0.26 mg/kg).

. When the animal is asleep instil topical anesthetic of oxybupro-

caine hydrochloride and tetracaine hydrochloride (Colircusi
Double Anaesthetic®).

. After 5 min topical application of cross-linked sodium hyalur-

onate (VisuXL) is instilled.

. Adjustment of the photocoagulation parameters in the diode

laser. The parameters used are 0.3 W power, 0.5 s exposure.

. Adjustment of the beam, centering manually on a paper in the

plane of realization of the technique.

. The animals are placed on a stable base at the height of the slit

lamp focus (Fig. 2d). An operator manually positions the
mouse in the correct place, while performing a palpebral retrac-
tion to access the site to be photocoagulated (Fig. 3).

The position of the mouse must be manually modified to reach
360° around the limbus, the impacts always being perpendicu-
lar to the beam.

Photocoagulation of limbal plexus around 360° and two episcl-
eral veins following the course of the vessels (Fig. 4).
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Episcleral veins

Limbal plexus

Laser impact

Fig. 4 Zenithal view of the mouse eye after 360 degrees photocoagulation. In blue: laser impacts

12. Between 55 and 80 impacts per animal are performed, ensuring
that all limbal veins and two of the episcleral veins are photo-

coagulated (Fig. 4).

13. After photocoagulation, the mice are subcutaneously injected
with atipamezole hydrochloride (Antisedan®) to counteract
the effect of the medetomidine anesthesia.

14. At 24 h there is already an acute increase in IOP, so it must be
monitored to know if the surgery has worked (se¢ Note 1).

4

Note

1. In our experience, the procedure is successful in 80% of the

animals operated on.
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Silicone Oil-Induced Ocular Hypertension Glaucoma Model
(SOHU) in Rodent and Nonhuman Primate

Fang Fang, Jie Zhang, and Yang Hu

Abstract

In this chapter, we describe a clinically relevant inducible and reversible ocular hypertension glaucoma
model, which mimics the secondary glaucoma that can be a postoperative complication when silicone oil
(SO) is used as a tamponade agent in human vitreoretinal surgery. First, we detail the procedures for
generating SO-induced ocular hypertension (SOHU) in mouse and describe the two variations of this
model that simulate common but distinct glaucoma types. We also describe separately the related proce-
dures for measuring IOP and removing SO to return IOP to normal. Lastly, we describe the extension of
the SOHU model in nonhuman primate (NHP), which recapitulates the severe neurodegeneration of acute
human glaucoma but with unique dynamic changes of IOP due to the tolerance of the NHP ciliary body.
The SOHU glaucoma model is, therefore, suitable for assessing experimental therapies for neuroprotection
and regeneration, with or without treatment to lower IOP (SO removal), and consequently for translating
relevant findings into novel and effective clinical treatments for glaucoma and other neurodegenerations.
This model is straightforward, does not require special equipment or repetitive procedures, closely simu-
lates clinical situations, and may be applicable to diverse animal species although minor modifications may
be required.

Key words Glaucoma, Silicone oil, Ocular hypertension, Mouse, Rhesus macaque monkey, Intraoc-
ular pressure, Neurodegeneration

1 Introduction

Glaucoma is a neurodegenerative disease characterized by the pro-
gressive loss of retinal ganglion cells (RGC) and their axons [1]. Ele-
vated intraocular pressure (IOP) is a well-documented risk factor
for glaucoma, which remains the only modifiable factor in its treat-
ment. To explore the pathogenesis, progression, and treatment of
glaucoma, it is critical to have a reliable, reproducible, and inducible
experimental ocular hypertension/glaucoma model that replicates
the clinical disease.

Ben Mead (ed.), Retinal Ganglion Cells: Methods and Protocols, Methods in Molecular Biology, vol. 2708,
https://doi.org/10.1007/978-1-0716-3409-7_7,
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IOP rises or falls in response to two processes: inflow to the
anterior chamber of aqueous produced by the ciliary body in the
posterior chamber and aqueous outflow through the trabecular
meshwork (TM) at the angle of the anterior chamber. When aque-
ous inflow and outflow reach a steady state, normal IOP is main-
tained; when aqueous inflow exceeds outflow, IOP rises; when
aqueous outflow exceeds inflow, IOP falls. Almost all previous
glaucoma models increase IOP by decreasing aqueous outflow
either by occluding the angle of the anterior chamber or by dam-
aging the TM [2]. However, these techniques are technically chal-
lenging, and the ocular tissue damage is irreversible. The high IOP
in the anterior chamber can cause corneal edema and intraocular
inflammation that make retina imaging and visual function assays
difficult to perform and complicate interpretation of the results.

To overcome these shortcomings, we developed a silicone oil
(SO)-induced ocular hypertension under-detected (SOHU) glau-
coma mouse model based on intracameral SO injection and pupil-
lary block [3, 4]. SO is used as a tamponade in retinal detachment
repair because it is buoyant with high surface tension, but it can
cause a postoperative complication: an excess can physically occlude
the pupil, which prevents aqueous flow into the anterior chamber
and causes secondary glaucoma with acutely elevated IOP
[5, 6]. SO can be removed from the anterior chamber to reopen
the pupillary drainage pathway and allow inflow of aqueous humor,
which is drained through the TM at the angle of the anterior
chamber. SO removal from the mouse eye quickly returns IOP to
normal, exactly mimicking the clinical setting and therefore can be
used to test the effect of lowering IOP on glaucomatous RGCs.

Because pupil dilation can relieve pupillary blocking over dif-
ferent time courses, we extended the original SOHU glaucoma
model to recapitulate the phenotypes of two major forms of glau-
coma: (1) A chronic model produced by high frequency
(HF) pupillary dilation to ease SO-induced pupillary block, which
shows moderate IOP elevation and corresponding slow, mild glau-
comatous neurodegeneration. (2) A contrasting acute model cre-
ated by no pupillary dilation (ND), which shows greatly elevated
IOP and severe glaucomatous neurodegeneration [7]. Taken
together, these results establish the SOHU glaucoma model with
its clinically relevant variants as a highly advantageous novel system
for in vivo testing of neuroprotection.

The SOHU model may be applicable to a range of animal
species. The anatomy of the nonhuman primate (NHP) visual
system closely resembles that of humans. We recently adapted the
same procedure to rhesus macaque monkeys [8]. We found that a
single intracameral injection of SO induces reproducible glaucoma-
tous RGC and ON degeneration within 3-6 months in rhesus
macaque monkeys. The condition includes significant thinning of
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RNFL shown by iz vive OCT imaging, decreased visual function
(PhNR), and loss of RGC somata and axons. A unique feature of
this NHP glaucoma model is that the NHP ciliary body seems very
vulnerable to acutely elevated IOP. The ciliary body “shock” causes
it to atrophy and stop generating aqueous humor and then pro-
duces ocular hypotension.

In summary, the SOHU model has several advantageous fea-
tures: (1) A single SO injection can induce a reliable, sufficient, and
stable IOP elevation, whereas multiple treatments are required for
other inducible high IOP models. (2) The SO droplet is stable
during the experiment and a droplet size of 2.0-2.2 mm correlates
well with the IOP elevation. Therefore, the size of the SO is a very
practical and confident criterion for predicting and excluding an
unresponsive animal immediately after the SO injection. (3) The
consistent and progressive RGC and optic nerve degeneration is
correlated with the visual function impairment, as in human glau-
coma patients. (4) The pupil block of SO induces IOP elevation but
spares adjacent tissue and organs. Therefore, the refractive medium
remains transparent, including cornea, aqueous humor, SO itself,
lens, and vitreous body, which allows assessment of visual function
and morphology in vivo. (5) It is unique and differs from other
models because SO removal can reverse the ocular hypertension
and quickly decreases IOP to normal. These features established the
model as an excellent research tool for studying glaucomatous
neuroprotection, regeneration, and visual function evaluation.

The SOHU model also has limitations and complications:
(1) It replicates secondary acute, but not most chronic, cases of
clinical glaucoma because the IOP elevation is acute rather than
chronic. However, lowering the IOP by more frequent pupil dila-
tion to release the aqueous humor accumulated due to pupil block
can modify the SOHU model and make the glaucomatous changes
milder and more chronic. (2) Corneal opacity derived from band-
shaped degeneration and neovascularization also can occur, but this
complication is rare and primarily associated with corneal hypoxia
induced by a too large (>2.4 mm) SO droplet or accidental intra-
cornea injection. Skilled surgical technique of SO injection can
minimize its incidence dramatically. (3) Because the IOP elevation
is due to pupillary blockade, it is independent of TM. Therefore,
this model is not suitable for studies on TM-related IOP manage-
ment. (4) The fragility of the NHP ciliary body makes it difficult to
capture the ocular hypertension phase in the SOHU NHP model,
and ocular hypotension is detected more often. Neurodegenera-
tion, however, is consistent.

Here we present the detailed protocols of anterior chamber
injection and removal of SO in mouse and rhesus macaque, IOP
measurement, and in vivo and histology assays to determine glau-
comatous neurodegeneration and visual function deficits.
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2 Materials

2.1 Mouse

2.1.1 Glass Micropipette
for Intracameral Injection

2.1.2 Paracentesis

Needle

2.1.3 SO0 Injector

2.1.4 lrrigation System
for SO Removal

2.1.5 Drainage System
for SO Removal

N O\ Uk N

—

. We use C57BL/6 ] male and female mice (9-10 weeks old)

maintained in a 12:12 h light—dark cycle.

. Isoflurane and oxygen for anesthesia.

. Heating pad.

. 2,2,2-tribromoethanol.

. 0.5% proparacaine hydrochloride.

. Antibiotic ointment (bacitracin-neomycin-polymyxin).

. Rebound tonometer.

. Pull a glass capillary tube with a pipette puller to generate a

micropipette.

. Cut an opening at the tip of the micropipette and further

sharpen the tip with a microgrinder beveling machine to
make a 35-40-degree bevel.

. Autoclave the micropipette after polishing and cleaning all

debris.

. Attach a 32G needle (BD Nano Ultra-Fine Pen Needle-32G

4mm) on a 5 mL syringe with a tape to secure it.

. Bend the needle to allow the bevel tip to face upwards close to

the syringe at a 30-degree angle.

. Attach a blunt end 18G needle to a 10 mL syringe.
. Attach plastic tubing with the 18G needle on one end and fill

with SO as needed through the other end before attaching the
sterilized micropipette.

. Push the 10 mL syringe plunger to fill the entire micropipette

with SO.

. Prepare the irrigating solution according to the manufacturer’s

instructions and place it in the irrigation bottle. Elevate the
bottle to 110-120 cm (81-88 mmHg) above the surgery
platform.

. Attach an IV administration set to the irrigating solution bot-

tle. Remove air bubbles from the IV tubing. Connect a 33 G
needle bent to 20° face up to the IV tubing.

Attach a 33 G needle to the 1 mL syringe and bend the needle to
20°.



2.1.6  Optokinetic
Response

2.1.7 Spectral-Domain
Optical Coherence
Tomography (SD-0CT)
Imaging and Fundus
Fluorescein Angiography
(FFA)

2.1.8 Pattern
Electroretinogram (PERG)
Recording

2.2 Rhesus Macaque
Monkey
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. Platform surrounded by four 17 inch LCD screens.

Video camera positioned to record the animal on the platform.

. Xylazine and ketamine for anesthesia.

2. 1% tropicamide sterile ophthalmic solution.

AR A S
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+10D contact lenses (3.0 mm diameter, 1.6 mm BC, PMMA
clear).

SD-OCT imaging machine.

Xylazine and ketamine for anesthesia.

1% tropicamide sterile ophthalmic solution.
Lubricant eye drops.

PERG machine.

Feedback-controlled heating pad.

Instrument for paracentesis: A disposable 15-degree blade.

. Instruments for SO injection and removal: A bent 25G blunt

cannula attached to a 3 mL syringe.

Ketamine hydrochloride (5-30 mg/kg IM) and dexmedeto-
midine (0.05-0.075 mg/kg IM) for anesthesia.

4. 5% betadine.

. Sterile balanced salt solution.

3 Methods

3.1 Intracameral SO
Injection

3.1.1 Mouse

All experimental procedures are performed in compliance with
animal protocols approved by the IACUC at Stanford University
School of Medicine.

1.

Place a 9-10-week-old mouse into an induction chamber per-
fused with 3% isoflurane mixed with oxygen at 2 L /min for
3 min.

. Intraperitoneally inject 2,2,2-tribromoethanol (0.3 mg/g

body weight), which can keep the pupil small (see Note 1).

. Assess the appropriate anesthesia depth by toe pinch that elicits

no movement of whiskers or tail.

. Place the mouse in a lateral position on a surgery platform.

Apply one drop of 0.5% proparacaine hydrochloride to the
cornea to reduce its sensitivity during the procedure.

. Make an entry incision with the 32 G paracentesis needle at the

superotemporal quadrant, about 0.5 mm from the limbus (see
Notes 2 and 3).
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3.1.2 Mouse High
Frequency (HF) and No
Dilation (ND) SOHU
Glaucoma Models

3.1.3 Rhesus Macaque

10.

11.

12.

13.

14.

15.

. Tunnel through the layers of the cornea with the paracentesis

needle for about 0.3 mm before piercing into the anterior
chamber. Be careful not to touch the lens or iris (se¢ Note 4).

. Withdraw the needle slowly to release some aqueous humor

(about 1-2 pL) from the anterior chamber through the tunnel
(paracentesis) (see Note 5).

. Wait ~8 min to further decrease the IOP. This can be deter-

mined by measuring the contralateral, control eye (se¢ Note 5).

. Insert the glass micropipette preloaded with SO through the

corneal tunnel into the anterior chamber, with the bevel facing
down to the iris surface.

Push the syringe plunger slowly to inject SO into the anterior
chamber (see Note 6) until the SO droplet covers most of the
iris surface, ~2.2-2.4 mm in diameter (se¢ Notes 7 and 8).

Leave the micropipette in the anterior chamber for 10 s more
before withdrawing it slowly (see Note 9).

Gently push the upper eyelid to close the cornea incision to
minimize SO leakage (see Note 10).

Apply antibiotic ointment (bacitracin-neomycin-polymyxin) to
the eye surface.

Throughout the procedure, frequently moisten the cornea
with artificial tears (see Note 11).

Keep the mouse on a heating pad until fully recovered from
anesthesia.

. HF model: Pupil dilation (apply 1% tropicamide sterile oph-

thalmic solution 3 times for 5 min each to fully dilate the
pupil) /IOP measurement (refer to the subheading 3.3.1 IOP
measurement,/mouse) twice weekly for 5-8 weeks.

. ND model: No pupil dilation (no IOP measurement) for

3 weeks (IOP measurement just before sacrificing).

. Intramuscularly inject ketamine hydrochloride (5-30 mg/kg

IM) and dexmedetomidine (0.05-0.075 mg/kg IM) to
achieve sedation.

. Lay the monkey supine on a surgical table. Apply one drop of

0.5% proparacaine hydrochloride to the cornea to reduce its
sensitivity during the procedure.

. Apply drops of 5% betadine to the ocular surface and adnexa in

the usual sterile fashion for the SO injection surgery.

. Make a side-port incision with a disposable 15-degree blade at

the corneal limbus to enter the anterior chamber at 6 o’clock to
minimize oil leakage. The tunnel incision length should be
precisely 2.0 mm to provide reliable self-sealing.
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3.2.1 Mouse

3.2.2 Rhesus Macaque
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. Insert the bent 25G blunt cannula attached to a 3 mL syringe

preloaded with SO through the corneal incision into the ante-
rior chamber.

. Slowly Inject SO into the anterior chamber while intermit-

tently applying gentle pressure to the floor of the incision to
release the aqueous humor until the SO droplet covers 70-80%
of the iris surface (see Note 12).

. Withdraw the cannula and allow the corneal stroma to self-seal

or hydrate around the incision to seal the wound to minimize
SO leakage (see Note 13).

. Apply antibiotic ointment (BNP ophthalmic ointment) to the

eye surface.

. Keep the monkey warm until fully recovered from anesthesia.

. Intraperitoneally inject 2,2,2-tribromoethanol (0.3 mg/g

body weight). Check for lack of response to toe pinch and
lack of movement of whiskers or tail to insure adequate anes-
thetic depth (see Note 1).

. Place the mouse on a surgery platform and secure it in the

lateral position with tape. Apply one drop of 0.5% proparacaine
hydrochloride to the cornea to reduce its sensitivity.

. Make two incisions in the temporal quadrant of the cornea

between ~2 and 5 o’clock at the edge of the SO droplet using
the premade 32G paracentesis needle (see Note 14).

. Prepare the irrigating solution according to the manufacturer’s

instructions and place it in the irrigation bottle that is elevated
to 110-120 cm above the surgery platform (81-88 mmHg).
Insert a 33G irrigation needle connected to irrigating solution
through one corneal incision.

. Insert another 33G drainage needle attached to a syringe with-

out a plunger through the other corneal incision to allow the
SO droplet to exit the anterior chamber while washing with
irrigating solution.

. Withdraw the drainage needle, then the irrigation needle.

. Inject an air bubble into the anterior chamber to maintain its

normal depth and press to close the corneal incision.

. Apply antibiotic ointment to both eyes.

9. Keep the mouse on the heating recovery pad until fully recov-

ered from the anesthesia.

. Intramuscularly inject ketamine hydrochloride (5-30 mg/kg

IM) and dexmedetomidine (0.05-0.075 mg/kg IM) to
achieve sedation.
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3.3 Iop
Measurement

3.3.1

Mouse

. Lay the monkey supine on a surgery platform. Apply one drop

of 0.5% proparacaine hydrochloride to the cornea to reduce its
sensitivity during the procedure.

. Apply drops of 5% betadine to the ocular surface and adnexa in

the usual sterile fashion for the SO removal surgery.

. Make a side-port incision with a disposable 15-degree blade at

the corneal limbus to enter the anterior chamber at 12 o’clock.
The tunnel incision length should be precisely 2.0 mm to
provide reliable self-sealing.

. Insert the bent 25G blunt cannula attached to a 3 mL syringe

filled with sterile balanced salt solution (BSS) into the anterior
chamber.

. Slowly inject saline into the anterior chamber while intermit-

tently applying gentle pressure to the floor of the incision to
periodically allow oil to egress from the same incision (see
Note 15).

. After removing all the oil, inject BSS incrementally into the

anterior chamber to restore and maintain physiologic depth.

. Withdraw the cannula, self-seal the corneal incision, or hydrate

to seal the wound (see Note 13).

. Apply antibiotic ointment to the eye.

. Keep the monkey warm until fully recovered from anesthesia.

. Place the mouse into an induction chamber perfused with 3%

isoflurane mixed with oxygen at 2 L/minute for 3 min.

. Intraperitoneally inject xylazine and ketamine (0.01 mg xyla-

zine /g, 0.08 mg ketamine /g) (se¢ Note 16).

. Keep the cornea moist by applying artificial tears throughout

the procedure (see Note 17).

. Wait about 15 min to allow the pupil to fully dilate (see Notes

16 and 18).

. Measure the IOP of both eyes using a tonometer according to

product instructions. Bring the tonometer near the mouse eye.
Keep the distance from the tip of the probe to the mouse
cornea at about 34 mm. Press the measuring button 6x to
generate one reading. Three machine-generated readings are
obtained from each eye to acquire the mean IOP (see Note 19).

. Sacrifice the animals at 8 weeks after SO injection and perform

immunohistochemistry of wholemount retina, RGC counting,
optic nerve (ON) semi-thin sections, and quantification of
surviving axons, which have been described before.



3.3.2 Rhesus Macaque

3.4 In vivo Imaging
and Visual Function
Assays in Mice

3.4.1 Opto-Kinetic
Response (OKR)

3.4.2 Spectral-Domain
Optical Coherence
Tomography (SD-0CT)
Imaging
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. Intramuscularly inject ketamine hydrochloride (5-30 mg/kg

IM) and dexmedetomidine (0.05-0.075 mg/kg IM) to
achieve sedation.

. Measure the IOP of both eyes using a rebound tonometer

(Icare TAOIli, Finland) according to product instructions
while the animal is upright. Bring the tonometer near the
monkey eye (see Note 20). Keep the distance from the tip of
the probe to the monkey cornea at about 4-8 mm. Press the
measuring button 6x to generate one reading (se¢ Note 21).
Three machine-generated readings are obtained from each eye
to acquire the mean IOP.

. Sacrifice the animals at 3 months after SO injection and per-

form immunohistochemistry of wholemount retina, RGC
counting, ON semi-thin sections, and quantification of surviv-
ing axons, which have been described before.

. Place the alert mouse unrestrained on a platform in the center

of four 17-inch LCD computer monitors (Dell, Phoenix, AZ)
with a video camera above the platform to capture the move-
ment of the mouse.

. Calm the mouse with grey color on the surrounding LCD

computer monitors.

. When the mouse is quiet, to imitate a virtual reality environ-

ment and test spatial acuity, show the animal a vertical sine wave
grating (black and white at 100%contrast and 12 degree/sec-
ond) rotating around on the LCD computer monitors (see
Note 22).

. Test the spatial acuity of the left eye when the grating rotates

clockwise and the right eye when it rotates counterclockwise.

. The test starts at a low spatial frequency (0.1 cycle /degree) for

about 5 seconds to check whether the animal turns its head to
track the grating (see Note 23). Increase the spatial frequency
of the rotating grating while the mouse is able to track the
grating.

. When the mouse stops tracking the grating, this is determined

to be its best spatial acuity (see Note 24).

. Intraperitoneally inject xylazine and ketamine (0.01 mg xyla-

zine/g, 0.08 mg ketamine/g) to anesthetize the animal (see
Note 25).

. Apply 1% tropicamide sterile ophthalmic solution 3 times per

5 min to fully dilate the pupil.

. Apply customized +10D contact lenses to both corneas pre-

venting dry cornea and lens opacity during the measurement
(see Note 26).
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3.4.3 Fundus Fluorescein
Angiography (FFA)

3.4.4 Pattern
Electroretinogram (PERG)
Recording

. Lay the animal on a 3D-printed mouse holder with 37 °C

heater and measure the eyes by SD-OCT equipped with an
870 nm infrared wavelength light source and a 30° lens (Hei-
delberg Engineering).

. The anterior segment, including cornea, anterior chamber, and

angle can be observed and imaged by line scan mode.

. The ganglion cell complex (GCC) thickness around the optic

nerve includes retinal nerve fiber layer (RNFL), ganglion cell
layer (GCL), and inner plexiform layer (IPL) is measured by
circle scan mode.

. Intraperitoneally inject xylazine and ketamine (0.01 mg xyla-

zine/g, 0.08 mg ketamine /g) to anesthetize the animal.

. Apply 1% tropicamide sterile ophthalmic solution 3 times per

5 min to fully dilate the pupil.

. Apply customized +10D contact lenses (3.0 mm diameter,

1.6 mm BC, PMMA clear, Advanced Vision Technologies) to
both corneas preventing dry cornea and lens opacity during the
measurement (see Note 23).

. Lay the animal on a 3D-printed mouse holder with 37 °C

heater and intraperitoneally inject 5% fluorescein sodium
(3 mL/kg, AK-FLUOR, USA).

. Fundus blood supply is recorded from 6 s to 3 min by the

Heidelberg Spectralis SLO/OCT system (Heidelberg Engi-
neering, Germany) and a 55° lens (Heidelberg Engineering)
(see Note 27).

. Intraperitoneally inject xylazine and ketamine (0.01 mg xyla-

zine/g, 0.08 mg ketamine /g) to anesthetize the animal.

. Apply 1% tropicamide sterile ophthalmic solution 3 times per

5 minutes to fully dilate the pupil.

. Place the mouse on a feedback-controlled heating pad to main-

tain animal core temperature at 37 °C during the measurement
(see Note 28).

. Apply appropriate amount of lubricant eye drops to keep the

eye moist during the measurement preventing corneal dryness
and cataract.

. Place the reference electrode subcutaneously on the back of the

head between the two ears, the active steel needle electrode on
the snout for the simultaneous acquisition of left and right eye
responses, and the ground electrode at the root of the tail.

. Two 14 cm x 14 cm LED screens, presenting the pattern

stimuli at a contrast of 85% and a luminance of 800 cd/m?,
and consisting of four cycles of black gray elements with a
spatial frequency of 0.052 c¢/d are placed in front of the eyes
(10 cm from each eye).
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. The average of two consecutive recordings of 200 traces

(1020 ms for each trace) completes one readout.

. The mean of the P1 (the first positive peak around 100 ms)-N2

(the second negative peak around 205 ms) amplitude is con-
sidered to show the overall function of the RGCs.

4 Notes

10.

11.

. Do not dilate the pupil during SO injection and removal sur-

gery, especially when beginning to learn this technique,
because the iris can protect the lens from unexpected con-
tact/injury by the tip.

The corneal tunnel incision is made as close as possible to the
limbus to allow the incision to be near the iris but not touch it,
so that the iris can seal the incision after injection.

A relatively long tunnel (0.3 mm) within the layers of the
cornea before penetrating the anterior chamber with the bev-
eled tip can prevent almost all SO leakage by making the inner
opening of the corneal tunnel much smaller than the outer
opening.

Edema in the mouse cornea can be checked under a light
dissecting microscope; recovery after an intracameral injection
normally takes 2—-3 days.

. Itis important to keep the IOP low in the injected eye to avoid

forcing the SO out of the anterior chamber.

. The injection speed should be as slow as possible to avoid

excessive overflow of SO into the anterior chamber.

. The IOP will not be stably elevated if the SO droplets are too

small (1.8 mm). The recommended diameter of the SO drop-
let is 2.0-2.2 mm.

. Corneal neovascularization is a common side effect of SO

injection; the most frequent cause is corneal hypoxia due to
an overly large SO droplet (>2.2 mm).

To keep the IOP stable and reduce SO leakage, leave the
micropipette in the anterior chamber for an additional 10 s
after the injection is completed, then withdraw it slowly.

Upper eyelid massage after the injection averts oil leakage by
helping the corneal incision to close, sometimes also by assist-
ing the anterior synechiae of the peripheral iris to close the
corneal incision.

Corneal exposure to the air can lead to corneal and lens opacity
and even corneal ulcers. Therefore, frequently moisten the
cornea with artificial tears throughout the procedure.



68

Fang Fang et al.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Pupillary block cannot be induced when the SO droplet covers
less than 60% of the iris surface. To avoid corneal hypoxia, we
do not recommend a SO droplet size that covers more than
80% of the iris surface.

When the incision tunnel is too short to self-seal, wound
closure can be achieved by corneal stromal hydration induced
by injecting BSS directly into lateral wall with a 25G blunt
cannula until diffuse stromal whitening occurs.

Avoid lowering IOP by allowing too much aqueous humor to
leak when making the first incision during the SO removal
surgery. If too much aqueous humor is lost, it will be hard to
make another incision in the hypotonic eyeball without injury
to adjacent tissue. Restoring the normal IOP with the irriga-
tion system can make the second incision smoother and safer.

Be very careful to maintain the depth of the anterior chamber
by injecting BSS during SO removal. The iris, lens, and cornea
can be damaged by the cannula when the depth of the anterior
chamber decreases abruptly due to an imbalance of SO, aque-
ous leakage, and BSS injection.

Pupil blocking prevents aqueous humor inflow into the ante-
rior chamber and therefore increases IOP only in the posterior
part of the eye. The physical barrier formed by the SO together
with the iris and lens can disconnect the anterior chamber from
the posterior segment, limiting IOP elevation to the posterior
segment, where aqueous fluid accumulates. When the mouse
pupil is larger than the SO droplet after dilation, the anterior
and posterior chambers are reconnected, allowing aqueous to
flood into the anterior chamber and rapidly increase IOP. A
tonometer can only detect the increased IOP after removing
the pupillary block, so the true IOP in the posterior segment is
undoubtedly underestimated.

It is critical to keep the cornea appropriately moist as the IOP
can be overestimated when the cornea is dry and underesti-
mated when it is too wet. Artificial tears can be used to keep the
cornea moist; remember to remove excessive moisture with
cotton swabs before measurements.

The pupil dilation takes time, and IOP should not be measured
until it occurs. Therefore, we try not to measure the IOP too
soon after injection or to measure it too frequently.

Because paracentesis may induce corneal edema, which can
cause unreliable IOP readings, we again caution against
performing IOP measurements too early or too often.

The tip of the probe should be vertical to the center of the
cornea during the measurements.

Keep cornea moist during the measurements by massaging
with the upper eyelid once or twice to avoid unstable readings
due to a dry cornea.
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23.

24.

25.

26.

27.

28.
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The grating consists of black (luminance 0.22 c¢d/m2) and
white (mean luminance 152.13 ¢d/m2) stripes.

The time of assessment should be brief to preclude the mouse
adapting to the stimulus and producing a false readout.

If the mouse needs to rest during visual testing, position it with
its back facing the grey background for about 30 s to avoid
stimulus adaption.

Full general anesthesia is critical to obtaining high quality OCT
images, irregular breathing and limb/body movements can
make it difficult to capture superior images.

Make sure the lens is clean and clear before applying it.

As the peritoneum-eye circulation of fluorescein sodium is
about 6 s, it is important to be ready to focus on the fundus
before peritoneal injection. Otherwise, the filling time of the
retinal artery, an important indicator of retinal ischemia, will be
missed.

Keep the mouse warm as low body temperature can cause

unstable ERG waveforms.
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Microbead-Induced Ocular Hypertension in a Rodent Model
of Glaucoma

Ben Mead

Abstract

Glaucoma is an irreversible blinding disease characterized by the loss of retinal ganglion cells. Development
of therapeutics relies on suitable models and, given its complex nature, these are typically in vivo models. A
widely used model, owing to its relative simplicity, is the microbead model. This model involves the
injections of beads into the anterior chamber, which are suitably sized to block the aqueous outflow
pathway, leading to an elevation in intraocular pressure and ultimately, retinal ganglion cell death. In this
chapter, we describe in detail the materials and methods for modelling glaucoma using microbeads (both
magnetic and nonmagnetic).

Key words Ocular hypertension, Glaucoma, Rodent model, Microbead, Retinal ganglion cells,
Neuroprotection

1 Introduction

Glaucoma is a neurodegenerative condition characterized by the
slow progressive loss of retinal ganglion cells (RGCs). The principal
risk factor in glaucoma is the elevation of intraocular pressure (IOP)
and is due to poor circulation of the aqueous humor, a clear fluid
that nourishes the cornea. The most common form of glaucoma,
primary open-angle glaucoma, occurs due to a blockage in the
trabecular meshwork (TM), a structure found in the iridocorneal
angle and the main determinant of outflow resistance. Elevation of
IOP is induced in experimental animals to model glaucoma and a
variety of methods are available to achieve such an outcome. Some
of these models aim to induce fibrosis and scarring of the TM and
include laser photocoagulation of the TM [1], hypertonic saline
into the episcleral veins [2], or viral-mediated expression of profi-
brotic cytokines in the TM [3, 4]. In contrast to these models
which aim to recapitulate the TM pathology, ocular hypertension
can also be induced by simply blocking the TM. Microbeads are
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one such tool that can achieve this effect, and injection into the
anterior chamber (intracameral) has proven to be a reliable method
with which a rise in IOP and subsequent death and dysfunction of
RGC can be elicited [5-8]. Microbeads are either polystyrene
(or any other appropriately inert material) and can also be mag-
netic. Following intracameral injection, the beads settle in the TM,
blocking aqueous outflow and increasing IOP. Beads naturally
settle in the TM due to the flow direction of the aqueous but can
be corralled there through the application of a weak magnetic field.
While the model cannot be used to test candidate drugs that target
the TM or seek to modulate IOP, the model has been a useful tool
for the testing of neuroprotective strategies. Currently no treat-
ment for glaucoma exists that targets the RGC directly, only IOP
lowering agents are available.

2 Materials

e Adult rats or mice.

e TIsoflurane and associated inhalation anesthetic machine includ-
ing oxygen and scavenging unit.

e Warming pad.

e Microbeads. A combination of 6 pm and 10 pm provides good
blockage of the TM (e.g., Polybead® Microspheres 6.00 pm/
10.00 pm, Polysciences, PA, USA; #07312-5/#07316-5).

e Magnetic microbeads. If using magnetic microbeads, 4.5 pm
diameter is sufficient. We suggest Dynabeads” M-450 Epoxy
(Thermofisher, #14011). If beads used contain epoxy groups,
0.02 M NaOH in 10x Tris buffer is needed to remove them.

e Small handheld magnet (if using magnetic beads; magnet
should be of similar strength to a regular fridge magnet).

e Hanks balanced salt solution for resuspension of beads.

e Glass microneedle prepared from pulling glass capillary rods
(OD 1.5 mm, ID 1.2 mm).

e 10 ml syringe connected to a butterfly needle with the needle
portion cut off leaving just the tubing. This is connected to the
glass microneedle to allow administration of the beads.

* Microloader tips of a similar length and shorter diameter than
the glass microneedles.

e 10 pL pipette.

e 15-degree ophthalmic blade (or alternatively a microelectrode
beveler) to ensure a resealable wound is made into the cornea.

¢ Surgical microscope.
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Curved forceps with smooth (non-serrated/toothed grip) for
prolapsing the eye.

Liquid tears eye drops.

Tonometer (Tonolab®).

3 Methods

. Place rodent in anesthetic induction chamber and induce anes-

thesia using 5% isoflurane in oxygen.

. Lay rodent flat on a warming pad and measure IOP using

tonometer (see Note 1) while maintaining anesthesia using
2.5% isoflurane in oxygen.

. Position rodent under surgical microscope. No head-holding/

stereotactic frame is necessary. The eye should be in focus when
prolapsed (individual vessels of the iris visible) and at a magni-
fication in which the eye takes up 50% of the field of view (see
Note 2).

. Prolapse and grasp the eye gently using curved forceps (see

Note 3) and using the 15-degree ophthalmic blade, make a
small (3 mm) incision in the cornea. The incision site should be
1-2 mm anterior to the limbus and moving from peripheral to
central. This should create a resealable wound into which the
microbeads can be injected.

. Load a glass microneedle (see Note 4) with the appropriate

number of beads (see Note 5) using a 10 pL pipette and
microloader tips, attach to the tubing connected to the syringe
and place the syringe close to your nondominant hand (Fig. 1).

. Prolapse the eye gently using curved forceps in your nondomi-

nant hand and insert the microneedle intracamerally using your
other hand, into the previously made incision (se¢ Note 6;
Fig. 1).

. Let go of the eye with your forceps and pick up the syringe. The

eye will typically return back to the socket, but the needle and
injection site should remain visible. If the eye completely closes
and the tip of the needle is no longer visible, ensure the needle
is still in the eye by gently feeling for resistance around the
needle tip.

. Gently push down on the syringe while observing the liquid

down the microscope. Once all of the beads have been admi-
nistered, stop depressing the plunger and wait 60 s for the
bolus to disperse from the immediate injection site.

. Retract the needle.
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Fig. 1 A schematic representation of the angle for ocular injection (a) and the standard set up needed for
intracameral injection (b). The injection is made intracamerally, at an angle that avoids the relatively large
lens. To administer the beads, a syringe attached to a butterfly needle tubing (1; butterfly needle should be cut
off) and connected to a microneedle (2) is used. The microneedle is loaded using a loader tip (3) and injected
into a prolapsed eye (using curved forceps (4)) into an incision site made by a 15-degree ophthalmic blade (5)

Fig. 2 The eye 2 weeks after magnetic microbead injection. Beads can still be
visualized around the eye in the iridocorneal angle

10. If the beads are magnetic, run a small magnet along the limbus
to corral the beads along the iridocorneal angle. A dark ring
should be observable after bead placement (Fig. 2). Some
beads can be expected to stick to the inner surface of the
cornea.
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Fig. 3 The mean intraocular pressure recordings from animals injected with
magnetic microbeads according to the methods detail in this chapter. Tonometry
was performed under anesthesia. Data is taken from 5 Sprague Dawley rats

11. Add liquid tear eye drops to lubricate the eyes and return the
animal to its cage for monitoring until consciousness returns.

Figure 3 shows typical pressure recordings from animals
injected with magnetic microbeads and tonometry done in anesthe-
tized animals (isoflurane).

4 Notes

1. For reliable IOP recordings, the tonometer probe should strike
the center of the cornea at a perpendicular angle. Optimal
distance is 2-3 mm from the corneal surface. Three recordings,
each an average of 6 measurements are taken. Recordings
should be repeated if any of the measurements are substantially
different from the others. Isoflurane will lower the IOP which
is somewhat, but not completely mitigated by performing the
recordings the moment the animal loses consciousness.

2. While the procedure is easier when carried out by two people, it
is perfectly suitable and has been used repeatedly with only a
single individual. As the injection requires two hands, it is a
requirement that the microscope is set up in a way that no
further modifications are needed once time comes to inject.
This should be done for each eye/injection.

3. To effectively and safely prolapse the eye, push down on the
lateral canthus with one arm of the forceps before positioning
the second at the medial canthus as the eye begins to protrude.
Ensure that the eye has visible blood flow, and it is never
impeded by grasping too tightly.
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4. While glass microneedles are typically prepared in advance on

anesthetizing the animal, in this case they should be prepared
very close to the time of injection to prevent any potential
clumping of the beads at the tip of the needle.

. The concentration of beads is determined by the type of beads

being used as well as whether it is a mouse or rat being injected.

. The incision site will likely be challenging to see so remember-

ing where it is located by using landmarks (iris blood vessels)
can be helpful. The eye can rotate in anesthetized animals
which can add to this confusion. Upon injection, take care
not to touch the iris with the needle tip, as it will likely adhere
to the needle and partially prolapse out of the injection site

when the needle is retracted.
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Viral Vector-Induced Ocular Hypertension in Mice

J. Cameron Millar, Yogapriya Sundaresan, Gulab S. Zode,
and Abbot F. Clark

Abstract

Viral transduction of the mouse trabecular meshwork using a variety of transgenes associated with glaucoma
generates an inducible and reproducible method for generating ocular hypertension due to increased
aqueous humor outflow resistance of the conventional outflow pathway. Both adenovirus serotype
5 (Ad5) and lentiviruses have selective tropism for the mouse trabecular meshwork with intraocular
injections. Accurate intraocular pressures are easily measured using a rebound tonometer, and aqueous
humor outflow facilities can be measured in anesthetized live mice.

Key words Glaucoma, Intraocular pressure, Viral transducing vectors, Mouse models

1 Introduction

Glaucoma is a group of optic neuropathies with characteristic pro-
gressive cupping of ONH and defects in visual fields. Glaucoma is
the leading cause of irreversible vision loss and blindness affecting
80 M worldwide [1]. Generally, there is a slow, progressive, and
painless loss of vision so this condition often goes undiagnosed
until there is considerable irreversible damage to the optic nerve
and retinal ganglion cells. There are number of risk factors for
glaucoma, but intraocular pressure (IOP) is the major causative
risk factor for both the development and progression of glaucoma
[2-4]. All current glaucoma therapies target IOP lowering either
pharmaceutically or surgically. Unfortunately, none of these thera-
pies directly address the ongoing and progressive damage to the
aqueous outflow pathway that is responsible for glaucomatous IOP
elevation.

There is a definite need for preclinical in vivo glaucoma models
that mimic many of the features of human glaucoma. These preclini-
cal models will allow us to better understand molecular mechanisms
involved in glaucomatous damage to the trabecular meshwork (TM),
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optic nerve head (ONH), optic nerve (ON), retinal ganglion cells
(RGC:s), and target neurons in the vision centers of the brain. These
models will also allow the discovery and testing of new therapies
including new disease modifying therapies that directly interfere with
glaucomatous damage to the eye.

In recent years, there has been significant research focus on
rodent (i.e., mouse and rat) models of ocular hypertension (OHT)
and glaucoma. There are a number of advantages in using rodents,
especially mice, to model glaucoma, including: (1) anatomical sim-
ilarity of the TM (beams of TM cells with a canal of Schlemm);
(2) ONH where initial glaucomatous optic neuropathy occurs
(however rats and mice have a glial lamina cribrosa (LC) rather
than the laminar plates seen in primates); (3) RGC heterogeneity
[5, 6] with the preferential loss of specific RGC subtypes [7, 8];
(4) the relative cost and ease of use of large animal numbers;
(5) their rapid development and short lifespan; and (6) appropriate
technology to monitor all phases of glaucomatous damage (nonin-
vasive IOP, pattern electroretinography (PERG), optical coherence
tomography (OCT), and behavioral tests of visual function).

Numerous rodent glaucoma models have been developed and
characterized (please see Pang and Clark [9] for a review of these
models). Simon John and colleagues discovered that the DBA/2 ]
strain of mice develops spontaneous ocular hypertension leading
optic nerve damage and RGC loss due to mutations in Tyrpl and
Gpnmb [10], and this strain has been extensively used by glaucoma
researchers resulting in approximately 240 publications (PubMed
search on 12 /12 /22). However, the OHT in this model is due to
degeneration of the iris leading to extensive pigment deposition in
the iridocorneal angle, so it is not appropriate to understand POAG
insults to the TM. In addition, OHT does not occur until ~6—-
8 months followed by glaucomatous damage between 10 and
12 months. Another issue is the asynchronous damage between
mice and between the eyes of the same mouse. Several transgenic
OHT mouse models of glaucoma have been generated, including a
mouse models expressing the human version of mutated MYOCI-
LIN (Tg.MYOC.Y437H) [11] and Tg. MYOC.P370L [12], Tg.
Collal”" [13] and Tg.Czgf [14]. The transgene-induced ocular
hypertension in these mice also causes glaucomatous optic
neuropathy.

Several commonly used inducible rodent models of glaucoma
physically occlude the aqueous outflow pathway to elevate 10D,
including episcleral injection of hypertonic saline (the Morrison rat
model) [15], injection of microbeads into rat [ 16] and mouse eyes
[16], or injection of silicon oil to cause angle closure glaucoma
[17]. These models have been extremely useful to understand the
mechanisms of ON and RGC damage as well as to discover novel
neuroprotection therapies, but they do not mimic the OHT that
occurs in POAG.
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Fig. 1 Schematic showing stages in generating viral transgene-induced ocular hypertension

Table 1
Successful use of viral vectors to induce OHT in mice

POAG Viral
Transgene relevance vector  Mouse strain DIOP (mmHg) Reference
hMYOC (WT & [35] Ad5 BALB/cJ 0-15 (mutation specific) [20]
Mutants)
hMYOC.Y437 [35, 36] Ad5 B6; A/J; BALB/c] 10-17 (strain specific)  [21]
TGE26226/2288  [37] Ad5 BALB/cJ 15 [22]
[38] Ad5 B6 21 [23]
[39] Ad5 BALB/cJ 19 [24]
[40] Lenti  B6 8 [25]
Lenti  B6; BALB/cJ 6 [19]
CTGF [41] Ad5 : 5 [14]
SFRP1 [26] Ad5 BALB/cJ 13 [26]
Ad5 BALB/c] 22 [28]
DKK1 [42] Ad5 BALB/cJ 9 [27]
GREM1 [33] Ad5 A/J 10 [29]
CD44S [43,44] Ad5 BALB/cJ 16 [30]

A unique approach to induce OHT in rodents is to use viral
vectors to selectively transduce the TM in order to express glau-
coma related transgenes (Fig. 1). Intraocular administration of
adenovirus 5 (Ad5) [18] or lentivirus [19] selectively transduces
the mouse TM and efficiently expresses a variety of transgenes that
induce OHT within a week with sustained IOP elevation lasting for
months (Table 1). This approach has been used to over-express
mutant #MYOC [20, 21], a bioactivated form of TGFf2
(TGEp2¢229/2285) 19, 22-25], CTGF [14], SFRPI [26-28],
DKKI1[27], GREM1 [29], and sCD44 [30]. Each of these trans-
genes has been associated with human POAG and glaucomatous
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damage to the TM (Table 1). There are numerous advantages of
using viral vectors to transduce TM with glaucoma associated
transgenes, including: (1) use of vectors that selectively transduce
TM (Ad5, lenti) [18, 19], (2) ability to discover the molecular
pathogenesis of glaucomatous damage to TM that causes OHT,
(3) rapid and significant IOP elevation, and (4) the ability to use a
variety of different mouse strains. The later has allowed investiga-
tors to use the power of mouse genetics, including the use of
knockout (KO) or conditional KO mouse lines to discover molec-
ular mechanisms of glaucomatous damage. This approach has been
used in TGEP2 transduced Smad3 KO mice to show that the
SMAD signaling pathway is responsible for TGFf2-induced OHT
[31]. In addition, Ad5.Cre can be used in conditional KO lines to
selectively remove expression of a transgene in the mouse TM. For
example, this approach has been used to KO and show that TGM2
is partially involved in TGEp2-induced OHT [32]. Ad5.Cre trans-
duction of the TM in Bambi floxed mice significantly decreased
aqueous humor outflow facility and increased IOP [23] supporting
the role of the TGFp2/BMP/TLR4 crosstalk in the TM that
regulates IOP [33, 34].

2 Materials

2.1 Viral Vectors
(Ad5 or Lenti)

1. Ad5 viral vectors. Vectors are from the specific transgene being
subcloned into Ad5.RSV.K-N.pA or pacAd5CMYV shuttle vec-
tors. To initially confirm Ad5.transgene expression, human
primary cultured TM cells should be transduced with the vec-
tor and over-expression of the transgene confirmed by qPCR
or western immunoblot analyses. It also is imperative to con-
firm over-expression of the Ad5.transgene in the mouse TM
after intraocular injection of the Ad5.transgene construct,
which is done by immunostaining.

2. Control Ad5 vectors should be used including Ad5.null
[18,21-24,27,30] or Ad5.eGFP [51, 53].

3. Lentiviral vector constructs (se¢ Note 1) encoding the active
hTGFp2 (C226S, C228S) under the CMV promoter
(LV_CMV_hTGEp2%2%/228) (e.g., purchased from Vector-
Builder (Product ID: VB170816-1094fnw; Chicago, IL,
USA)). To construct the active h"TGFp2, the coding sequence
for cysteine amino acid switched to serine at the 226 and
228 positions and cloned in lentiviral plasmids as described
previously by Shepard et al. [22].

4. Empty lentivirus vector (LV_CMV_Null) (e.g., obtained from
SignaGen Labs (Catalog #: SL100261; Frederick, MD, USA)),
is used as a control.



2.2 Intraocular
Injection and Induction
of Ocular Hypertension

2.3 IOP
Measurement and
Anterior Segment
Examination
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. Filtered 1x phosphate buffered saline (PBS) to dilute empty

lentiviral particles to obtain the desired viral load (se¢e Notes

2 and 3).

. Mice. A variety of mouse strains, including genetically engi-

neered knockout and conditional knockout lines can be used
for this approach to induce ocular hypertension (e.g., B6,
BALB/cJ, A/], C3H/He]J, etc.) (see Table 1). Not all strains
of mice are susceptible to transgene-induced ocular hyperten-
sion [21], and age also has an effect (see Note 4).

. A 10 pL glass microsyringe with a screw (not a Luer) fitting for

intravitreal or intracameral injection or slow intracameral
infusion.

. A'%2” 33G RN needle with a 12° bevel incorporating an inte-

gral ferrule designed for use with the syringe screw fitting (see
Note 5).

4. A mydriatic agent if intracameral injection is used (see Note 6).

921

. Fine forceps.

. Isoflurane (3% in oxygen) through a specially designed mouse

nose cone or by intraperitoneal injection of ketamine /xylazene
(100/10 mg/kg body weight), to achieve anesthesia prior to
intraocular injection of viral vectors and IOP measurement.

. Heat pad for anesthetized animal.

. Laminar air flow hoods fitted with an isoflurane unit and stereo

zoom microscope for ocular injections.

. If using slow intracameral infusion, a microdialysis infusion

pump is required (e.g., SP101i Microdialysis Infusion Pump
(WPI Instruments, Sarasota, FL, USA), but other makes/types
(e.g., Harvard Apparatus PHD, Holliston, MA, USA; Nanofil®,
WPI) are also suitable). Alternatively, if the vector suspension
volume is not particularly limited, fine tubing (Nanofil®, WPI,
or similar), can be used to connect the syringe to the needle.

. TonoLab rebound tonometer (iCare Finland) to measure con-

scious or anesthetized IOPs in mice.

. Stand and clamp for stably mounting the tonometer.

. Rodent restrainer with a suitably modified polyethylene decap-

itating cone (e.g., Model MDC-200, Decapicone®, Braintree,
MA, USA) for conscious IOP readings.

. Adjustable Height Laboratory Platform (e.g., LabJack) and

clamp to properly position the mouse eye for IOP readings.

. Ophthalmoscope (e.g., Model 11,710 direct (Welch-Allyn,

Skaneateles Falls, NY, USA)) or slit lamp (e.g., TOPCON
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Model DC4 slit lamp (TOPCON Corporation, Tokyo, Japan)
for quick assessment of inflammation or injection-induced cat-
aract in the mouse eye.

2.4 Aqueous Humor Aqueous humor dynamics can be measured in anesthetized live

Dynamics in Live mice [45—49]. This technique is particularly useful to determine

Mouse Eyes the effects of transgene expression in the TM on the aqueous
humor outflow facility [19, 22, 24, 32, 50-52]. Equipment for
this procedure include (please see Refs. [45, 49] for details):

1.
2.
3.

30-gauge steel needle and connected via PE6O tubing.
0.5% proparacaine eye drops.

Flow-through pressure transducer (BLPR; World Precision
Instruments, Sarasota, FL).

4. Three-way valve.

. 100 uL syringe loaded into a microdialysis infusion pump

(SP101I Syringe Pump; World Precision Instruments).

. Open-ended, variable-height, raised reservoir manometer to

alter IOPs. The tubing, transducer, syringe, and reservoir
were all filled with sterile saline solution.

3 Methods

3.1 Animal 1.

Husbandry

All studies should adhere to the ARVO Statement on Use of
Animals in Ophthalmic and Vision Research (https://www.
arvo.org/About/policies /statement-for-the-use-of-animals-
in-ophthalmic-and-vision-research /). The research should also
be formally approved by the investigator’s Institutional Animal
Care and Use Committee (IACUC) based on the specific
country requirements for the humane care and use of labora-
tory animals (see Note 7).

. All mice should be obtained from reputable suppliers and

humanely housed in isolated environmentally controlled
mouse rooms with water and mouse chow available ab libitum.

. Ordinarily, because of diurnal IOP variation considerations,

animal holding room lighting should be arranged such that
lights are switched on around 0630 h and turned oft around
1830 h, however this can be altered to suit the needs of a
specific study if required. Holding room lighting (when lights
are on) should ordinarily be set such that animals are exposed
to <50 Lux inside the cages [54].

3.2 Anesthesia Anesthesia for intraocular injection via the intravitreal or intracam-
eral routes of viral vectors can be administered as an intraperitoneal
(I.P.) injection of a cocktail of ketamine/xylazine or ketamine/


https://www.arvo.org/About/policies/statement-for-the-use-of-animals-in-ophthalmic-and-vision-research/
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3.2.1 Injection of
Anesthetic Cocktail

3.2.2 Inhalation
Anesthesia
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xylazine /acepromazine. For intravitreal injection, inhalation of iso-
flurane and O3y via a face mask may alternatively be used. Unfor-
tunately, however, the face mask will render intracameral injection
or slow intracameral infusion quite challenging, as it will restrict the
approach of the needle to the cornea. Each method of anesthesia is
discussed below:

1. For mouse anesthetic cocktail use (for induction) a cocktail of
ketamine (100 mg/kg)/xylazine (10 mg/kg), at a concentra-
tion of ketamine (10 mg/mL)/xylazine (1 mg/mL).

2. With this mixture, an animal is induced with a volume of
100 pL/10 g body weight. For maintenance give %2 x the
induction dose, as required. Although this cocktail is fairly
safe, in practice 5-10% of animals can be expected to be lost
under anesthesia to sudden death.

3. Alternative anesthetic mixtures can be used (ketamine (10 mg/
mL)/xylazine (1 mg/mL)/acepromazine (0.3 mg/mL),
injected L.P. as 100 pL/10 g body weight, or ketamine
(72.73 mg/mL)/xylazine (1.82 mg/mL)/acepromazine
(1.82 mg/mL), injected I.P. as 10 pL/10 g body weight),
however these mixtures carry an increased risk of causing sud-

den death.

4. When utilizing anesthetic cocktails, there is a significant period
required for induction of a suitable surgical plane of anesthesia
(minimally 5-10 min), and then a further period following the
procedure of at least an additional 15-30 min for recovery of
sternal recumbency.

5. During the entire period of anesthesia, animals must be kept on
a warming pad and monitored, and thus this anesthesia meth-
odology is rather slow.

1. When planning intravitreal injection in mice, inhalation anes-
thesia is the preferred option, as it is faster and safer. A regularly
inspected veterinary anesthesia machine with a suitable scav-
enging device however is required.

2. For induction, place the animal in a transparent chamber and
expose the animal to isoflurane (2.5%) and Oy, at a flow rate
of 0.8 L/min.

3. After the animal loses consciousness, it is removed from the
chamber and placed on a warming pad. A face mask, sized for
use with mice, or a nose cone, is then placed over the animal’s
nose and muzzle, through which the inhalation anesthesia
mixture continues to be delivered.

4. Following intravitreal injection, the mask or nose cone is
removed, and animal is placed in a holding pen for recovery.
Recovery will occur within a few minutes. At that point the
animal is returned to its cage.
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3.3 Intraocular
Injection of Vector

3.3.1 Intravitreal (ivt)
Injection

5. In our experience, no animals have been lost using this method

of anesthesia. However, the face mask or nose cone will limit
the angle of access of the injecting needle to the eye, thus
rendering it difficult to perform intracameral injections or
infusions.

Intravitreal injection of Ad5 ([53] and references in Table 1) and
lenti vectors [19] provide a viral depot that selectively transduces
the mouse and rat TM without transducing retinal cells. This
approach has been used to express numerous different transgenes
in the mouse TM (see Table 1). Its specificity has also allowed the
selective knockout of floxed genes in the TM (see Note 8) as well as
the delivery of CRISPR /CAS9 (see Note 9).

1.

The viral vector suspension should be present within a 10 pL
volume glass microsyringe. The syringe should be filled with
the precise volume to be injected, which should be 1-5 pL
(we normally inject 2 pL/eye; see Notes 2 and 3 regarding
concentration used).

. With adequate lighting, the eye to be injected is proptosed

using two fingers of the nondominant hand. The tip of the
33G injecting needle is placed on the ocular equator and then
pushed through the scleral tissue to enter the vitreous cham-
ber. The needle is easily visualized through the iris of
non-pigmented mice. However, we dilate the pupil with a
mydriatic agent in order to better visualize the needle in mice
with a pigmented iris.

. At this point care should be taken to avoid striking the poste-

rior lens capsule, or damaging the lens tissue itself, bearing in
mind that the lens in a mouse occupies a relatively large volume
of the ocular interior. To achieve this, following penetration of
the sclera, the needle should be angled posteriorly so as to enter
the vitreous itself. Use of a dissection microscope to aid in this
procedure is helpful.

. Once the needle is correctly positioned within the vitreous, the

needle tip should be clearly visible through the pupil, appearing
magnified behind the undamaged lens. At this point, the
plunger on the needle should be depressed over the course of
~30 s, to discharge the injection bolus into the vitreous.

. Following emptying of the syringe, the needle should be left in

place within the vitreous for an additional period of 60 s, to allow
time for the injected bolus to mix with the vitreous before being
rapidly and cleanly withdrawn from the eye. The puncture
wound created in the sclera during injection will facilitate a
certain degree of fluid leakage upon needle withdrawal. How-
ever, we have found that delaying the withdrawal of the needle
by 60 s as described will minimize loss of the injected bolus. It



3.3.2 Intracameral
Injection
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should also be borne in mind that the greater the volume of
injected fluid, the greater will be the resultant IOP spike imme-
diately upon injection, and thus the greater the tendency for
reflux of a portion of the injected bolus.

Normal intracameral injection of these viral vectors into mouse eyes
is not particularly effective [22, 53], perhaps due to the rapid
turnover of the aqueous humor in mouse eyes. However, slow
intracameral infusion using a micropump mediated injection of
Ad5 [55] and Lenti [Zode et al. manuscript in preparation | vectors
significantly improve TM transduction.

1.

For intracameral injection, the viral vector suspension should
be present within a 10 pL. volume glass microsyringe.

. The eye to be injected should first be given a drop of a mydri-

atic agent.

. The syringe should be filled with the precise volume to be

injected, which should be 1-2 pL. (we normally inject 2 pL/
eye).

. With adequate lighting, the eye to be injected is proptosed

using two fingers of the nondominant hand. A section of
conjunctiva is then grasped using fine forceps held in the non-
dominant hand, to stabilize the globe.

. Once adequate stabilization has been achieved, the tip of the

33G injecting needle is placed on the cornea bevel side down
(facing the iris and not the corneal endothelium), ~0.5 mm
from the limbus, and then pushed through the corneal tissue to
enter the anterior chamber. At this point care should be taken
to avoid striking the corneal endothelium, iris, anterior lens
capsule, or damaging the lens tissue itself. Use of a dissection
microscope to aid in this procedure is helpful.

. The needle is then carefully advanced until it reaches a point

close to the chamber angle opposite the point of entry of the
needle into the chamber. Once the needle is correctly posi-
tioned within the anterior chamber, the plunger on the needle
should be depressed over the course of ~30 s, to discharge the
injection bolus into the chamber.

. Following emptying of the syringe, the needle should be left in

place within the anterior chamber for an additional period of
60 s, to allow time for the injected bolus to mix with the aqueous
before being rapidly and cleanly withdrawn from the eye. It
should be borne in mind that the puncture wound created in
the cornea during injection will facilitate a certain degree of fluid
leakage upon needle withdrawal. This may occur to a lesser
degree than following puncture of the sclera as in intravitreal
injection, as the cornea self-seals faster than does the sclera.
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3.3.3 Slow Intracameral
Infusion

3.4 Measurement of
10P

3.4.1 Conscious
Measurement of
Intraocular Pressure (IOP)

However, we have found that delaying the withdrawal of the
needle by 60 s as described will minimize loss of the injected
bolus. Be aware that the greater the volume of injected fluid, the
greater will be the resultant IOP spike immediately upon injec-
tion and thus the greater the tendency for reflux of a portion of
the injected bolus. In a mouse, 2 pL is the maximal volume that
can realistically be injected into the anterior chamber without
causing a very high IOP spike.

1. For slow intracameral infusion, the viral vector suspension
should be present within a 10 pL volume glass microsyringe.

2. As with intracameral injection, the eye to be injected should
first be given a drop of a mydriatic agent.

3. The syringe should be filled with the precise volume to be
injected, which should be 1-2 pL (we normally inject 2 pL).

4. The syringe should then be placed in an infusion pump that is
capable of delivering the 2 pLL bolus over a period of 30 minutes
(i.e., at a flow rate of 0.067 pL (or 67 nL) per second, with a
10 pL microsyringe).

5. The pump should be placed close to the eye to be injected, such
that the 33G needle addresses the eye at a suitable distance and
in the correct orientation.

6. At this point, with adequate lighting, the eye to be infused is
cannulated with the 33G needle into the anterior chamber as
described above. The use of a dissection microscope to aid in
this procedure is helpful.

7. Once the needle is correctly positioned within the anterior
chamber, the infusion pump is switched on at the flow rate of
0.067 puL/min, and left to run for 30 min.

8. After 30 min, the pump should be switched off. The needle is
then rapidly and cleanly withdrawn from the eye.

For conscious measurement of IOP, we use a TonoLab rebound
tonometer in combination with a suitably modified polyethylene
decapitating cone and a restraint device sized for use with mice. We
also utilize a short stand with clamp and an Adjustable Height
Laboratory Platform (LabJack or similar). Details of the procedure
are described by [56] and are as follows:

1. A conscious mouse is positioned inside the Decapicone, previ-
ously trimmed with scissors at its narrow end so as to allow the
animal’s face and eyes, but not its ears, to comfortably protrude
from the cone. The remainder of the body should remain inside
the cone at all times. The Decapicone seam should run along
the line of the animal’s vertebral column.
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2. Once positioned inside the cone, the animal/cone combina-

tion is placed inside the restraining device which consists of a
plastic platform with raised ribs positioned on either side of the
animal’s body but not its head. Velcro straps are then posi-
tioned over the animal’s body, securing it in place, but without
restricting its ability to breathe comfortably. Further, the straps
should exert no pressure on the thorax, as otherwise, the
increase in intrathoracic pressure that will result will also
increase central venous pressure, which will in turn be trans-
mitted through the jugular veins to the ophthalmic vein and
the episcleral venous plexus, which will cause an increase in
episcleral venous pressure, and hence, by Goldmann considera-
tions, an increase in IOP.

. The animal positioned thusly in the restraining device is lifted

and placed upright on top of an Adjustable Height Laboratory
Platform such that the eye in which an IOP measurement is
desired is positioned centrally and perpendicularly 2-3 mm
from the smooth Teflon tip of a TonoLab rebound tonometer
(purpose-designed for use in conscious rodents, without the
need for topical anesthesia, nor sedation, nor general anesthe-
sia). The TonoLab is firmly clamped in a standard laboratory
stand adjacent to the platform.

. Once in position, 2—3 practice readings are taken, then a fur-

ther 6-10 valid readings are taken. If IOP readings in the
contralateral eye are required, the entire restraining device is
rotated 180°, and the process is repeated with the other eye.

Some additional points to note during this procedure:

1.

Prior to obtaining actual experimental IOP data, animals
should undergo 2-3 training sessions so that they become
accustomed to the procedure.

. The person performing the measurements should be comfort-

able working with rodents and be easily able to gain their trust.
It should also be appreciated that it will take several practice
sessions before a person new to the technique will become
proficient.

. The operator should exercise care at all times to avoid compres-

sing the animal’s thorax with the fingers, as this will increase
intrathoracic pressure.

. The probe must strike the cornea centrally and perpendicularly.

Distance of travel should be 2—-3 mm.

. The procedure should take no more than 2—4 min from the

animal entering the Decapicone, to exiting the Decapicone. If
animals are restrained for longer periods of time, they are likely
to struggle, which will also tend to increase intrathoracic
pressure.
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3.4.2 |0P Measurement
under Anesthesia

6.

If an animal does struggle during IOP measurement, readings
obtained at that moment will likely be substantially higher.
These readings should be discarded, and the animal should be
given the opportunity to calm down before proceeding further.

. During IOP measurements, the light-weight (11-13 mg) mag-

netized probe of the instrument with its smooth Teflon tip is
propelled towards the eye at a low speed (10-20 cm/sec). The
force on impact with the cornea is very low (50-300 pN).
Motion parameters during impact with and rebound from the
cornea are measured and recorded by the instrument and used
in an algorithm to estimate IOP. Most of the kinetic energy
(~0.26 pJ) developed by the probe is rebounded from, rather
than absorbed by, the cornea. Thus, topical anesthesia is not
required. Repeated measurements can be made over a short
period of time.

. For measurement of IOP under anesthesia, animals are

anesthetized in a chamber using inhalation anesthesia (isoflur-
ane 2.5%, Oy(g) 0.8 L/min).

. As soon as consciousness is lost, animals are transferred to an

Adjustable Height Laboratory Platform, and a face mask or
nose cone is applied to the animal’s nose and muzzle, through
which inhalation anesthesia continues to be supplied. In this
case, a Decapicone and restraining device are not required.

. A TonoLab rebound tonometer held firmly in a clamp affixed

to a stand is then used to measure IOP in each eye. Six readings
are taken per eye, and the average of these is considered to be
the IOPD.

. Animals are then moved away from the face mask or nose cone

to a holding pen until they recover from anesthesia. Following
that they are returned to their cage. It should be noted however
that, as reported by [57], and in our experience, even following
30 s after isoflurane anesthesia, IOP will be reduced, as will the
potential A between IOP in OHT versus control eyes.

. Additionally, isoflurane anesthesia may have additional short-

term confounding effects upon IOP measurements (Millar,
unpublished observations).

. IOP can also be measured in animals under anesthesia with

injectable anesthesia cocktail (ketamine /xylazine or ketamine /
xylazine /acepromazine, as described above (Anesthesia sec-
tion). It should be noted however that IOP is influenced by
ketamine anesthesia, initially by increasing above, and then
later by dropping below, conscious baseline [57].
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Variable Height
Open
Saline

Manometer

) Syringe Loaded in
Y ( Microdialysis Infusion

Mouse Eye

Fig. 2 Experimental set-up used to measure aqueous humor dynamics in eyes of a live mouse. A 30G, 32G, or
33G needle to cannulate live mouse eye is connected to a pressure transducer and 3-way valve. The other two
valve ports are connected to the variable height open manometer reservoir and a microdialysis infusion pump.
The pressure transducer is connected to a bridge amplifier, an analog to digital converter, and a laptop
computer. (Reprinted from Ref. [45])

3.5 Measurement of  We developed a method to measure aqueous humor dynamics in

Aqueous Humor live anesthetized mouse eyes (see Refs. [45-47, 49] for greater
Dynamics details). The following is a diagram of the set-up that we use
(Fig. 2).

1. Anesthetize the mouse (i.e., injection of cocktail including
ketamine /xylazine 100,/10 mg/kg or ketamine /xylazine /ace-
promazine 75/2/2 mg/kg) and place mice on warming pad
(37 °C) to maintain body temperature; continually monitor
mice to maintain proper plane of anesthesia.

2. Measure baseline IOP using a TonoLab rebound tonometer.

3. Apply local topical anesthesia to eyes using 1-2 drops of 0.5%
proparacaine.

4. Cannulate anterior segment with a 30-, 32- or 33-gauge needle
connected to PE60 tubing with a flow-through pressure trans-
ducer further connected to a 3 way valve; the other two valve
ports are connected to a 100 uL syringe mounted on a micro-
dialysis perfusion pump and an open-ended, variable height,
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3.6 Examination of
Anterior Segment

raised manometer reservoir (see Fig. 2); this reservoir will be
raised or lowered to manipulate IOPs from 0-50 mmHg; this
entire system is loaded with sterile saline.

5. Keep eyes moist by topically applying phosphate buftered saline
throughout procedure.

6. Measurement of episcleral venous pressure (Pe): turn the 3-way
valve to open the manometer reservoir to the eye and slowly
lower the reservoir while carefully observing the Schlemm’s
canal (SC) for reflux of blood into SC using a direct ophthal-
moscope; the height of the reservoir (equated to mmHg pres-
sure) in which reflux of blood into SC is equal to Pe.

7. Measurement of outflow facility (Cyy.): switch the 3-way valve
to close the reservoir and open the microdialysis pump; set the
pump flow rate to 0.1 uL/minute and allow the pressure to
equilibrate (10-15 min); then sequentially increase flow rates
to 0.2, 0.3, 0.4, and 0.5 ulL/minute allowing time for IOPs to
equilibrate after each increase in flow rate.

8. Measure of outflow facility (Cgeaq) after euthanasia: euthanize
the mice via anesthetic overdose; measure C again as described
above.

9. Calculations (please see Refs. [45, 49] for more details):

* C: plot flow rate (ul./minute)(x-axis) vs perfusion pressure
(mmHg) (y-axis); C = the inverse of the slope of the regres-
sion line; note that Cy;, values should be very close to Cyeaq
values.

+ Estimation of Fin (aqueous humor flow (production)) and
Fu (uveoscleral outflow); [Note: IOPp = IOP with pertu-
sion pump on; Fp = perfusion pump flow rate].

IOP = [(Fin -Fu)/C] + Pe (Modified Goldman equation).

10Pp = [(Fp + Fin/C] + Pe.

1I0Pp = (Fp-Fu)/Cgeaq [Note: Fin and Pe each = 0 upon
death].

Fu = Fp - (IOPP X Cdead)-

Fin = [(C X IOP - Pe)] + Fu.

Incorporate mean Fu, IOP (Tonolab), C, and Pe to
calculate Fin.

Prior to injection with viral vector, eyes should be examined to
establish that they are free of any form of intraocular inflammation.
In general, this can be carried out using an ophthalmoscope. We
use either a Model 11,710 direct ophthalmoscope (Welch-Allyn,
Skaneateles Falls, NY, USA) or a Professional Model direct oph-
thalmoscope (Keeler Instruments Inc., Broomhall, PA, USA).
However, if more detail is required, then a slit lamp may be used,
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either a clinical model designed for use in patients, or a version
specifically designed for use with rodents. It should be appreciated
that this is less convenient and for the most part will yield more
detail than is necessary. Slit lamp exam, however, does facilitate the
recording of high-quality images and should certainly be employed
if publication-quality images are required.

1.

The aqueous humor within the anterior chamber should be
clear, without any signs of turbidity, and show no signs of flare.

. The cornea should appear normal, with no evidence of opacity,

congestion, lesions (bullae, ulceration), or epithelial abrasions.

. The iris should appear normal, without any evidence of hyper-

emia, iritis, or synechia(e).

. The pupils should be equal in diameter and round, with a

normal miotic response to light. Both pupils should undergo
normal mydriasis when lighting is reduced, and both should
show a subsequent normal miotic response even when a bright
light is shone upon only one pupil, unilaterally.

. The visible part of the crystalline lens should appear clear,

without any signs of any type of lenticular cataract
development.

. Following vector injection, ophthalmoscopic examinations

should be carried out periodically to assess for types and degree
of an inflammatory response. Adenoviral vectors are especially
known for causing mild to moderate inflammation in a propor-
tion of injected eyes, but the use of any vector should include
such examinations.

. Upon postvector injection ophthalmoscopic examinations

(which can be conveniently carried out at the same time as
IOP measurements), an ordinal scoring system should be uti-
lized to assess for and record the degree of any anterior seg-
ment inflammation and lenticular opacity.

. We have devised the system as shown in Tables 2 and 3. It should

be noted however, that as the scores shown are ordinal, and thus
semi-quantitative, any statistical analysis of these data should be
nonparametric. Also, because of its ordinal nature, calculation of
the standard error of the mean of this data is also of limited value;
it is more meaningful to calculate quartiles or ranges.

4 Notes

. Lentiviral tropism: To determine whether lentiviral particles

have specific tropism to mouse TM, we performed intravitreal
or intracameral injections of lentiviral particles expressing GFP.
Robust GFP expression was observed in TM. While some
corneal endothelial cells exhibited a sporadic GFP expression,
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Table 2
Ordinal scoring system for ophthalmoscopic assessment of postviral vector injection inflammation

Iridial hyperemia/anterior
chamber inflammation/
corneal congestion score Appearance of iris and anterior chamber via ophthalmoscopy

0 Normal appearance

0.5 Very slight, just perceptible, dilation/injection of iridial stromal vessels
1 More obvious dilation/injection of iridial vessels.

2 Whole iris exhibiting pronounced red coloration. Visual clarification of

individual iridial stromal vessels difficult. Aqueous humor appears clear,
no evidence of flare. Corneal congestion may be present

3 Whole iris exhibiting pronounced red coloration. Visual clarification of
individual iridial stromal vessels impossible. Aqueous humor may appear
clear or turbid. Flare may be present. Corneal congestion usually present.
Unacceptable for study

4 Rarely seen. Entire iris is a very deep scarlet color. Aqueous humor appears
turbid. Flare present. Corneal congestion present. Unacceptable for study

Prior to vector injection, all eyes should be scored as 0. Following vector injection, eyes should never proceed beyond
2. Any eye found to have a score of >2 should be excluded from study

Table 3
Ordinal scoring system for ophthalmoscopic assessment of lenticular opacity

Lenticular opacity

score Appearance of lens via ophthalmoscopy
0 Normal completely clear appearance of lens
0.5 Barely visible small discrete lenticular opacity. Can appear as: Nuclear, cortical,

posterior subcapsular, or capsular pseudoexfolintion

1 More readily visible small discrete opacity. Can appear as: Nuclear, cortical,
posterior subcapsular, or capsular pseudoexfolintion

2 Larger lenticular opacity, or several smaller lenticular opacities, but not involving
entire lens. Can appear as: Nuclear, cortical, posterior subcapsular, or capsular
psendoexfolintion

3 Opacity of entire lens. Appears as mature cataract. Unacceptable for study

4 Rarely seen. Severe opacity of entire lens. Lens has dried, hardened, crusted

appearance. Appears as hyper-maturve cataract. Unacceptable for study

Prior to vector injection, all eyes should be scored as 0. Following vector injection, eyes should never proceed beyond
2. Any eye found to have a score of >2 should be excluded from study
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there was no GFP expression observed in retina. These findings
suggest that lentiviral particles have selective TM-tropism [19].

. Viral titers for Ad5 vectors: We have found that the optimal titer
when injecting Ad5 vectors in mice is 2 x 107 pfu, given in a
suspension bolus volume of 2 pL for injection into the eye.
When injecting Ad5, higher titers will tend to induce an unac-
ceptable level of ocular inflammation, whereas lower titers will
induce less inflammation but also suboptimal transgene expres-
sion and little IOP elevation. Obviously then when using Ad5
vectors, one is always faced with the “trade-off” of transgene
expression versus inflammation. As controls, we have noted that
Ad5 vectors carrying different cargo genes that will not elevate
10P (e.g., EGFP, MYOC.WT, MYOC.S502P) [20, 53] also do
not appreciably increase in inflammation. Ad5.Null vectors also
will cause some (but overall less) inflammation but also will not
lead to IOP elevation. Thus, the IOP response and the inflam-
matory response do not appear to be causally related.

. Viral titers for Lemtivirus vectors: Optimal titer of lentiviral
vectors is highly essential in obtaining the desired phenotype
in rodent models. In our recent study, a single intravitreal
injection of 2 x 10° TU /eye (2 pL) lentiviral particles expres-
sing active hTGFp2 (LV-CMV-hTGEp2%?2%-228%) resulted in
significant elevation of IOP after 3 weeks of injection. We
additionally observed that the pressure remained elevated
over 8-9 weeks post injections, which was associated with
impaired aqueous outflow in this model. Remarkably, lentiviral
particles did not cause inflammation which was evident by H
and E staining and slit lamp examinations [19]. Interestingly,
we observed ocular hypertension in only 50% of LV- hTGFp2
injected mice. Further analysis demonstrated that IOP
elevation was correlated positively with amount of hTGFp2
detected in aqueous humor. These data suggest that sufficient
hTGEFp2 expression in mouse TM is required to produce
desirable ocular hypertension. Therefore, increasing lentiviral
particles injected in mouse eyes can further improve IOP eleva-
tion and consistency in this model. Similar findings were
reported by Peng et al. [25]. In theirs study, both intracameral
and intravitreal injections of hTGFp2 at lower dose (8 x 10°
PFU /eye) did not reveal significant IOP changes or structural
abnormality in the chamber angle. An intracameral injection of
LV-AhTGEp2¢%265/C2285 4t the titer of 2 x 10° PFU/eye
resulted in elevated IOP and higher expression of TGEf2 in
TM tissues [25]. The above-described studies suggest that the
lentiviral transgene delivery is significant in establishing ocular
hypertension models.
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4. Effect of mouse age on duration of OHT: Although viral vector

transduction can be used in mice beginning at 4 weeks of age,
we have found that induced IOP is transient lasting only
4 weeks in mice younger than 3 months of age [22, 53]. How-
ever, prolonged IOP occurs when using older mice (>4 months
old) [21, 23, 30, 34]. Several different routes of intraocular
injection have been used to drive viral vector transgene expres-
sion in the TM. Interestingly, a strain survey of Ad5.TGFp2
induced OHT discovered that C3H /HeJ mice did not develop
OHT. Upon further examination, this mouse strain had an
inactivating mutation in T/74 which led to the discovery of
TGEP2 /TLR4 crosstalk in the TM that regulates IOP [21].

. Syringe and needles: The advantage of using a syringe and

needle combination with a screw fitting is to avoid the dead
volume that a Luer-lock fitting necessarily includes, and thus
much smaller volumes of viral vector suspension can be
utilized.

. Mydriatic agent: Mydriacyl® (1%), Isopto Atropine (1%), or

Mydfrin® (2.5%)) is topically dosed and given 10 min to
allow mydriasis to develop. If using Mydfrin® (the «- and
B-agonist epinephrine), it may also be desirable to give in
combination with Mydriacyl® or Isopto Atropine (both mus-
carinic antagonists), as muscarinic blockade tends to yield bet-
ter mydriasis than binding of agonist at the o-receptors
expressed by the relatively weaker iris dilator muscle.

. Safety: Investigators using mice should wear disposable per-

sonal protective gear (gowns, shoe covers, gloves, head cover-
ing, and masks). These precautions are important to prevent
the development of mouse allergies, which can make working
with mice much more challenging, ultimately requiring the use
of respirators. All techniques handling viral transducing vectors
including the transduction of mouse eyes should be conducted
using BSL2 procedures.

. Use of Ad5.Cre to generate conditional knockouts in TM: There

are an increasing number of mouse strains with conditional
knockout of a vast variety of genes (commercially available or
via the International Knockout Mouse Consortium (https://
www.mousephenotype.org/) [58]). Unfortunately, there is
not a TM specific promoter that can drive Cre expression in
the TM. However, the selective Ad5 transduction of the TM
can be used to selectively knockout floxed genes in the TM,
which has been successfully accomplished for several genes
[23, 32, 59, 60]. Another advantage of this approach is the
“short-cut” of transduced expression of Cre in the TM that
does not require crossing a floxed line with a promoter specific
Cre line.
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9. Viral Vector Mediated Genome Editing: The selective TM tro-
pism of Ad5 and lenti viruses encoding CRISPR/Cas9 to
target human MYOC has been used to knockout MYOC
expression in a Tg.sMYOC.Y437H mouse glaucoma model
and inhibit mutant MYOC-induced OHT [61].
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Optic Nerve Crush Injury in Rodents to Study Retinal
Ganglion Cell Neuroprotection and Regeneration

Zubair Ahmed

Abstract

Optic nerve crush injury is a useful model for studying the response of central nervous system neurons
(CNS) to injury. A particular focus of this model has been to elucidate therapeutic factors in promoting
neuroprotection and axon regeneration after injury. Here we describe a step-by-step protocol in accessing
the optic nerve and creating a crush injury. This can be used to create a reproducible model to study the
response of retinal ganglion cells (RGC), the main projection neurons of the eye, to injury.

Key words Optic nerve, Optic nerve crush injury, Retinal ganglion cells, Central nervous system,
Neuroprotection, Axon regeneration

1 Introduction

The retina is an extension of the central nervous system (CNS) that
contains a single white matter tract, the optic nerve, which connects
the retinal ganglion cells (RGC) to their targets within the brain
(Fig. 1). Since the axons of RGCs are isolated from any gray matter,
this provides a unique scenario to create a pure axonal injury. Optic
nerve crush injury is relatively mild and does not interrupt ocular
blood flow and is particularly useful for studying the responses of
RGC to injury.

One of the first descriptions of the optic nerve crush injury
model was reported in 1984 by Allcutt et al. [1]. In adult mice and
rats, 60% of RGC are lost within 3 weeks after optic nerve crush
injury but the model has proved useful in determining new targets
for neuroprotection and axon regeneration [ 2—7 |. Neuroprotection
can be determined by retrograde labelling of RGC or in sections
of retina stained with markers of RGC such as Brn3a or RBPMS
[8-11]. Axon regeneration is normally assessed by growth asso-
ciated protein-43 (GAP43) staining of sections of the optic nerve

Ben Mead (ed.), Retinal Ganglion Cells: Methods and Protocols, Methods in Molecular Biology, vol. 2708,
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Crush site

Superior Optic tract
colliculus

Optic nerve

Retina

Cortex

Fig. 1 Schematic representation of the visual pathway. The visual pathway is
shown from the eyes to the optic nerve, then to the optic chiasma where visual
signals cross over from right eye to left side of the brain and right eye to the left
side of the brain and eventually reaching the visual cortex. The optic nerve is
crushed 2-3 mm from the globe of the eye with calibrated watchmaker’s
forceps

through the lesion site (Fig. 2) [3-5]. More recently, techniques
such as optic coherence tomography allow measurement of retinal
fiber layer thickness as another measure of RGC death.

Moreover, functional assessments such as electroretinography
(ERG) and pattern (PERG) can be used to measure the function of
RGC and hence assess the impact of a variety of neuroprotective
and axon regenerative strategies [12, 13].

2 Materials

2.1 Instruments

Before conducting the optic nerve crush injury procedure make
sure to check that you have relevant institutional ethical approval to
perform experiments on live animals. All dissecting instruments and
materials used for the surgical procedure must be sterilized prior to
commencement of surgery.

1. Two pairs of watchmaker’s fine forceps (tip dimensions:
0.1 x 0.06 mm).

. One pair of Vannas spring scissors (2.5 mm cutting edge).

. One pair of fine scissors (straight, 25 mm cutting edge).

. One pair of tissue forceps (1 x 2 teeth).

. One pair of Halsey needle holder (16 mm clamping length).
. Vicryl sutures, 4-0 (FS-2).

. Surgical gloves.

. Swabs.

O N O U B W
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Pen1-C6DN

WPENT+sICASP2

Ren{-CEDN#siCASP2. .

Fig. 2 Example of GAP43 stained sections of the optic nerve through the lesion site. (a) GAP43™ axons in
control optic nerve (treated with vehicle (Penetratrin —1 (Pen1)), (b) treatment with Pen1-caspase-6 dominant
negative (C6DN), (c) treatment with Pen1 and siRNA to caspase-2 (diCASP2), and (d) treatment with Pen1-
C6DN + siCASP2. Boxed region = high powered magnified inset in (d). (Reproduced from [5] with permission
from Oxford University Press)

9. Cotton buds.
10. Paper towels.
11. Shaver.

12. Hibiscrub antibacterial cleanser.

2.2 Analgesia and 1. For pain relief: Inject animals subcutaneously with buprenor-
Anesthesia phine at 0.5 mg/kg using 25 or 27 g hypodermic needles (see
Note 1).

2. For anesthesia: Isoflurane (100%) inhalational vapor mixed
with 1.5 L/min oxygen (see Note 2).
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3 Methods

3.1 Optic Nerve
Crush Injury

. Check the pedal reflex to make sure that the rat has a suitable

level of anesthesia. Check respiratory rate and rectal tempera-
ture (see Note 3).

. Place the rat on a heated pad set at 37 °C and shave fur from the

rat head up to the neck making sure to remove hair from
near eyes.

. Sterilize the surgical area with a surgical swab dipped in Hibis-

crub antibacterial solution.

. Make a midline incision to the scalp with the scissors and

extend the cut between the eyes and up to the back of the
head (Fig. 3a).

. Pull the skin down over the eyes and mobilize the fascia to

expose the area of surgery.

Tissue of upper  Temporal ridge
eyelid Temporalis

muscle

Temporalis Supra orbital vein
muscle

Fig. 3 Optic nerve crush injury — surgery to find the Harderian gland. (a) A midline scalp incision is performed
to the shaved skin. (b) The fascia is mobilized to expose the area of surgery, noting the temporal ridge,
temporalis muscle and the tissue of the upper eyelid. (c) A vertical cut is made into the temporalis muscle and
(d) cut around the orbital margins, avoiding the supraorbital vein
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Supra-orbital nerve and
its vessels (supplies skin

and muscles of upper lid) Harderian gland

Deep part of Location of optic

Harderian gland  Deep part of Harderian Harderian gland nerve

deflected rostrally  gland behind capsule

Fig. 4 Optic nerve crush injury — exposing the optic nerve. (a) The supraorbital nerve and muscle are identified,
crushed on either side with forceps and cut between the crushed area. (b) With the tips of the scissors closed,
the orbit is opened up by pressing down to expose the Harderian gland. (¢) The Harderian gland is deflected
rostrally to expose the deep part of the gland. (d) The capsule of the deep part of the gland is split and the
gland pulled rostrally to expose the optic nerve just beneath this area

6. Locate the temporal ridge, the temporalis muscle and the
tissues of the upper eyelid (Fig. 3b) and cut into the temporalis
muscle vertically (Fig. 3c¢). Cut around the orbital margins
avoiding the supraorbital vein by keeping the tips of the scissors
against the bony margins of the orbit (Fig. 3d).

7. Identify the supraorbital nerve and the supraorbital vessel
(Fig. 4a) and crush on ecither side with forceps to stop any
bleeding from the vessel and cut nerve and vessel between the
crushed area (see Note 4).

8. With the tips of the forceps closed, open up the orbit by
pressing down just superficial to the Harderian gland
(Fig. 4b). Lift the Harderian gland rostrally (i.e., towards the
nose) to expose the deep part of the gland below (Fig. 4c¢).
Break the capsule of the deep part of the gland open and pull
rostrally (Fig. 4d).
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Sterile tissue

Insertion site of
second piece of o
tissue Sterile tissue Sterile tissue

Optic nerve

Optic nerve

Optic nerve crushed
between forceps

Fig. 5 Optic nerve crush injury — crushing the optic nerve. (a) Once the optic nerve is visible, insert sterile
tissue paper either side of the nerve to allow for a (b) clear view of the nerve. (c) The retractor bulbi muscle is
then split and the dural sheath exposed, the optic nerve is (d) crushed for 10 s using forceps, avoiding the

retinal artery

9.

10.

11.

The optic nerve should be visible once the deep part of the
Harderian gland is deflected (Fig. 5a). Insert sterile tissue paper
on one side of the optic nerve to hold back Harderian gland
(Fig. 5a). Insert a second piece of tissue paper on the other side
of the nerve (Fig. 5b). Split the retractor bulbi muscle with
forceps to expose the dural sheath of the nerve. Cut into the
dural sheath being careful to avoid the artery that runs along
the nerve and crush the optic nerve using fine forceps for 10 s
(see Note 5).

Remove all tissue paper, insert the deep part of the Harderian
gland under the lateral rectus muscle, replace the Harderian
gland, push the skin back and suture together using the 4-0
Vicryl sutures.

Clean the surgical area with a surgical swab dipped in Hibis-
crub antibacterial solution and return rat to the homecage until
fully awake (see Note 6).
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. Buprenorphine injectable (0.3 mg/mL; Temgesic). For mice

dilute in sterile pyrogen-free water at 1:20 to give a 0.015 mg/
mL solution. For adult rats, dilute 1:10 using sterile pyrogen-
free water giving a 0.03 mg/mL solution. For example, dilute
1 mL buprenorphine with 9 mL sterile water.

. Isoflurane is recommended at 3—4% for induction and 1-2% for

maintenance. Maintenance requires the use of a calibrated

. Respiratory rate is normally 70-110/min but a fall of 50% is

acceptable during anesthesia. Rectal temperature should be

. Clamping the vessel and nerve with two forceps allows the

nerve and vessel to be cut between the crushed areas without

. Making sure that the artery that runs along the optic nerve is

not crushed is key to the success of this surgery. If the artery is
crushed or damaged, retinal perfusion will fail.

. Lay rat on its side in a heated cabinet and wait with the animal

4 Notes
vaporizer.
between 35.9-37.5 °C.
any bleeding.
until it is awake and moving freely.
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Optical Coherence Tomography: Imaging Visual System
Structures in Mice

Xiangxiang Liu, Yuan Liu, and Richard K. Lee

Abstract

Optical coherence tomography (OCT) enables micron-scale resolution of structural anatomy, thereby
making OCT a valuable tool for addressing ophthalmologic and neurologic inquiries. Although the murine
eye and its structures are very small and offers challenges for OCT imaging, OCT can be used to monitor
retinal layer thickness in healthy and diseased retinas in murine lines in vivo longitudinally. Thus, OCT can
provide insights into disease severity and treatment efficacy. This chapter describes the use of OCT as a
powerful non-invasive imaging technology for high-resolution retinal imaging and retinal thickness quan-
tification in rodents.

Key words Optical coherence tomography, Noninvasive ocular imaging, In vivo imaging, Retinal
thickness, Nerve fiber layer thickness

1 Introduction

Optical coherence tomography (OCT) is a non-invasive in vivo
high-resolution retinal imaging technology providing micron-
scale resolution structural anatomy that allows for addressing oph-
thalmologic and neurologic questions. In humans, OCT is mostly
used for diagnosis of retina diseases, glaucoma, and neuro-
ophthalmic diseases. In recent years, OCT has been identified as
a useful tool to evaluate visual function in various rodent models
[1-5]. Cross-sectional images of the retina captured by OCT pres-
ent excellent correspondence with histological sections of the
rodent retinae [6, 7]. However, the application of OCT in rodent
models is challenging due to anesthesia requirements (to reduce
motion and other imaging artifacts) and the small size of the
murine eye.

The purpose of this protocol is to present a relatively simple
method for the retinal imaging and quantification of retinal thick-
ness using spectral-domain OCT. This protocol can be used for

Ben Mead (ed.), Retinal Ganglion Cells: Methods and Protocols, Methods in Molecular Biology, vol. 2708,
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imaging and measuring retinal layer thickness measurements of
healthy or diseased retinas in various murine lines, which can help
to monitor disease severity or the effectiveness of therapeutic
approaches in vivo.

2 Materials

2.1 Reagents

2.2 Equipment

(920 N I S R

. Ketamine.

. Xylazine.

. 2.5% proparacaine hydrochloride eye drops.

. 2.5% phenylephrine hydrochloride eye drops.
. Artificial tears.

. Heidelberg spectral domain optical coherence tomography

(SD-OCT) (Heidelberg Engineering, GmbH, Dossenheim,
Germany).

2. Mouse heating pad.
3 Methods
3.1 Equipment Setup 1. Turn on the laser power supply.
and Pre-imaging 2. Power up the PC.
Preparation 3. Double click on the software’s icon on the desktop.

4. Once the program opens, select the new patient button at the
top of the screen, input the required information (first name,
last name, date of birth, gender, and mouse/patient-ID), and
click “OK.”

5. The acquisition module will now open and ready for imaging.

3.2 Mouse 1. At least 15 min before examination, anesthetize the mouse
Preparation using a ketamine (90-100 mg/kg) + xylazine (5-10 mg/kg)

cocktail injected intraperitoneally, and apply 2.5% phenyleph-
rine hydrochloride eye drops to dilate pupils [8].

. Place the mouse on a heating pad at 37 °C to maintain stable

body temperature.

. Adjust the mouse’s head to align the longitudinal axis of the

eye with the device’s optical path.

. Gently dry the eyes when they are well dilated and apply artifi-

cial tear (i.e., with hydroxymethocellulose) eye drops to mini-
mize corneal dryness during imaging, which can affect imaging
resolution and cause imaging artifacts.
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Fig. 1 Overview of the OCT device utilized in the present study

3.3 Imaging
Acquisition

1

. Place a custom-made platform on the chin rest of the OCT

device (Fig. 1).

. To scan the left eye, position the mouse on the platform’s right

side. Make sure that the mouse’s left eye is in front of the lens
and that its body is lying on the platform’s right side (see
Note 1).

. Press the IR+OCT button on the touch panel. Under “Appli-

cation and Structure” in the software, choose “Retina”
(Fig. 2).

. Once the OCT goes live, wipe off the artificial tears and push

the base of the camera forward towards the mouse’s pupil. The
mouse’s fundus will become visible on the computer screen.
Adjust the angle of camera to make sure the optic nerve head is
in the center of the frame.

. Use the focus knob to focus the retina image until the large

arcade vessels are clearly observed on the screen (Fig. 1).

. Adjust the brightness of the fundus image using the sensitivity

knob. When the focus has been reset to its optimal level, the
SD-OCT B-scan will be shown on the screen (see Note 2).

. Choose the scan pattern and adjust the Automatic Real-Time

(ART) from the menu on the bottom of the screen (Fig. 3a)
(see Note 3).

. On the control panel, press the “Acquire” button to begin

imaging (Fig. 2).

. Reposition the mouse and repeat steps 2-8 to acquire the

images of the right eye (see Note 4).
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Intensity IR

IR+OCT Volume
AF + OCT
ICGA + OCT

g

Sensitivity Knob

Fig. 2 lllustration of the touch panel. The acquisition modes are displayed on the left column (/R Infrared, AF
Auto fluorescence, /ICGA Indocyanine green angiography; above modes combined with or without OCT). The
acquisition settings can be selected in the middle (intensity of the IF image, section, or volume scans). Use the
sensitivity knob to adjust the brightness of the image

3.4 Data Analysis

The retinal images captured by SD-OCT are comparable to histo-
logical sections but faster and more detailed. Figure 4 shows the
comparison of histological section and the OCT scan of a mouse
retina. The retinal nerve fiber layer (RNFL) and ganglion cell layer
(GCL) form the innermost retinal layer. This is followed by the
inner plexiform layer (IPL), containing RGC dendrites, bipolar,
horizontal, and amacrine cell axons and the cell bodies from these
bipolar, amacrine, horizontal and other cells form the inner nuclear
layer (INL). The next retinal layer is the outer plexiform layer
(OPL), followed by the outer nuclear layer (ONL), where photo-
receptor cell bodies reside. The outer limiting membrane (OLM) is
also called the inner segment/outer segment (IS/OS) layer. The
outermost layers are the retinal pigment epithelium (RPE) and the
choroid.
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Fig. 4 OCT scan image and retinal cross-section. Left: OCT scan for a wildtype mouse. Right: Wildtype mouse
retina histology after hematoxylin and eosin staining. RNFL/GCL retinal nerve fiber layer/ganglion cell layer,
IPL inner plexiform layer, INL inner nuclear layer, OPL outer plexiform layer, ONL outer nuclear layer, /S/0S
inner segment/outer segment layer, RPE retinal pigment epithelium

Various automated segmentation software have been devel-

oped to measure the thickness of different retinal layers such as
the Heidelberg Spectralis system software, the OCT Explorer 3.5,
IOWA (The Iowa Reference Algorithms, University of lowa, USA,
available in the public domain at https://www.iibi.uiowa.edu/
content/iowa-reference-algorithms-humanand-and-murine-oct-
retinal-layer-analysis-anddisplay) [9], the OCT Segmentation App,
developed by the ARTORG Center (Ophthalmic Technology
Group, University of Bern, Switzerland) [10], and a novel deep
learning-based automated segmentation algorithm (University of
Miami, USA) [11].

4 Notes

. The software recognizes the right (OD) and left (OS) eye

automatically according to the position of the lens (Fig. 3a).
If the mouse is placed at the center of the platform, an error
warning will be shown. Reposition the mouse until the soft-
ware identifies the correct eye.

. If the B-scan is not shown after adjusting the focus, use Ctrl

+Alt+Shift+O combination on the keyboard to reposition the
B-scan inside of the SD-OCT scan frame (Fig. 3b).

. ART enhances image quality by averaging several consecutive

scans. The quality of fundus images improves with increasing
“ART” values.

. Hydrate the mouse cornea with artificial tears drops every

5 min during the procedure and remove excess fluid with a

Q tip.
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Confocal Scanning Laser Ophthalmoscopy to Image Retinal
Ganglion Cells in Real-Time

Lili Hao, Yuan Liu, Xiangxiang Liu, and Richard K. Lee

Abstract

Real-time imaging of retinal ganglion cells (RGCs) provides an opportunity for detailed investigation of
retinal development, disease mechanisms, and the evaluation of interventions affecting ocular structures.
Here we use a transgenic model to describe a step-by-step protocol for visualizing RGC survival in real-time
by using confocal scanning laser ophthalmoscopy (¢SLO).

Key words Retinal ganglion cell, Confocal scanning laser ophthalmoscopy, Real-time imaging, Non-
invasive method, In vivo imaging

1 Introduction

Retinal ganglion cells (RGCs) are an important component of the
retinal neural circuit, whose axons process photoreceptor signals for
transmission to the brain. Instead of a single snapshot such as with
histology, imaging retinal ganglion cell in vivo in real-time provides
an accurate representation of retinal health or disease status, which
can help us understand the natural history of central nervous system
diseases, such as glaucoma [1] and other neurodegenerative dis-
eases (such as Alzheimer’s [2], Parkinson’s [3], and Huntington’s
diseases [4]) and can also be serve as a reliable tool to measure the
neuroprotective efficacy of therapeutic agents.

Confocal scanning laser ophthalmoscopy (¢SLO) is a noninva-
sive method to image RGCs in real-time and is based on confocal
microscopy by using a point source laser to focus on the target layer
of the retina, which can detect subtle changes of retina and produce
high-resolution and high-contrast imaging by employing spatial
filtering for scattered light rejection [5].

RGCs are near transparent and do not have any special discrim-
inating optical properties which is advantageous for vision, but also
prevents them from being directly imaged in vivo, so cSLO is often

Ben Mead (ed.), Retinal Ganglion Cells: Methods and Protocols, Methods in Molecular Biology, vol. 2708,
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Table 1
Summary of in vivo labeling methods for RGC

Invasive/

RGC labeling type Summary noninvasive

Transgenic models [6] Promote the expression of fluorescence RGC markers under Noninvasive
RGC-specific promoters, such as Brn3b, Thyl

Retrograde labels [7] Injection of lipophilic dyes within visual pathway, which track  Invasive
along RGC axon to cell body in the retina

Intravitreal neuronal  Intravitreally injected marker CTB, tags retinal cells Invasive

marker [8]

Apoptosis marker [1] Intravenous administration of fluorescently tagged annexin-V Invasive
labeling apoptotic RGCs

CapQ [9] Cell penetrating, caspase-activated apoptotic probe to label Invasive

apoptotic cells

Abbreviations: CTB cholera toxin subunit B, DARC detection of apoptotic retinal cells, Thyl THYmocyte differentiation

antigen 1

combined with specific RGC-labeling methods (Table 1) to
enhance information gained. These in vivo labeling methods may
be suitable for specifically identifying healthy or apoptotic cells.

We describe using Thyl-GFP-labeled mice to describe a step-
by-step protocol for visualizing RGCs in real-time by using c¢SLO,
which allows longitudinal study of RGC survival in diagnosing or

following retinal disease processes.

2 Materials

2.1 Reagents . Ketamine.
. Xylazine.
. Tropicamide.

. Artificial tears.

92U NS I S R

USA)).

—

2.2 Equipment . Mouse Heating Pad.

. Thyl-GFP mice (Jackson Laboratory (Bar Harbor, ME,

2. Heidelberg CSLO HRA II (Heidelberg Engineering, GmbH,

Dossenheim, Germany).

2.3 Recipes 1. General anesthesia mixture: Ketamine (90-100 mg/kg) + Xyla-

zine (5-10 mg/kg).
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3 Methods
3.1 Animal 1.
Preparation for cSLO
Imaging 2
3
4
5
3.2 Image 1.
Acquisition
2

Anesthetize mice with a Ketamine /Xylazine mixture via intra-
peritoneal injection.

. Apply 2.5% phenylephrine hydrochloride eye drops to dilate

the pupils. Sez Note 1.

. Place a mouse on a positioning stage with a heating pad at

37 °C to maintain stable body temperature during imaging. See
Note 2.

. Apply artificial tears eye drops every 5 min to keep the cornea

moist and clear. See Note 3.

. Adjust the mouse’s head to align the longitudinal axis of the

eye with the device’s optical path.

Switch on the power supply, the computer, and the laser box
with initialization of ¢SLO operating software (Fig. 1).

. Choose the appropriate lens (55°wide field lens or 30°standard
lens) for ¢SLO imaging (Fig. 2).

Fig. 1 Overview of the Heidelberg CSLO HRA Il touch panel. Turn on the software and camera by touching the

switch icon on the bottom right
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IR + OCT

FA + OCT

ICGA + OCT

Fig. 2 lllustration of the Heidelberg touch panel. The acquisition modes are displayed on the left column (/R
Infrared, AF Auto fluorescence, /CGA Indocyanine green angiography; above modes combined with or without
OCT). The acquisition settings can be selected in the middle (intensity of the IF image, lens field, section, or
volume scans). Use the sensitivity knob to adjust the brightness of the image

3. Create a new patient record in the database: You can click with
the mouse on the New Patient symbol in the tool bar or use the
menu Record > New patient to open the patient dialog box.
After entering the data for the new patient, click “OK” to
create the new database record.

4. Create a new examination: Select the desired patient and click
the New Examination button in the tool bar or press the right
mouse button and choose the New Examination.

5. Enter the eye parameters for both eyes (Fig. 3). The cornea
curvature is important because it affects the measurement of
distances and areas.

6. Adjust the camera head until the optic nerve disc is in the center
of the frame.

7. Select (Infrared) IR or Red Free mode on the control panel to
focus on the desired retinal layer (Fig. 2).

8. Adjust the brightness manually using the manufacturer’s
instructions.
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Eye Data X
oD 0s
C-Curve [mm]: I??i
Refraction [dpt]: ﬁ— IE—
Cylinder [dpt): Iﬂi Iﬂi
Avis [deg]: O T
Pupil size [mm]: |07 Iui
IOP [mmHg): |[|7 IG—
VFieldMean: Iﬂi F
VFieldVar. O (R
Corrective Lens: |None ﬂ |Nnne ﬂ

CAUTION: Measurements and classification results will only be accurate if the C-Curve is
entered correctly and the patient wears no corrective lenses during the examination,

0

-~

Cancel |

Fig. 3 Software page of eye parameters

9. Fine-tune the focus to obtain the best image.

p—

0. When the focus is optimal, “acquire” image (Fig. 2).

—

1. After a reflective image is acquired, proceed to acquiring a
fluorescent image (488 nm filter for green fluorescence) by
selecting the correct mode on the control panel and repeating
steps 7-9 above (Fig. 4).

3.3 Dala Analysis The in vivo ¢SLO images showing the GFP+ (green fluorescence)
cells are then exported to image analysis software (Image J, Imaris,
MATLAB, Metamorph, Matrox Inspector software). Manually
count the GFP+ cells using the Image J software.

1. Download and install the Image ] software and Cell counter
plug-in on the website https: //imagej.nih.gov/ij/index.html.
2. Open image ], then open the ¢SLO image to be analyzed.

3. Adjust the contrast so that individual cells are clearly visible:
Image > Adjust > Brightness/Contrast.

4. Go to Plugins > Analyze > Cell Counter > Cell counter. Click
the Initialize button to start the counting the program.


https://imagej.nih.gov/ij/index.html
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Fig. 4 Example c¢SLO image of Thy1-GFP retinal cells in the mouse eye. White
dots are single GFP-labeled RGCs

5.

Select the type you want to count and then click on the GFP+
cells in the image. Types can be added or removed at any time.

. If an error occurs, select the Delete Mode box, and then select

the number to delete.

. In longitudinal in vivo images, GFP+ cells were counted in the

same field area of the retina and density measurements derived
for timeline comparison.

4 Notes

. To achieve the best results, fully dilate the pupils during cSLO

imaging.

. In order to maintain optimal animal physiological and survival

conditions and without compromising image quality, imaging
time should be minimized.

. To prevent the cornea from drying out during cSLO, apply

artificial tears liberally as needed.
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In Vivo Detection of Retinal Ganglion Cell Stress in Rodents
with DARC

Daniel Hill, Soyoung Choi, and Maria Francesca Cordeiro

Abstract

DARC (detection of apoptosing retinal cells) uses fluorescently tagged Annexin A5 to identify retinal
apoptosis non-invasively in vivo using a confocal laser scanning ophthalmoscope (cSLO). This can provide
insights into the presence and progression of disease pathology and the efficacy of neuroprotective
intervention. The methods of administration, imaging, and quantification of DARC, including the opera-
tion of the ¢SLO, are described here.

Key words DARC, Annexin, Annexin A5, Apoptosis, cSLO, Retina, Neurodegeneration

1 Introduction

Annexin A5 is a ubiquitously expressed protein which binds with
phosphatidylserine, a component of the cell membrane which is
externalized during apoptosis and cellular stress [1]. When Annexin
A5 is labeled with a detectable tag, such as a radiolabel [2, 3] or
fluorophore, [4, 5] areas of cell stress and apoptosis can be precisely
defined in vitro and in vivo. Using a modified Annexin A5 with a
fluorescent label, termed “DARC” (detection of apoptosing retinal
cells), this approach has enabled the in vivo real-time visualization
of'individual stressed and apoptosing neuronal cells in the retinas of
rodents, non-human primates, and clinical patients [6—8] using a
confocal laser scanning ophthalmoscope (¢SLO).

The accumulation of DARC around stressed cells in the retina
is detected by the ¢SLO as discrete bright spots. The number of
these spots can be used as an indication of physiological stress
within the retina. In the case of rodent studies, this can be used to
demonstrate that the induction of a disease model has been suc-
cessful and, additionally, that administration of therapy is able to
reduce cell stress.

Ben Mead (ed.), Retinal Ganglion Cells: Methods and Protocols, Methods in Molecular Biology, vol. 2708,
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To complete DARC imaging, an animal is given pupil-dilating
eye drops and placed under anesthesia. Once pupils have been
dilated, imaging of the retina using the c¢SLO can occur. A baseline
image is acquired to capture any intrinsic fluorescent debris within
the eye which may mimic the DARC signal. Following this, the
animal is administered DARC in a liquid form intranasally. 2 hours
post-administration of DARC, the animal receives dilating eye
drops and anesthesia and is imaged again with the cSLO.

2 Materials

2.1 Anesthesia 1. Intraperitoneal ketamine or inhalation isoflurane.

2. Ketamine requires 1 mL disposable syringes and disposable
26G (0.45 mm) hypodermic needles.

3. Isoflurane requires an anesthesia workstation, with an induc-
tion chamber and movable mouthpiece.

4. Heating pad — particularly if ketamine anesthesia is to be used.

2.2 DARC 1. Fluorescent Annexin A5 in aqueous citrate buffer.
2.3 Pupil-Dilating 1. 1% w/v Tropicamide for mice.
Eye Drops 2. 2.5% w/v Phenylephrine hydrochloride for rats.
24 cSLO 1. Heidelberg Spectralis.

2. 55° lens.

3. HEYEX 1 or HEYEX 2 software.

2.5 Pipette 1. p20 pipette.
2. 20 pL disposable tips.

2.6 Eye Care 1. 0.3% w/v hypromellose eye drops.
2. Viscotears liquid gel eye drops.
3. Cotton buds.

3 Methods

3.1  Pupil Dilation 1. Before imaging, eyes should be dilated with tropicamide (for
mice) or phenylephrine hydrochloride (for rats) eye drops (one
drop per eye). It takes approximately 5-10 minutes to achieve
full dilation, which tends to last up to 30 min. Eye drops can be
administered to a conscious or unconscious animal (see
Note 1).



3.2 Anesthesia

3.3 Baseline ¢SLO
Imaging

3.4 Image
Acquisition
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. Animals must be anesthetized before imaging, using isoflurane

(inhalation) or ketamine (intraperitoneal injection; see Note 2).

. While the animal is unconscious, it is essential to protect the

eyes from drying out, to preserve the quality of the cornea.
Following anesthesia, hypromellose eye drops should be
applied to the eyes every few minutes to hydrate the eye.

. Viscotears liquid gel should be applied to the eyes after imaging

has taken place to protect and hydrate the surface of the eyes if
the animal is expected to remain unconscious for more than a
few minutes.

. A baseline cSLO image of the retina must be acquired before

DARC is administered. This is to account for the presence of
any reflective or fluorescent debris within the retina which may
appear similar to DARC spots. Some rodent strains, and certain
¢SLO imaging modalities, appear to be more predisposed to
presentation of DARC-like spots at baseline. Capturing a base-
line image allows the tracking and exclusion of spurious fluo-
rescent spots from final analyses.

. Baseline imaging should be conducted as close to DARC imag-

ing as possible, ideally with administration of DARC immedi-
ately following baseline imaging.

. Viscotears liquid gel can be applied with a cotton bud to gently

brush whiskers out of the way when they are obstructing sight
to the retina.

. During imaging, care should be taken to make sure the eye is

kept hydrated with hypromellose eye drops to ensure good
imaging quality. Dry eyes result in poor image quality. Eye
drops last approximately 1 or 2 min before needing to be
reapplied. Take care to avoid excessive application of eye
drops as the refraction of the liquid can alter the optical proper-
ties of the eye and lead to loss of focus; excess liquid can be
carefully removed from the corner of the eye with a cotton bud.

. The unconscious animal should be positioned side-on to the

¢SLO. An external image of the eye using infrared reflectance
(IR) should be captured as a record of pupil dilation and the
quality of the cornea.

. Under IR imaging, the retina should be visible through the

pupil as a brighter evenly illuminated circle; Fig. 1 provides an
example of such an external image.

. Once an external image has been captured, the ¢SLO should be

positioned so that the focal point of the image is on the lens, and
the retina fills the recorded image. The viewing field should be
centered around the optic nerve head, with the focus adjusted to
highlight the striations of the retinal nerve fiber layer.
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Fig. 1 External IR cSLO image showing full pupil dilation in a mouse

Fig. 2 ¢SLO image of the retina in a healthy and dilated mouse, captured in IR

4. Fine adjustments can be achieved using the joystick to acquire
even illumination across the whole image. At this point, a final
IR image is captured as a record of retinal quality and damage;
Fig. 2 provides an example of a good quality mouse retina
captured in IR.

5. Depending on the wavelength of the fluorophore in the DARC
molecule, an appropriate fluorescence mode and filter set
should be selected on the ¢SLO. For imaging 488 nm
DARC, the FAF (fundus autofluorescence) or BF (blue fluo-
rescent) modes are used. Imaging 776 nm DARC requires use
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Baseline 2-Hours Post-DARC

Fig. 3 Example of 488 nm DARC labeling in a mouse retina at baseline (left) and 2-h post-DARC-administration
(right) in an optic nerve crush model

3.5 Administration of
DARC

of ICGA (indocyanine green angiography) or IRAF (infrared
autofluorescence). The A (angiography) filter set can be used to
image DARC.

. The sensitivity of the detector is increased to the maximum

value of 107, and ART (automatic real time) tracking should be
enabled (this counteracts the effects caused by the movement
of the retina while the animal is breathing).

. Set capture quality to high resolution (as opposed to high

speed) and begin capturing frames (this occurs at roughly
5 frames per second). The software will capture and average
up to 100 frames, though diminishing returns in image quality
are reached by around 50 frames. Often over-averaging can
reduce image quality. Figure 3 provides an example of high
quality 488 nm DARC imaging at baseline and 2-h post-
DARC-administration.

. If ART is not available (due to poor image quality), a 10 s

movie can be recorded. Offline data processing can be com-
pleted in HEYEX using “run mean average,” which can pro-
duce images of acceptable quality.

. Historically DARC has been administered via intravenous and

intravitreal routes. Presently, however, we are developing the
intranasal route of administration. Intranasal administration of
DARC is much less invasive than previously used routes of
administration and, unlike intravitreal injection, poses no risk
of damaging the eye.
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3.6 Assessment of
DARC Signal

p—

. To administer DARC intranasally, animals are scruffed, held in

a supine position, and a pipette (p20) is placed in contact with
the nostrils. DARC (suspended in aqueous buffer) is slowly
expelled from the pipette onto each of the nostrils of the
animal, in an alternating pattern. Enough DARC is dispensed
to cover the nostril, and no more is dispensed until all liquid has
been aspirated (see Note 3).

. Animals may be conscious for administration, but improved

delivery (DARC fluorescence signal) is observed to result from
DARC administration to unconscious animals.

. Following DARC administration, animals are left for 2 hours in

low-light conditions, after which they are imaged with the
¢SLO as previously described.

. DARC-labeled cells appear as bright spots in the ¢cSLO image.

. These can be quickly and automatically counted using a

template-matching script in Image]. The script provides both
a total count of the DARC spots and the location of each spot
within the image.

. An example of the visual output from this automated counting

script is shown in Fig. 4. It is possible to use condition-blinded
observers to manually count DARC; however, this can prove to
be a laborious task.

Fig. 4 Example of DARC spots in a mouse retina, automatically identified using
ImageJ; yellow squares show the location of counted spots
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. Incomplete pupil dilation results in poor image quality. In

uncommon cases, insufficient pupil dilation is observed despite
eye drops having been correctly administered. In these cases, it
is likely that the animal has wiped away the eye drops before
they could take effect. Dilating unconscious animals resolves

. The greater depth of anesthesia offered by ketamine generally

provides higher imaging clarity than gas anesthesia (as the
animal moves less), but isoflurane is favored for non-terminal
procedures (i.e., longitudinal imaging over several sessions) as
it places the animal under much less physiological stress. Due to
the difference in imaging quality resulting from the two meth-
ods of anaesthesia, baseline and post-DARC images must be
captured under consistent anaesthetic conditions.

. For mice of approximately 25 g of bodyweight, 10 pL. admin-

istration volume provides optimal results. Rats of approxi-
mately 200 g bodyweight are able to receive higher volumes,
with 20-30 pL providing good results.

4 Notes

this issue.
References
1. Boersma HH, Kietselaer BLJH, Stolk LML et al

(2005) Past, present, and future of annexin A5:

from protein discovery to clinical applications. J
Nucl Med 46:2035-2050

. Blankenberg FG (2009) Imaging the molecular

signatures of apoptosis and injury with radiola-
beled annexin V. Proc Am Thorac Soc 6(5):
469-476. https://doi.org/10.1513 /pats.
200901-001AW

. Tait JF, Smith C, Levashova Z et al (20006)

Improved detection of cell death in vivo with
annexin V radiolabeled by site-specific methods.
J Nucl Med 47:1546-1583

. Schellenberger EA, Weissleder R, Josephson L

(2004 ) Optimal modification of annexin V with
fluorescent dyes. ChemBioChem 5:271-274

. Ntziachristos V, Schellenberger EA, Ripoll J et al

(2004) Visualization of antitumor treatment by

means of fluorescence molecular tomography
with an annexin V-Cy5.5 conjugate. Proc Natl
Acad Sci U S A 101:12,294-12,299

. Cordeiro MF, Guo L, Luong V et al (2004)

Real-time imaging of single nerve cell apoptosis
in retinal neurodegeneration. Proc Natl Acad Sci
USA101:13,352-13,356

. Normando EM, Yap TE, Maddison J et al

(2020) A CNN-aided method to predict glau-
coma progression using DARC (Detection of
Apoptosing Retinal Cells). Expert Rev Mol
Diagn 20(7):737-748. https://doi.org/10.
1080,/14737159.2020.1758067

. Cordeiro MF, Hill D, Patel R et al (2022)

Detecting retinal cell stress and apoptosis
with DARC: progression from lab to clinic.
Prog Retin Eye Res 86:100,976


https://doi.org/10.1513/pats.200901-001AW
https://doi.org/10.1513/pats.200901-001AW
https://doi.org/10.1080/14737159.2020.1758067
https://doi.org/10.1080/14737159.2020.1758067

®
i Chapter 14

Measuring the Full-Field Electroretinogram in Rodents

Pei Ying Lee, Da Zhao, Vickie H. Y. Wong, Anh Hoang, Katie K. N. Tran,
Anna K. van Koeverden, Brianna C. Afiat, Christine T. 0. Nguyen,
and Bang V. Bui

Abstract

Electroretinography allows for noninvasive functional assessment of the retina and is a mainstay for
preclinical studies of retinal function in health and disease. The full-field electroretinogram is useful for a
variety of applications as it returns a functional readout from each of the major cell classes within the retina:
photoreceptors, bipolar cells, amacrine cells, and retinal ganglion cells. Rodent models are commonly
employed in ocular degeneration studies due to the fast throughput of these mammalian species and the
conservation of the electroretinogram from the preclinic to the clinic. Here we describe approaches for
in vivo electroretinography in rodent models.

Key words Small animal models, Rodents, In vivo retinal assessment, Electroretinogram, Retinal
function

1 Introduction

A range of in vivo tools have been developed to assess retinal
changes in rodent models of health and disease. Increasingly, stud-
ies of retinal disease-causing/modifying genes or potential new
therapies using in vivo models demand a functional readout of
the visual pathway of the retina. There are a range of available
noninvasive behavioral [1] and electrophysiological assessment
tools [2—4]. However, the electroretinogram (ERG) continues to
be one of the most commonly used approaches for both acute and
chronic longitudinal functional assessment of disease or treatment
[3, 5] in animal models. Some of the benefits of using electroreti-
nography include its noninvasive and objective nature, conserva-
tion of key signal components between species, and its capacity to
provide information regarding the major cell classes in the retina.

Ben Mead (ed.), Retinal Ganglion Cells: Methods and Protocols, Methods in Molecular Biology, vol. 2708,
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More specifically, the ERG measures coordinated electrical
responses of the entire retina to light stimulation and provides a
means to simultaneously quantify the functional integrity of key
retinal cell classes. A time-coordinated series of ionic fluxes initiated
by light onset and offset produce voltage changes that are detect-
able using surface electrodes placed on or near the eye. The resul-
tant waveform is the combination of a series of well-defined
components, whose origins are well understood through the bril-
liant work of many over the years [6-8]. The key components of the
ERG waveform are well conserved across common laboratory spe-
cies and humans meaning that the ERG has significant advantages
with regard to clinical relevance. Indeed, ERG signals can be
deconstructed into constituent parts to provide information on
light-capturing photoreceptors, bipolar cell interneurons, inhibi-
tory pathways, and inner retinal ganglion cells [6]. Moreover,
mathematical models grounded in molecular processes provide a
means to determine whether deficits arise from cell loss or reduced
efficiency of signal transduction cascades [8].

This manuscript describes a protocol for the recording and
analysis of the full-field ERG to return quantitative measures of
components reflecting the integrity of the major cell classes in the
retina.

2 Materials

2.1 Electro-
retinography

Electrode silver wire (99.9% Silver, 0.3 mm diameter round wire,
A&E Metal Merchants).

Insulating tape (masking tape).

Chloriding battery (9 V battery).

0.9% Normal Saline

Platinum electrode leads (Grass Telefactor).

Electrode holders (micromanipulators, World Precision Instruments).
Ground electrode: F-E2-30 (needle electrode, Grass Telefactor).
Headlight for animal preparation (Energizer HD+ LED headlight).
Mydriatic agent: 0.5-1% tropicamide.

Corneal anesthesia: 0.5% proxymetacaine.

General anesthesia (1.6 mL 100 mg/mL Ketamine, 1.6 mL
20 mg/mL xylazine, and 6.8 mL sodium chloride [0.9% w /V]).

30-gauge needle
Lint-free tissue.
Contact gel: carmellose sodium, Celluvisc 1.0%.

Small scales.
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Light stimulus via Ganzfeld integrating bowl (Photometric Solu-
tions International).

Bioamplifier (Grass P511, Grass Telefactor).

Data acquisition system (Powerlab data acquisition system,
ADInstruments).

Data acquisition software (Scope or LabChart Software,
ADInstruments).

Computer: personal computer (Windows based) for recording sig-
nals and offline analysis.

Temperature maintenance (circulating water bath).

Faraday Cage (2 x 1.2 x 1.2 m, Photometric Solutions
International).

Analysis Software (Excel).

3 Methods

3.1 Laboratory and
Electrode Preparation

The following describes the use of dark-adapted full-field ERG in
order to assess retinal function across the major retinal cell classes
including photoreceptors (a-wave or P3), bipolar cells (b-wave or
P2), amacrine cells (oscillatory potentials, OPs), retinal ganglion
cells (scotopic threshold response), as well as the rod and cone
pathways.

Dark-adapt animals in a well-ventilated space for longer than
4 h, preferably overnight.

Electrodes can be prepared beforehand or on the day. Chlorid-
ing of electrodes should be done at the start of the day.

Prepare 4 electrodes (2 active, 2 reference) for recording from
both eyes (Fig. 1). Prepare the active electrodes by firmly attaching
(twisting) silver wire to platinum leads (with 2 ¢cm of the plastic
sleeve removed). Fold the silver so that the tip to contact the cornea
is rounded. Use masking tape to insulate the connections between
the wire and lead leaving 1 mm of the rounded silver wire exposed
(Fig. 1b).

The two reference electrodes are made the same way, but
instead of a 1 mm rounded tip, create a ~ 3 mm diameter circle
for mice or ~ 8 mm diameter circle for rats. This should be large
enough to slide around the equator of the eye without compressing
the eye. Insulate the connection between the silver wire and lead
leaving the loop exposed.

Chloride the exposed silver tips or loops by immersing them
into 0.9% saline bath and connecting the leads to a 9 V battery and
completing the circuit using another length of conductive wire.
Chloride for 10 s, after which time the silver wire should be coated
with a fine layer of white chloride crystals. Prior to use, lightly dust
off any excess crystals using a lint-free tissue, to avoid them damag-
ing the cornea.
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Fig. 1 Preparation of electroretinogram electrodes and position on the mouse eye. (a) The animal is placed on
a warmed platform with its eyes positioned in the plane of the Ganzfeld stimulator, with electrodes placed on
the eyes and a ground electrode in the tail. (b) Recordings are made simultaneously from both eyes, with the
active electrodes gently touching the corneal apex and reference electrodes encircling the eye around the
wire to platinum leads and
chloriding the silver tips using a 9 V battery for 10 s. Connections are insulated leaving the tips exposed to
contact with the eye. Mouse reference electrodes (~3 mm diameter) should be smaller than for rat electrodes

equator. Active and reference electrodes are made by connecting pure silver

(~8 mm diameter)

Connect all electrodes (including the ground needle electrode)

to preamplifier input cables.

Use micromanipulators to hold the active electrode to allow

positioning at the apex of the cornea.

3.2 Animal Minimize exposure to light during anesthesia and animal prepara-
Preparation tion to ensure maximal retinal sensitivity and to produce high
quality recordings, particularly for small waveforms such as the
scotopic threshold response. Throughout preparation, keep the
room lights oft, and use a headlight to provide dim red illumination
(e.g., <15 cd.m™2, Amax = 600 nm). This helps to maintain dark
adaptation and to minimize re-adaptation time prior to signal

recording (see Note 1).

electrode
/
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Weigh animals and anesthetize with a ketamine and xylazine
cocktail delivered via an intraperitoneal injection using a 30G nee-
dle for mice and a 27G needle for rats.

Dilate pupils using one drop of 0.5-1% tropicamide and place a
drop of 0.5% proxymetacaine onto each eye for corneal anesthesia.
Leave for 5 s and absorb any excess fluid from the margin of the
eyelids using a lint-free tissue.

Check the depth of anesthesia and place the animal on a plat-
form warmed (37 °C) by using circulating heated water (Lauda).
Avoid electrical heating pads as they contribute to electrical noise.

Insert the ground needle electrode into the tail (~2 mm sub-
cutaneously) approximately halfway along the tail (Fig. 1a).

Gently place the reference electrode loop around each eye
(Fig. 1b), using masking tape or a small velcro tab to secure it in
place (without squeezing the animal or changing its natural posi-
tion) at the nape of the neck.

Use micromanipulators to place the tips of the active electrodes
to gently touch the corneal apex (Fig. 1b). Place a small drop of
contact gel onto the active electrode tip to improve electrical con-
tact and maintain corneal hydration. Avoid excessively large drops
of lubricant which can short-circuit active and reference electrodes,
which will result in small signals. If needed, twist a piece of lint-free
tissue into a fine tip and gently wipe along the margin of the lower
lid to remove excess lubricating gel (see Note 2).

Move the stimulus so that the eyes are in the plane of the
Ganzfeld sphere. Close the Faraday cage.

Check that the signals from both eyes are quiet using the noise
trace of the data acquisition system.

Check signal size using a moderate intensity light flash that does
not substantively impact adaptation. (e.g., —3.36 log cd.s/m?).
Also see Note 3.

After the test flash, re-adapt in darkness for at least 5 min for
recovery from the dim red light used for setting up and any test
flash. This maximizes the amplitude of the scotopic threshold
response (see Note 1).

In designing your ERG protocol, consider the length of the anes-
thesia used and the need for repeated anesthesia. Specific test
intensities should be chosen to target ERG components of interest
across the dynamic range of the rodent visual system (i.e., —6 to
3 log scotopic cd.s/m?). Suggested light levels, signal averaging,
and interstimulus intervals can be found in Table 1.

Stimuli are delivered starting with the dimmest light level (e.g.,
—5.53 log cd-s/m?) and progressing to the brightest (2.07 log
cd-s/m?) (see Note 4).

Use a data acquisition system and appropriate software to
record signals of a desired length. For example, 2560 points at a
4-kHz sampling rate returns epochs of 640 ms which is adequate
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Table 1
Electroretinogram (ERG) light stimulus protocol

Light level Time between
(log cd.s/m?) Number of repeats flashes (s) ERG component elicited

Scotopic series

—5.53 20 2 STR

—5.31 20 2 STR

—5.01 20 2 STR

—4.90 20 2 STR

—4.31 5 3 STR + b-wave

—3.36 5 3 Rod b-wave

—-2.75 1 15 Rod b-wave, OPs

—1.61 1 30 Rod b-wave, OPs

—0.81 1 45 Mixed b-wave, OPs, a-wave

0.72 1 60 Mixed b-wave, OPs, a-wave

1.55 1 120 Mixed b-wave, OPs, a-wave

2.07 2 180 (500 ms 1st flash: mixed b-wave, OPs, a-wave
for twin flash) 2nd flash: cone b-wave, OPs

Photopic series after 10 min of light adaptation

0.77 10 1 Cone b-wave, OPs, a-wave

1.37 10 1 Mixed b-wave, OPs, a-wave
1.77 10 1 Mixed b-wave, OPs, a-wave
2.07 10 1 Mixed b-wave, OPs, a-wave
2.37 10 1 Mixed b-wave, OPs, a-wave
2.67 10 1 Mixed b-wave, OPs, a-wave

Different light levels elicit various components of the ERG including the ganglion cell scotopic threshold response
(STR), the bipolar cell b-wave, the photoreceptor a-wave, and inner retinal oscillatory potentials (OPs). Repeating bright
flashes with very short interstimulus intervals elicits a subsequent response that does not contain contributions from the
rod pathway. Light adaptation isolates the cone pathway

for most short flash ERG components. However, if the retinal
pigment epithelium-derived c-wave is of interest, then an epoch
of 2 s would be advised.

Choose the sampling rate taking the Nyquist limit of the ERG
signal into consideration. 4 kHz comfortably enables the capture of
higher frequency oscillatory potentials.

Choose the appropriate band-pass filter settings to ensure that
all components of the ERG are not aliased. The oscillatory poten-
tials do not contain much information above 200 Hz. Thus, a band
pass of 0.3 to 500 or 1000 Hz is adequate.
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Include a pre-stimulus baseline (e.g., 10 ms of noise recording
immediately before stimulus onset) to allow baseline correction in
case of signal drift.

Cone responses can be acquired in one of two ways, using a
twin flash approach [9], whereby two bright flashes are presented
with a short interstimulus interval (e.g., 500 ms) to leverage the
difference in the refractory period between rod and cone system,
such that the first flash returns a mixed rod /cone response, whereas
the second elicits cone dominant responses (se¢ Note 5).

Cone pathway responses can also be measured following light
adaptation. In this case, employ a bright background (e.g.,
90 cd/m?) and allow at least 10 min for signals to stabilize
[10]. Use flashes ranging in intensity from 0 to 2.7 log cd.s/m?.
Signal averaging may be required; however, interstimulus intervals
can be short (Table 1).

At the conclusion of recording, measure pupil size to ensure
that any deficit in function is not due to reduced retinal
lillumination.

For an ERG waveform elicited by a bright flash of light, the very
first electronegative component, known as the a-wave, comes from
photoreceptors and can be described using a delayed-Gaussian
function (Fig. 2a). This equation models the underlying P3 gener-
ated by photoreceptors [8] to return a maximal amplitude (RmP3,
pV) indicating the number of photoreceptors (outer segment
length or density of non-specific cationic channels). The slope
parameter (sensitivity, S, m”.cd~'.s~®) provides a measure of the
efficiency of phototransduction or the rate of amplification (Fig. 2a
inset) (see Note 6).

The second and largest component of the ERG waveform (the
b-wave) is the envelope of the negative photoreceptor P3 and
positive P2, which is dominated by ON bipolar cells. Subtracting
the P3 model (Fig. 2a blue traces) from the raw ERG waveform
(Fig. 2a gray traces) reveals the P2 along with inner retinal oscilla-
tory potentials (OPs). Low pass filtering (50 Hz) will remove the
OPs and high frequency noise leaving the P2 (Fig. 2b gray traces).
The amplitude of each P2 waveform (Fig. 2a blue dots) can be
described as a function of intensity with a saturating hyperbolic
function [11]. This model (Fig. 2b inset) returns a maximum
amplitude (Vmax), which provides an index of bipolar cell integrity
along with a sensitivity parameter (1/K).

The dark-adapted ERG elicited with bright light levels
(Table 1) contains contributions from both the rod and cone path-
ways. The long refractory time of rods can be leveraged using
repeated stimuli with short interstimulus intervals to elicit
subsequent responses that are cone dominated. Cone responses
can be quantified by their peak amplitudes and implicit times
(Fig. 2¢ orange trace).
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Fig. 2 Analysis of the rodent electroretinogram (ERG). (a) Raw ERG waveforms from a mouse (rats produce a
similar sequence of responses). The photoreceptor response (a-wave) can be modeled using a delayed-
Gaussian function (P3, blue traces), which is fit to the brightest light levels (inset). This model returns a
maximum amplitude (RmP3) and a slope parameter, which indicates sensitivity to light (S). (b) The bipolar cell
response (P2) can be isolated by subtracting the P3 model from the raw ERG and low pass filtering (<50 Hz) to
remove oscillatory potentials (OPs) and high frequency noise. Peak P2 amplitudes and implicit times can be
obtained at each light level. Peak amplitudes can be plotted as a function of light level and modeled using a
saturating function to return a maximum amplitude (P2 Vmax) and a sensitivity to light (1/K). (¢) The cone
response (orange trace) can be isolated by using a very short interstimulus interval (0.5 s) between
subsequent bright flashes. Subtraction of the second flash (cone) from the first (mixed) returns the putative
rod response. (d) Oscillatory potentials can be isolated by band pass filtering the ERG waveform (50—180 Hz)
and taking peak amplitudes and implicit times. OPs at three selected intensities are shown. (e) The dimmest
light levels elicit the scotopic threshold response (STR); the positive component provides a measure of
ganglion cell function

The OPs, which provide a measure of inner retinal inhibitory
circuits involving amacrine cells [12], can be isolated using a band
pass filter (Fig. 2d, 50-180 Hz), after which peak amplitude and
implicit time can be extracted.

The positive scotopic threshold response (pSTR), which can
only be measured at very dim light levels, is a good indicator of
retinal ganglion cell function in rodents (Fig. 2¢) [13-15]. Quantify
the pSTR by taking its peak amplitude and implicit time.
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enough signals for a signal-to-noise ratio of >5. Increased
signal averaging of 100-200 signals may be required at the
very dimmest light levels [16] in the case of high noise.

. Pleae be aware that the subsequent cone-driven response (i.e.,

delivered 500 ms after the mixed rod/cone response) will be
overlaid on the recovery of the fast- and slow-P3 as well as the
onset of the retinal pigment epithelium-derived PI. Thus, con-
sider doing 3—4 repeats and taking these as the cone signal.

. The a-wave near its trough contains contributions from

OFF-bipolar cells [18]; thus, modeling should be limited to
the every earliest portion of the descending a-wave as per
Robson and Frishman [18].

1. Grillo SL, Koulen P (2015) Psychophysical
testing in rodent models of glaucomatous
optic neuropathy. Exp Eye Res 141:154-163

2. Leinonen H, Tanila H (2018) Vision in labora-
tory rodents-Tools to measure it and implica-

tions for behavioral research. Behav Brain Res
352:172-182

3. Porciatti V, Saleh M, Nagaraju M (2007) The
pattern electroretinogram as a tool to monitor

progressive retinal ganglion cell dysfunction in
the DBA /2] mouse model of glaucoma. Invest
Ophthalmol Vis Sci 48(2):745-751

. Wilsey LJ, Fortune B (2015) Electroretinogra-

phy in glaucoma diagnosis. Curr Opin
Ophthalmol 27:118-124

. Pinto LH, Enroth-Cugell C (2000) Tests of

the mouse visual system. Mamm Genome
11(7):531-536



140 Pei Ying Lee et al.

6. Frishman L (2006) In: Heckenlively JR, Arden
GB (eds) Origins of the electroretinogram, in
Principles and practice of clinical electrophysi-
ology of vision. The MIT Press, Cambridge, pp
139-184

7. Granit R (1933) Components of the retinal
action potential in mammals and their relations
to the discharge in the optic nerve. J Physiol
77:207-238

8. Lamb TD, Pugh ENJ (1992) A quantitative
account of the activation steps involved in
phototransduction in amphibian photorecep-
tors. J Physiol 449:719-758

9. Nixon PJ, Bui BV, Armitage JA et al (2001)
The contribution of cone responses to rat elec-
troretinograms. Clin Exp Ophthalmol 29(3):
193-196

10. Bui BV, Fortune B (2006) Origin of electroret-
inogram amplitude growth during light adap-
tation in pigmented rats. Vis Neurosci 23(2):
155-167

11. Naka KI, Rushton WA (1966) S-potentials
from colour units in the retina of fish (Cyprini-
dae). J Physiol 185(3):536-555

12. Wachtmeister L (1998) Oscillatory potentials
in the retina: what do they reveal. Prog Retin
Eye Res 17(4):485-521

13.

14.

15.

16.

17.

18.

Bui BV, Fortune B (2004) Ganglion cell con-
tributions to the rat full-field electroretino-
gram. ] Physiol 555(Pt 1):153-173

Zhao D, Wong VHY, Nguyen CTO et al
(2019) Reversibility of retinal ganglion cell
dysfunction from chronic IOP elevation. Invest
Ophthalmol Vis Sci 60(12):3878-3886
Kohzaki K, Vingrys AJ, Bui BV (2008) Early
inner retinal dysfunction in streptozotocin-
induced diabetic rats. Invest Ophthalmol Vis
Sci 49(8):3595-3604

Kohzaki K, Vingrys AJ, Armitage JA et al
(2013) Electroretinography in streptozotocin
diabetic rats following acute intraocular pres-
sure elevation. Graefes Arch Clin Exp Ophthal-
mol 251(2):529-535

Saszik SM, Robson JG, Frishman L] (2002)
The scotopic threshold response of the dark-
adapted electroretinogram of the mouse. J
Physiol 543(Pt 3):899-916

Robson JG, Maeda H, Saszik SM et al (2004)
In vivo studies of signaling in rod pathways of

the mouse using the electroretinogram. Vis Res
44(28):3253-3268



Check for
updates

Evaluation of Retinal Ganglion Cell via Visual Evoked
Potential

Shengjian Lu, Tian Xia, and Yikui Zhang

Abstract

Visual Evoked Potential (VEP) is an electrical signal recorded from the visual cortex in response to light
stimulation. It can be used as an in vivo method to objectively access the functional integrity of the
retinogeniculocortical pathway. Here we describe the methods to perform flash VEP (FVEP) recording
in rodents and goat and pattern VEP (PVEP) recording in rhesus macaque.

Key words Visual evoked potential, In vivo test, Retinal ganglion cell, Optic nerve, Large animals,
Rodents

1 Introduction

Visual Evoked Potential (VEP) is not a single signal but contains
the visually evoked electrical activities of the entire visual pathway
from the retina through the optic nerve, optic chiasm, optic tract,
lateral geniculate nucleus, optic radiation, to visual cortex
[1, 2]. VEP provides objective diagnostic information of the visual
system and has been extensively used in basic research and clinical
practice of neurology and ophthalmology [3-5].

VEP can be divided into flash VEP (FVEP) and pattern VEP
(PVEP) according to different visual stimulation. There are various
electrodes for FVEP in animal experiment, such as subcutaneous
needle and implanted skull screw. Needle electrode is most com-
monly used because it is convenient and minimally invasive [6, 7],
whereas the implanted screw provides more stable positioning and
lower impedance [8, 9].

Both rodents and large animal models play important role in
preclinical research of ocular diseases. Here, we describe the
detailed procedures of FVEP recording in rodent and goat, PVEP
recording of rhesus macaque in our laboratory. These methods can
also be found in our recent publications [10-12].

Ben Mead (ed.), Retinal Ganglion Cells: Methods and Protocols, Methods in Molecular Biology, vol. 2708,
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2 Materials

2.1 Additional
Materials If Using Goat

2.2 Additional
Materials If Using
Rhesus Macaque (Inc.
All Above)

. Visual electrophysiology devices.

. Needle electrodes.

. Ventilator and anesthetic devices including isoflurane.
. 5% Tropicamide.

. Artificial tear eyedrops.

N O W N

. Surgical instruments for implantation of electrodes.

p—

. Cotton wool soaked in 70% ethanol.

[\

. Venous catheter (0.9 mm x 25 mm).

3. Injectable anesthetic: Atropine (0.025 mg/kg) and propofol
(5 mg/kg).

4. Skull screws and screwdriver.

921

. 0.01% proparacaine hydrochloride eyedrops.
6. Gentamicin (4 mg/kg) and ceftiofur sodium (2 mg/kg).

1. Injectable anesthetic: Zoletil50 (4-8 mg/kg).

3 Methods

3.1 FVEP in Rodents

Experiments were conducted strictly in accordance with the
ARRIVE guidelines and the National Institutes of Health guide
for the care and use of Laboratory animals and adhere to the
protocols approved by the Institutional Animal Care and Use
Committee in Wenzhou Medical University (WMU) and Joinn
Laboratory (Suzhou).

The procedures are similar between rodents [8, 13]. Here we
choose rat as an example.

1. Anesthesia: Anesthetize the rat with isoflurane through small
animal ventilator and anesthetic system. Heating platform is
recommended during the procedures to avoid low body
temperature.

2. Placement of electrodes: The active needle electrode is inserted
subcutaneously over the primary visual cortex (4 mm lateral to
the midline of the stimulating eye) [14]. The reference needle
electrode is inserted at forehead over midline. The ground elec-
trode is inserted into the tail (se¢ Notes 1 and 2). Screw skull
electrodes can also be considered to improve reproducibility [8].
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1 The waveforms of FVEP in rat under light intensity of 1.5 cd s/m?

. Animal preparing: Apply 5% tropicamide onto both eyes. Place

the rat in the right position to fit the Ganzfield stimulator (see
Note 3) and give a dark adaption (5 min).

. FVEP recording: Start Oscillograph program to test the base-

line noise (see Note 4). Choose light intensity of stimulation
and start recording. Keep cornea moist with artificial tear eye-
drops and cover contralateral eye with lightproof cover. Repeat
this step for contralateral eye.

. Postanesthetic care: Put the rat back to cage after awaking.

. Measurement and analysis: The first and second positive peaks

in waveforms are designated as P1 and P2, and the negative
peak as N1 and N2 (Fig. 1).

. Anesthesia: Shave the hair of the leg and expose the subcutane-

ous vein. Cotton with 70% alcohol is employed for skin disin-
fection. A peripheral venous catheter intravenously is inserted,
and immediately atropine and propofol are injected for induc-
tion of general anesthesia (see Note 5). Intubate a 6 mm tra-
cheal tube with a laryngoscope and connect it to an artificial
respirator. The general anesthesia is maintained with 3% iso-
flurane at a rate of 3 L/min. Monitoring of temperature, blood
pressure, and ECG is recommended during anesthesia.

. Implantation of skull screw and placement of electrodes: shave

the hair and disinfect the skin on the frontal bone and the
occipital bone. Make a 5 mm incision with a scissor and a
steel screw at the center of the frontal bone and the occipital
bone with a screwdriver (see Note 6). The occipital and frontal
screws are connected with the active and reference electrodes
through alligator clips. A needle electrode is inserted subcuta-
neously beneath the frontal skull screw as the ground needle
electrode (see Note 2).

. Animal preparing: Apply 0.01% proparacaine hydrochloride

eyedrops and 5% tropicamide onto both eyes. Eyelid speculum
is employed to expose the bulbar conjunctiva (se¢ Note 7).
Place the goat’s head in the right position to fit the Ganzfield
stimulator (see Note 3) and give a dark adaption (5 min).
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Fig. 2 The waveforms of FVEP in goat under light intensities of 0.025 and
0.25 cd s/m?

4. FVEP recording: Start Oscillograph program to test the base-

line noise (se¢e Note 4). Choose light intensity of stimulation
from 0.025-3 cd s/m? and start recording. Keep cornea moist
with artificial tear eyedrops and cover contralateral eye with
lightproof cover. Repeat this step for contralateral eye.

. Postanesthetic care: Shut the isoflurane supply but maintain the

ventilation until the goat recover from the general anesthesia.
The goat is treated with gentamicin (4 mg/kg, IM) and ceftio-
fur sodium (2 mg/kg, IM) to prevent infection after
intubation.

. Measurement and analysis: the first and second positive peaks

in waveforms are designated as P1 and P2, and the negative
peak as N1. Amplitudes of P1 and P2 are measured from N1 to
P1 and P2 respectively (Fig. 2).

3.3 PVEP in Rhesus Non-human primate models are essential to bridge the basic

Macaque research and clinical application. PVEP can be elicited in rhesus
macaque [10]. Its reproducibility is higher than FVEP in both
amplitude and implicit time [15]. The manipulations between
goat and rhesus macaque are similar. The pattern stimulation of
contrast-reversal black-white checkerboards (temporal frequency,
2.4 Hz) is delivered by a monitor.

1. Anesthesia: intubate the monkey and anesthetize it under iso-

flurane with Zoletil50 (4-8 mg/kg, IM) induced. Monitor the
vital signs.

. Electrodes placement: The ground electrode is placed at the

earlobe. The active and reference needle electrodes are inserted
subcutaneously along the midline at the occipital and frontal
bone, respectively.

3. Animal preparation: Apply eyedrops onto both eyes and expose

bulbar conjunctiva with eyelid speculum. Place the monkey’s
head in right position to gaze the center of screen and give a
dark adaption (5 min).
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Fig. 3 The waveforms of PVEP in rhesus macaque under spatial frequencies of
0.5and 1.0 cpd

4.

PVEP recording: Check the impedance of each electrodes (see
Note 2) and baseline noise with Oscillograph (see Note 4).
Cover the contralateral eye and record PVEP responses to two
spatial frequencies (0.5 cycle/degree, 1.0 cycle/degree),
respectively. Keep cornea moist and cover the contralateral
eye during examination. Repeat this step for the
contralateral eye.

. Postanesthetic care: Stop anesthesia and keep ventilation to

awake the monkey. Antibiotics are given to prevent infection
after intubation.

. Measurement and analysis: The first positive peak and the first

negative peak of the PVEP waveform are designated as P1 and
N1. The amplitude is measured between P1 and N1 (Fig. 3).

4 Notes

. The tail of mouse is too thin to insert a needle electrode; thus

the ground electrode can be inserted on the hind limbs.

. Ensure the impedance of each electrode is below 10 kQ. If the

impedance is too high, reconnect or replace a new electrode or
implant the screw to the bone surface (DO NOT penetrate
through the bone). Large difference of the impedance between
the active and reference electrodes should be avoided
[15]. Using needle electrodes as active and reference electrodes
in goat results in large impedance due to rich subcutaneous
tissue, so implanted electrode is employed.

. Check the eye position through infrared camera which is

incorporated of the Ganzfield stimulator; ensure that the
eye’s fixation is correct and the pupil is fully exposed. The
eye’s fixation can be corrected by adjusting the animal’s head.
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. Unplugging other surrounding devices, Faraday cage and inde-

pendent ground connection of visual electrophysiology devices
reduce the baseline noise. Small noise is acceptable; however, a
typical FVEP waveform cannot be elicited under excessive noise.

. The goat awakes from the induced anesthesia by propofol

within minutes, so the intubation of the goat should be
practiced and fast. Keep the peripheral venous catheter on the
leg to give extra propofol when it fails intubation in time.

. The screw, the electrodes, and all surgical instruments should

be sterilized.

7. Do not injury the cornea while using eyelid speculum.
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High-Throughput Binocular Pattern Electroretinograms
in the Mouse

Tsung-Han Chou, Jonathon Toft-Nielsen, and Vittorio Porciatti

Abstract

The pattern electroretinogram (PERG) reflects the electrical activity of retinal ganglion cells (RGC) and has
become the most used technology to assess RGC function in experimental models of glaucoma and optic
neuropathies. We describe a novel method for obtaining user-friendly, robust PERG simultaneously from
cach eye using asynchronous binocular stimulation and one-channel acquisition of signals recorded from a
subcutancous needle in the snout.

Key words Pattern electroretinogram, PERG, Retinal ganglion cells, Mouse

1 Introduction

The pattern electroretinogram (PERG) is a retinal biopotential in
response to contrast reversing patterns, which selectively depends
on the presence of functional retinal ganglion cells [1]. The PERG
complements the standard flash ERG, which reflects the electrical
activity of outer retinal neurons. Thus, the PERG has become an
important outcome measure in the investigation of optic nerve
disorders such as glaucoma [2]. The mouse PERG waveform is
characterized by a small negativity peaking around 50 ms (N1),
followed by a larger positive wave peaking around 80 ms (P1),and a
broad negative wave peaking around 350 ms (N2). Typically, all
PERG components are severely reduced in the early stages of the
disease, even before evidence of retinal ganglion cell death, often in
association with a measurable delay in peak latency. Here, we
describe a technique that allows high-throughput, robust assess-
ment of PERG in mice from both eyes simultaneously that does not
require dark adaptation, pupil dilation, and optical correction for
the viewing distance of the pattern stimulus. These characteristics
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greatly facilitate usage of the PERG technology and minimize
operator variability. The technique exploits the physiological prop-
erty of the PERG generators in mice, which differently from those
of the standard flash ERG generate a widespread bioelectrical field.

The PERG is recorded from a subcutaneous needle in the snout
with an amplitude similar to that recorded for the cornea. Both eyes
are stimulated simultaneously using patterned visual stimuli gener-
ated on LED displays that are separately presented to each eye with
a slight difference in the frequency of pattern reversal. Responses
from each eye are retrieved by deconvolution of the signal recorded
from the common snout electrode. Details of this technique have
been previously published [3-5], and the PERG system is commer-
cially available (Jorvec Corp., Miami, FL, USA).

2 Materials

1. Anesthesia: 15 mg/mL ketamine, 3 mg/mL xylazine, and
injectable sterile water (7 mL), delivered at a dose based on
weight of the animal (0.01-0.015 mL/g).

2. The mouse holder consists of a thermostatic plate (TCAT-2LV,
Physitemp Inc., Clifton NJ) to keep the mouse temperature at
37 °C using a feedback rectal probe. The thermostatic plate is
inserted in a recording stage (Jorvec Corp., Miami, FL) includ-
ing a bite bar and head holder bars that allows for an unob-
structed view of the stimuli (Fig. 1).

3. Balanced salt solution (BSS; sterile irrigating solution, Alcon
Laboratories Inc., Fort Worth TX, see Note 5).

4. Visual stimuli consisting of horizontal gratings (95% contrast,
0.06 cycles/degree spatial frequency, 700 ¢d/m?* mean lumi-
nance) are generated on two (15 x 15 cm) LED tablet displays
(Jorvec Corp., Miami, FL, USA) and presented at each eye
separately at a distance of 10 cm. The two displays are aligned
with the optical axes of the two eyes (approximately
120-degree angle separation and pointing 30° upwards)
(Fig. 2). Gratings reverse in contrast at slightly different tem-
poral frequency (Right display, 2.0325 reversals/s; Left display,
2.0161 reversals/s) to allow deconvolution of the signal and
retrieval of PERG signals from each eye [5].

5. PERG signals are recorded from a common subcutaneous
needle (Grass Technologies, West Warwick, RI) placed in the
snout and referenced to a similar electrode placed in the back of
the head. A third subcutaneous electrode placed at the root of
the tail serves as a ground.
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Electrode
support

Head holder

Heating plate

Reference

Active

Head holder

Bite bar

Heating plate

C

Ground electrode

Rectal probe s
Reference

Active

Fig. 1 Mouse stage. (a) Base with heating plate, head holders, and support for electrode wires. (b) The
anesthetized mouse is gently restrained by a head-holder and its superior incisor teeth are hooked to a bite
bar. The active electrode is a subcutaneous needle inserted between two eyes into the snout. The reference
electrode is a subcutaneous needle inserted in the back of the head. (¢) The ground electrode is a
subcutaneous needle inserted at the root of the tail. The body temperature is monitored with a rectal probe
and controlled via a feedback-controlled heating plate



150 Tsung-Han Chou et al.

Bioamplifier

Fig. 2 Pattern stimuli are generated on two identical LED displays. These displays are placed around the
animal stage (a) and are positioned to present stimuli separately to each eye of the mouse. The bioamplifier is
positioned behind the stage and away from the stimulus displays to ease positioning of electrodes and reduce
stimulus artifact pick up (b)

6. PERG signals are fed to an Opti-Amp bioamplifier (Intelligent
Hearing Systems Inc., Miami, FL) amplified (10,000 fold),
filtered (1-300 Hz, 6 dB/oct), and averaged (OD, 372 epochs
of 492 ms; OS, 372 epochs of 496 ms) [5] using a Universal
Smart Box acquisition system (Intelligent Hearing Systems
Inc., Miami, FL).

7. PERG waveforms and corresponding noise waveforms,
obtained using a plus/minus reference [6], are displayed on a
general purpose laptop computer with installed software (Intel-
ligent Hearing Systems Inc., Miami, FL) (Fig. 3).

3 Methods

All the procedures are performed in compliance with the Associa-
tion for Research in Vision and Ophthalmology (ARVO) Statement
for Use of Animals in Ophthalmic and Vision Research.

1. Asthe PERG is a light-adapted response, dark adaptation is not
necessary. Optical correction for the viewing distance is not
necessary as the small undilated pupil ensures a sufficient depth
of focus. All the procedures are performed in a moderately lit
room. Mice are weighed and anesthetized with intraperitoneal
injections of a mixture of ketamine, xylazine, and injectable
sterile water. Handling mice with care is needed during anes-
thesia injection. The typical duration of the anesthesia is
30—40 min, and the occurrence of lens opacity is extremely
rare. The mouse body temperature should be well maintained
at 37 °C during and after the anesthesia injection (see Notes
1, 2 and 3).
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Fig. 3 Examples of averaged PERG and noise waveforms recorded simultaneously from each eye of a young
C57BL/6 J mouse. PERG waveforms are characterized by a small negativity peaking at approximately 50 ms
(N1), a major positive wave peaking at approximately 80 ms (P1), and a late negative wave peaking at
approximately 350 ms (N2). Response amplitude is calculated from P1 to N2, and response latency as the
time-to-peak of P1. Noise waveforms are simultaneously obtained by averaging odd and even sweeps in
counterphase to have an index of uncorrelated background activity [6]
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2.

The mouse superior incisor teeth are hooked to the bite bar
and the head is gently restrained by the head holder bars. A
temperature probe is inserted in the rectum to monitor the
body temperature at 37 °C using a feedback-controlled heating
pad (see Note 4). One small drop of BSS is instilled in each eye
using a 30-gauge cannula to prevent corneal dryness (sec Note

5).

. The active electrode is a subcutaneous stainless steel needle

placed in the snout (see Note 6). Similar electrodes are placed
medially on the back of the head (reference) and at the root of
the tail (ground). Refer to Fig. 1b,c for electrode placement.
Active, reference, and ground electrode leads are leaned on a
metal support bridge and inserted into the Opti-Amp bioam-
plifier. The bioamplifier is then connected to the Universal
Smart Box acquisition system via a fiber optic cable.

. Generation of visual stimuli and signals acquisition/processing

to retrieve PERG waveforms from each eye simultaneously is
operated with proprietary software on a general-purpose lap-
top. Three consecutive PERG responses are recorded, super-
imposed to check consistency, and averaged. Identification of
the major positive (P1) and negative waves (N2), as well as the
measurement of their amplitude (P1-N2) and latency at P1, is
automated (Fig. 3). Noise waveform is shown below PERG
waveform (see Note 7).

4 Notes

. Gentle mouse manipulation is needed during the intraperito-

neal injection procedure as agitation and hyperactivity affect
anesthesia induction. Immediately after the I.P. injection, the
mouse should be placed in a warm isolated chamber as body
temperature drops significantly after induction of anesthesia.

. PERG recording should not be performed if any opacity of the

eyes is apparent prior to recording. Optical opacities deterio-
rate the contrast of the pattern stimulus resulting in an abnor-
mal PERG.

. Additional anesthesia may be required if mouse whiskers start

moving during the PERG recording.

. The mouse body temperature should be kept at 37 °C all the

time during PERG recording. Body temperature drop causes
significant reduction of PERG amplitude. The room tempera-
ture should be monitored during PERG recording.

. When applying BSS eye drops, care should be taken not to wet

the eyelids, which may result in an electrical shunt between the
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electrodes and inability of record any response. A 30-gauge
irrigating cannula with 35° angle is recommended for BSS
delivering on the cornea.

6. The active electrode should be inserted between two eyes and
the tip of electrode should reach to the snout.

7. The number of sweeps should not be changed as it is calculated
to eliminate the crosstalk of PERG signals between eyes [3].
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Intravitreal Injection of AAV for the Transduction of Mouse
Retinal Ganglion Cells

Bart Nieuwenhuis @ and Andrew Osbhorne

Abstract

The injection of therapies into the eye is common practice, both clinically and pre-clinically. The most
straightforward delivery route is via an intravitreal injection, which introduces the treatment into the largest
cavity at the posterior of the eye. This technique is frequently used to deliver gene therapies, including those
containing recombinant adeno-associated viral vectors (AAVs), to the back of the eye to enable inner retinal
targeting. This chapter provides detailed methodology on how to successfully perform an intravitreal
injection in mice. The chapter covers vector preparation considerations, advice on how to minimize vector
loss in the injection device, and ways to reduce vector reflux from the eye when administering a therapy.
Finally, a protocol is provided on common retinal histology processing techniques to assess vector-mediated
expression in retinal ganglion cells. It is hoped that this chapter will enable researchers to carry out effective
and consistent intravitreal injections that transduce the inner retinal surface while avoiding common pitfalls.

Key words Gene therapy, Adeno-associated virus (AAV), Retinal ganglion cells (RGCs), Transduc-
tion, Intravitreal delivery, Murine eye, Retina

1 Introduction

1.1  Retinal Ganglion Retinal ganglion cells (RGCs) are sensory neurons, vital for the
Cells transfer of visual stimuli from the retina to the brain [1]. The axons
of RGCs converge at the optic disc to form the optic nerve which
extends through the optic chiasm, the optic tract, and the lateral
geniculate nucleus (LGN) in the thalamus and superior colliculus
(SC) in the midbrain. RGC damage and degeneration underlies
several conditions responsible for significant visual loss, including
glaucoma, hereditary optic neuropathies, ischemic optic neuropa-
thies, and demyelinating disease [2].
The development of therapeutic strategies to protect and
regenerate RGCs is therefore a priority to restore vision, with
gene therapies likely to address current unmet clinical needs.
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1.2 Recombinant
Adeno-Associated
Viral Vectors to
Transduce RGCs

1.3 Considerations
of AAVs for Preclinical
Examination

Recombinant adeno-associated viral vectors (hereafter referred to
as AAVs) have become the favored gene therapy carriers for use in
ocular treatments [3-8] due to their long-term transgene expres-
sion, safety, ease of delivery, and flexibility to target distinct cell
populations.

AAVs are small, non-enveloped viral vectors with the ability to
transduce post-mitotic neurons such as RGCs. Their low immuno-
genic response has made them favorable in rodent studies, allowing
a high number of viral particles to be injected into the eye without
complications [9, 10]. The AAV genome is considered largely
non-integrating and persists in the cell as episomal DNA [11].

Like all viral vectors, AAVs consist of two fundamental compo-
nents: the viral capsid and the viral genome. Both can be altered to
optimize gene transfer [3, 8, 12].

The viral capsid is essential for directed cell infectivity, with the
proteins on the capsid interacting with cell-surface glycans and
receptors required for the cellular uptake [3, 13, 14]. AAV2 is the
natural capsid serotype that is most effective in transducing RGCs
following intravitreal injection [15-19]. However, various capsid
serotypes can be used to transduce RGCs, and new variants are
being developed and engineered to further improve cellular
tropism.

The viral genome contains the transgene of interest, regulatory
elements for its expression, and inverted terminal repeats (I'TRs) at
both ends. The maximum packaging capacity of AAVs is 4.7 kilo-
base [20, 21], and therefore, any desired genetic content is
restricted to that size. The minimal regulatory elements needed
for transgene expression are a promoter and a polyadenylation
signal, whereas a Kozak sequence [22, 23], intron sequence [23—
25], and woodchuck hepatitis virus posttranscriptional regulatory
element (WPRE) [24, 26, 27] are often included to enhance trans-
gene expression. The choice of promoter is particularly important,
and several have been identified that preferentially express in RGCs
[22,28-34].

When comparing AAVs, it is important to ensure the quality of the
vectors is relatively similar. Vectors should ideally be manufactured
using the same protocol and assessed for sterility, purity, and a low
endotoxin presence. For instance, while both isopycnic cesium
chloride (CsCl) and iodixanol gradient ultracentrifugation achieve
high purity, the latter harbors more empty viral particles (viral
vectors that contain a capsid but are without genetic content)
compared to CsCl-purified vectors [35]. Having AAV empty viral
particles in the working solution will reduce the efficiency of trans-
duction. The AAV empty viral particles do not contribute to the
intended gene transfer, and furthermore, they compete with full
AAV viral particles for binding to receptors needed for cellular
uptake [36].
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AAVs are typically compared titer matched to ensure that the
vector solutions contain the same number of genome copies
(GC) per mL. GC/mL is commonly determined using real-time
PCR. The primers can be directed towards any target sequence in
the AAV genome, including the I'TRs.

Purity assessments are routinely performed via silver stain anal-
ysis to visualize the three AAV capsid protein (VP1, VP2, and VP3)
bands and endotoxin levels for murine intraocular studies should
fall below 2 endotoxin units (EU) per mL to avoid adverse ocular
inflammation [37]. If needed, there are protocols available to
reduce endotoxin levels when preparing AAVs [38]. The FDA
requires that intraocular pharmaceuticals for human use have endo-
toxin levels of less than 0.2 EU/mL [39].

Finally, it is good practice to validate the functionality of AAVs
in cell culture conditions prior to performing procedures in
animals.

Intravitreal administration is the optimal delivery route to place the
AAVs near RGCs, thereby facilitating cellular uptake. Intravitreal
injection of AAVs is relatively simple and easy to perform in all
species, including rodents. This chapter provides detailed method-
ology relating to preparation of the AAVs, precise delivery within
the vitreous, and the expected outcome in terms of transgene
expression within the murine eye.

2 Materials

2.1 AAV Preparation

2.2 Anesthetic and
Eye Drops

* AAV vector

* Low protein binding pipette tips

* Low protein binding tubes

+ Single channel pipettes

* Wet ice in a styrofoam box

* 0.001% Pluronic F-68 formulation buffer (se¢ Note 1)
* 4 °C refrigerator

* —70 °C or below ultra-low temperature freezer

*  Mice (typically C57BL /6] mice aged 6-10 weeks)
* 100 mg/mL ketamine (see Note 2)

* 20 mg/mL xylazine (see Note 2)

* 5 mg/mL atipamezole (see Note 3)

* 0.9% w/v sodium chloride (NaCl)

* 1% w/Vv tetracaine hydrochloride

* 1% w/v tropicamide



158 Bart Nieuwenhuis and Andrew Osborne

2.3 Equipment for
AAV Administration

2.4 Equipment for
Ocular Collection

2.5% w/v phenylephrine

Optional: 1-2 mg/mL topical dexamethasone, administered
once/twice daily for 5 consecutive days starting 1 week after
AAV delivery if moderate inflaimmation is observed (see
Note 4) [40].

Acetone
Animal weighing scale

Binocular operating microscope with light source and 10X-25X
objective magnification

Colibri ophthalmology forceps (8.5 cm length)
Cotton swab

Fluorescein

Glass coverslips (sterile)

Hamilton 5 pL glass microliter syringe (65 RN)

Hamilton small hub removable (RN) needle (33G, 10 mm,
point style 2)

Heating pad

Lab book to score the intravitreal injection procedures and
highlight any potential complications (se¢ Note 5)

Low protein binding pipette tips
Single channel pipettes

Sterile absorbent tissue

Sterile 1X DPBS

Sterile water

ViscoTears polyacrylic acid eye gel carbomer
70% (v/v) ethanol (see Note 6)
0.2 pm syringe filter

15 mL or 50 mL conical tube
27G 13 mm needles

30G 13 mm needle

1 mL and 5 mL syringes

Cryostat

Curved dissecting scissors (Vannas spring loaded scissors, 8 cm
length, 3—4 mm cutting edge, 0.05 mm tip diameter)

Dissecting microscope with 10-20X magnification
Dry ice
Fluorescence microscope

Fluorescence mounting medium
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Foil

Hydrophobic pen

Microscope slide storage box

Normal goat serum

O.C.T compound (see Note 7)

Orbital shaker

Parafilm

Plastic transfer pipette

Plastic fine tip transfer pipette

Plastic dishes (typically 35 mm)

Plastic cryomolds

Primary and secondary antibodies
Rectangular cover glass (20 mm x 50 mm) (see Note 8)
Sodium azide

Straight forceps (11 cm length, straight)

Straight micro-dissecting scissors (Vannas spring loaded scissors,
8 cm length, 2 mm cutting edge, 0.05 mm tip diameter)

Superfrost slides (25 mm x 75 mm) (positively charged)
Slide rack

Slide staining dish

Tissue paper

Toothed forceps (12 cm length, 1 into 2 teeth, straight)
Triton X-100

4 °C refrigerator

—20 °C freezer

1.5 mL tubes

1X phosphate buffered saline (PBS)

30G 13 mm needle

4% paraformaldehyde (PFA) w/vin 1X PBS pH 7.4 (se¢ Note 9)
15% sucrose w/v in 1X PBS pH 7.4 (sec Note 10)

30% sucrose w/v in 1X PBS pH 7.4 (se¢ Note 10)

3 Methods

3.1 AAV Working
Solution Preparation

1. When preparing AAVs, it is recommended to use low protein

binding pipette tips and tubes to minimize AAV loss during
dilution. It is also good practice to thaw the AAVs on the
experiment day and to avoid multiple freeze and thaw cycles.
Once thawed, do not vortex the AAV solution, mix via gentle
pipetting prior to dilution.
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3.2 Preparing the
Injection Device

2.

AAVs should ideally be prepared in a 0.001% Pluronic F-68
formulation buftfer to minimize sticking of AAVs to plastic and
thereby reducing vector loss through the injection procedure
[41-43].

. AAV solution concentrations of 1 x 108 and 1 x 10710

GC/eye are optimal for intravitreal delivery and can be injected
as a 1-2 pL volume. That is, dilute AAV stock in formulation
buffer (Subheading 3.1, step 2) to 5 x 10"12 GC/mL, so that
a 2 pL injection delivers 1 x 10710 GC into the eye.

. Prepare approximately double the volume of AAVs required.

That is, if 20 pL AAV is required for 10 intravitreal injections,
prepare 40 pL. This will allow for loss when drawing the AAV
solution into the syringe.

. Transport the prepared aliquot of AAV working solution to the

animal unit on wet ice in a styrofoam box and bring to room
temperature prior to use.

. Aliquots of AAV working solution can be stored in low protein

binding tubes at 4 °C for up to 1 month. Minimal loss of
activity is expected within this timeframe. AAV stock for long-
term storage should be kept at —70 °C or lower temperature.
Effective AAV transduction should remain for >10 years.

. Fully prime the Hamilton syringe by aspirating and dispensing

70% ethanol 3—4 times before repeating with 1X DPBS. This
will clean any debris from the internal chamber of the syringe
and remove trapped air which can cause inaccuracies.

. Tap away excess solution with sterile tissue and place the empty

syringe on absorbent tissue whilst anesthetizing the mouse
(Subheading 3.4). Ensure the syringe is dry and empty of
DPBS prior to loading the AAV working solution to prevent
an adverse dilution.

. Pipette double the volume of AAVs to be intravitreally injected

onto the surface of a glass coverslip.

. Place the tip of the Hamilton needle into the solution and fill

the syringe with the entire content.

. Lift and hold the syringe vertical, with the needle pointing up to

allow any air bubbles to rise into the end of the metal tip. Eject
excess sample back onto the coverslip, pushing the syringe
plunger to the desired volume to be administered (see Note 11).

. When intravitreally injecting multiple mice, it is recommended

to repeat Subheading 3.2, step 1 regularly to eliminate sample
carryover.

. If administering multiple AAVs, it can be beneficial to use

separate Hamilton syringes to avoid contamination and to
reduce needle cleaning requirements during the intravitreal
injection procedure.
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3.5 Performing the
Intravitreal Injection
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. A single Hamilton needle will remain sharp for approximately

200 eye injections. Have a spare Hamilton needle nearby dur-
ing procedures in case of damage or blockage.

. After use, rinse the syringe with 70% ethanol, followed by

water, and then finish with acetone.

. Syringes can be stored in their original packaging (once dry) or

stored, fully submerged in 70% ethanol. For storing in ethanol,
it is recommended to disassemble the syringe and store in a
50 mL sealed tube (sec Note 12).

. Weigh the mouse and anesthetize with an anesthetic mix of

80 mg/Kg ketamine and 8 mg,/Kg xylazine. The volume (pL)
required to give the correct dose can be calculated by the
weight of the mouse (g) multiplied by 10. That is, a 25 g
mouse requires 250 pL, a 30 g mouse requires 300 pL.

. Deliver the anesthetic through an intraperitoneal (i.p.) injec-

tion using a 27G needle and 1 mL syringe into the lower right
quadrant of the animal’s abdomen. This location minimizes the
risk of damage to the urinary bladder, cecum, and other
abdominal organs [44].

. Once anesthetized, place the mouse on a heating pad and

administer one drop of topical 1% tetracaine hydrochloride to
cach eye.

. After 5 s, wipe away the tetracaine with a cotton swab and add a

drop of topical 1% tropicamide and 2.5% phenylephrine to each
eye. This will dilate the pupil, allowing better visualization of
the needle position within the vitreous.

. Transfer the anesthetized animal to sterile tissue under an

operating microscope.

. It is recommended that all intravitreal procedures are con-

ducted by the same researcher. This will minimize variability
and improve consistency.

. Place the mouse under the operating microscope and adjust the

magnification and focus. A magnification between 10X and
25X is optimal.

. Angle the mouse so that the eye is fully illuminated, and the

ocular anatomy is clearly visible. Use a cotton swab to dry
the eye.

. Use your non-dominant hand to hold the eye with colibri

forceps, and gently protrude the eyeball (Fig. 1a).

. With your dominant hand, pick up the prepared Hamilton

syringe (Subheading 3.2, step 5) and place the needle tip,
bevel facing upwards approximately 2 mm posterior to the
limbus (the divide between the cornea and sclera) in the supe-
rior (11-12 o’clock) region of the eye (see Note 13) (Fig. 1a).
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Intravitreal injection in anesthetised mouse

Fig. 1 Frame captures from an intravitreal procedure video delivering 2 pL of AAV mixed with fluorescein. The
AAV injection site and corneal puncture site are highlighted by a star and square, respectively. The shown
intravitreal injection has minimal leakage of AAVs and fluorescein at both sites
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. Angle the syringe and needle 45° towards the posterior of the

eye so that the needle will enter the vitreous between the retina
and lens (Fig. 1a). The needle angle and injection position will
minimize the risk of hitting larger retinal vessels and keep the
central retina void of damage [45].

. Push the needle firmly into the sclera until the needle pene-

trates the ocular surface. Once through the sclera, the needle
will easily pierce the underlying choroid, retinal pigment epi-
thelium, and retina (Fig. 1b).

. The needle tip should be inserted approximately 1.5 mm into

the vitreous with the tip of the needle visible through the
dilated pupil [22, 46]. Avoid pushing the needle too deep or
creating excess movement once in the vitreal cavity.

. Release the eyeball with your forceps and wuse your

non-dominant hand to slowly press the syringe plunger to
eject the AAV solution into the vitreous (Fig. 1b, ¢). An ejec-
tion rate of 6 plL/minute (0.1 pL per seconds) is recommended
(see Notes 14 and 15) [47].

Hold the needle in position for 30 s to allow the AAVs to
disperse throughout the vitreous (Fig. 1d).

To minimize reflux and reduce concentrated transgene expres-
sion around the AAV needle injection site, it can be beneficial
to puncture the cornea with a 30G needle while the Hamilton
needle is in the posterior of the eye (Fig. le). Releasing a small
amount of aqueous helps to reduce AAV reflux through the
AAV injection site.

Support the needle tip with the forceps as you slowly retract the
needle from the vitreous. The mouse eyelid should close over
the injection site (Fig. 1f).

Score the success of your injection and write down any com-

plications that might cause poor RGC transduction (see
Note 5).

Recover the animal with an i.p. injection of 1 mg/Kg atipame-
zole. The volume (pL) required to give the correct dose can be
calculated by the weight of the mouse (g) multiplied by 10.
That is, a 25 g mouse requires 250 pL, a 30 g mouse requires
300 pL.

Apply ViscoTears eye gel to both eyes to prevent the cornea
surface from drying out and carefully transfer the animal to a
37 °C heating pad until fully recovered.

It is recommended that animals are recovered in individual
cages to avoid unnecessary disturbance /pressure to the eyes.
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3.6 Typical Study
Duration for Stable
Expression

3.7 Collecting AAV
Expressing Mouse
Ocular Tissue

3.8 Preparation of
Retinal Wholemounts

1.

AAV gene therapy expression should begin 1 week after intravi-
treal injection [48, 49] with stable expression from 3 weeks.
Expression should remain for at least 6 months [ 34, 48,50, 51].

. When ready to terminate the experiment, euthanize the mice

with increased carbon dioxide (CQO,) inhalation or terminal /
overdose anesthetic.

. If collecting optic nerves and /or brains, it is recommended to

perform a transcardiac perfusion with 1X PBS followed by 4%
PFA [52]. A perfusion flow rate of 10-15 mIL /min is optimal
prior to obtaining tissues from the visual pathway (se¢ Note
16). Optic nerves and brains can be post-fixed in 4% PFA
(2-24 h) prior to further analysis such as longitudinal section-
ing [53] or tissue clearing [54].

. If collecting eyes for the preparation of retinal wholemounts

and/or retinal cross-sections, dissect eyeballs from the eutha-
nized mice (Subheading 3.7, step 1) using curved dissecting
scissors, gently removing the eyeball by cutting around the eye
socket and severing the optic nerve.

. Remove excess orbital tissue and conjunctiva before rolling the

eyeball on tissue paper to remove excess blood.

. Briefly wash the eyeball in a dish containing 1X PBS and

puncture the cornea with a 30G needle to aid the upcoming
fixative penetration. Transfer the eyeball to a tube containing
1 mL 4% PFA (see Note 16) and fix for at least 2 h at room
temperature. Overnight fixation at 4 °C is also acceptable for
many antibodies (see Note 17).

. Following PFA fixation (Subheading 3.7, step 5),add 1 mL 1X

PBS to the lid of a dish under a dissecting microscope, and
using straight forceps, transfer the fixed eyeball to the dish lid
(see Note 18).

. Carefully cut away excess muscle, conjunctiva and connective

tissue using straight micro-dissecting scissors.

. The corneal puncture prior to fixation (Subheading 3.7, step

5) will enable you to grasp the cornea with toothed forceps,
making it easier to hold the eye steady while dissecting.

. Holding the cornea, insert the tip of the dissecting scissors into

the puncture hole, and cut towards the corneoscleral divide.

. Carefully rotate the eye so that your scissors are parallel to the

corneoscleral divide and slowly cut around the circumference
of the globe (see Note 19).

. Once complete, the cornea should lift away, and the lens will

float out with gentle agitation. The inside of the remaining
eyecup contains the neural retina, which should look smooth
and opaque [55].
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. Applying gentle pressure to the outside of the eyeball with for-

ceps should detach the retina from the retinal pigment epithe-
lium (RPE) at the ciliary body. Once an area of retina is peeling
away, carefully insert forceps between the retina and RPE.

. Slowly rotate the eye with the forceps between the retina and

RPE to fully separate the tissues [56]. A single cut may be
required at the optic nerve so that the retina floats out of the
eyecup.

. With the retina removed, create a single, straight cut from the

retina edge towards the optic nerve head, making sure not to
cut into the optic nerve head.

Rotate the retinal wholemount and make three further straight
incisions from the edge to the center so that the retina flattens
with four petals.

Transfer the retinal wholemount using a plastic transfer pipette
to a 24-well plate containing 500 pL. 1X PBS (see Note 20).

Repeat Subheading 3.4, steps 1-11 for all eyeballs prior to
further washing and staining (se¢ Note 21).

Following PFA fixation (Subheading 3.7, step 5), eyeballs are
cryo-preserved by immersion in 1 mL 15% sucrose at 4 °C for
6 h, followed by 30% sucrose overnight at 4 °C. The gradual
dehydration will help to retain the spherical structure of
the eye.

. Dehydrated eyeballs are then placed in individual cryomolds

containing O.C.T.

. Leave the eyeball in the O.C.T for 1 h to equilibrate and sink to

the bottom before orientating so that the central part of the
cornea and the optic nerve are on the same sectioning plane
[57]. The eyeball should face horizontal rather than the cornea
facing up.

. Freeze the cryomold on dry ice ensuring the eye does not

inadvertently turn during the freezing. Store the sample at —
20 °C or below until ready for sectioning.

. Using a cryostat, collect 10-15 pm sections through the dorsal—

ventral /superior—inferior axis of the eye. This thickness will pro-
vide adequate separation of RGCs to assess transduction [22].

. Sectioning thorough the dorsal-ventral /superior—inferior axis

also provides a good indication of global transduction through-
out the posterior of the eye.

. Frozen ocular slices should be collected on appropriately

coated slides, such as positively charged superfrost slides. A
correct coating will prevent sample loss during wash steps.

. Slides containing frozen sections can be stored in slide boxes at

—20 °C indefinitely.
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3.10 Immunohisto-
chemistry

1. A simple immunohistochemistry blocking buffer is suitable for

both retinal wholemounts and retinal cross-sections to prevent
nonspecific binding of antibodies or other reagents to the
tissue. A solution containing 5% normal goat serum (NGS)
and 0.3% Triton X-100 in 1X PBS is recommended (see Note
22) and is suitable for blocking, primary and secondary anti-
body steps.

. For retinal wholemounts in a 24-well plate, wash with 500 pL

1X PBS for 15 min, aspirating and applying PBS with a plastic
fine tip transfer pipette to avoid damage to the sample. For
retinal cross-sections, place the slides in a slide rack (see Note
23) and carefully lower into a slide staining dish containing 1X
PBS. Rock samples on an orbital shaker at a speed of 90 revolu-
tions per minute (RPM).

. Repeat the wash step three times.

. Remove the PBS via aspiration for wholemounts or via tapping

slides on tissue paper for sections. Ensure samples do not dry
out before applying blocking reagent. For wholemounts,
blocking in 500 pL per retina is sufficient to cover the retinas.
For sections, it is reccommended to draw around the edge of the
slide with a hydrophobic pen to keep the solutions on the
sections. A standard 25 mm x 75 mm slide will hold
400-500 pL blocking buffer within the circled barrier and
should be applied to the edge of the slide after drying with
tissue paper. Submerge the samples in blocking buffer (see
Subheading 3.10, step 1) for 1 h at room temperature at a
slower speed of 75 RPM.

. Remove the solution by aspiration (wholemounts) or tapping

the slide on tissue paper (sections) and incubate the samples in
relevant primary antibodies (se¢ Note 24) diluted in blocking
buffer. Again, 500 pL per wholemount/slide is recommended.

. Seal the 24-well wholemount plate with parafilm and store at

4 °C overnight (see Note 25). Sections should be placed hori-
zontal on a slide box with adequate humidity to prevent the
samples drying out overnight.

7. The next day, wash with 1X PBS three times.
. Remove the final wash as indicated in Subheading 3.10, step 5

and incubate the samples with relevant fluorescence-labeled
secondary antibodies diluted in blocking buffer. Gently rock
the samples with the antibody at 75 RPM for 2 h at room
temperature. Protect from light by covering the plate/slides
with foil.

. Wash with 1X PBS three times.
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Transfer the wholemounts with a cut plastic transfer pipette
from Subheading 3.8, step 11 to a slide and gently unfold so
that the RGC side is facing upwards (see Note 26). Dry excess
solution from around each retina with tissue making sure not
to touch the wholemounts. Four retinas can be placed on each
slide. For retinal sections, flick or tap away excess solution from
the slide.

Place several drops of fluorescence mounting medium directly
on top the tissue samples, and place a rectangular cover glass
over the slide, taking care to avoid bubble formation over your
samples.

Leave slides to dry at room temperature protected from light
for 2 h or longer, and then store the slides until ready to image.

Ideally, retinal wholemounts and retinal cross-sections should
be imaged using a fluorescent microscope within 1 month of
labeling, although fluorescence should be protected for up to
a year.

. An example of successful RGC transduction is shown for retinal

wholemounts in Fig. 2 and retinal cross-section in Fig. 3. Both
sets of images show transduction following an intravitreal injec-
tion of AAV2.QuadYF with eGFDP as a reporter.

Transduction in retinal wholemounts

Fig. 2 Mouse retinal wholemounts showing transduction of RGCs after 3 weeks following intravitreal delivery
of 2 pL AAV2.QuadYF-CAG-eGFP-WPRE at a titer of 5 x 10°9 genome copies per eye. Stars indicate the
intravitreal injection site and eGFP transgene expression is visible in green. (a) Retinal wholemount from an
eye without a corneal puncture which highlights concentrated transduction around the injection site. (b)
Retinal wholemount from an eye that did undergo a corneal puncture (Subheading 3.5, step 11) and displays
improved global transduction across the retina
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Transduction in retinal cross-sections

Fig. 3 Mouse retinal cross-section showing transduction of RGCs and cells in deeper retinal layers after
3 weeks following intravitreal delivery of 2 uL AAV2.QuadYF-CAG-eGFP-WPRE at a titer of 5 x 10°9 genome
copies per eye. Retinal cross-section at 4X (a) and 40X (b) objective-magnification. The section is stained for
DAPI in blue and eGFP transgene expression is visible in green. Abbreviations: GCL ganglion cell layer, /NL
inner nuclear layer, ONL outer nuclear layer

3.

Retinal wholemounts are used to demonstrate global transduc-
tion across the entire retinal surface and are an informative
method to assess AAV efficacy [58].

Retinal cross-sections provide information to the depth of AAV
expression within the retina and have the advantage that
numerous slides can be collected, and separately probed, from
a single eye.

4 Notes

. Protocol for 0.001% Pluronic F-68 formulation buffer. Firstly,

create a 0.1% Pluronic F-68 stock: 49.5 mL 1X DPBS +500 pL
10% Pluronic F-68 under sterile conditions. Then dilute this
stock 100X: 49.5 mL 1X DPBS + 500 pL 0.1% Pluronic F-68,
to provide a working formulation buffer. 0.001% Pluronic F-68
can be stored at 4 °C for several weeks.

. Protocol for a working anesthetic solution. Combine 0.8 mL

ketamine (100 mg/mL) with 0.4 mL xylazine (20 mg/mL)
and 8.8 mL NaCl (0.9%). This solution is suitable for approxi-
mately 30 mice and can be stored at 4 °C for a week.

. Protocol for a working anesthetic reversal solution. Combine

0.2 mL atipamezole (5 mg/mL) with 9.8 mL NaCl (0.9%).
The working reversal solution is suitable for approximately
30 mice and can be stored at 4 °C for a week.
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. The use of topical dexamethasone following intravitreal injec-

tion is more common in larger species.

. Eyes displaying intraocular bleeds or cataracts will still show

signs of transduction but may negatively impact transgene
expression and retinal function.

. Protocol for 70% ethanol. Dilute 35 mL of 100% ethanol with

15 mL of distilled water. The solution can be stored at room
temperature for up to 1 year.

. Peel-A-Way disposable embedding molds or 8 mm flat end

polyethylene embedding capsules are ideal for murine eyes.

. A #1.5 cover glass thickness (0.17 mm) is recommended for

most microscope objectives.

. Protocol for 4% PFA. Dissolve 40 g of PEA in 1 liter of 1X PBS

at 60 °C while stirring. Alternatively, 37% w/v pre-bought
formaldehyde can be diluted 10 times in 1X PBS to create a
suitable fixing reagent. 4% PFA can be stored in aliquots at —
20 °C for up to 1 year.

Protocols for sucrose in 1X PBS. 30% sucrose: dissolve 30 g of
sucrose in 100 mL 1X PBS. 15% sucrose: dissolve 15 g of
sucrose in 100 mL 1X PBS or dilute 20 mL 30% sucrose in
20 mL 1X PBS. Store at 4 °C for up to 3 months.

Do not dry the needle with tissue which could inadvertently
draw out AAV from the needle tip.

Further details about syringe cleaning and storing can be found
in Ref. [59].

Having the bevel facing upwards aids with the penetration of
the sclera and reduces the risk of scratching the lens.

It is common when using volumes over 1 pL to see the eyeball
increase in size and the cornea to become temporarily opaque
with a transient spike in intraocular pressure. An example with
photographs is shown in supplementary Figure 3 of Ref. [22].

Addition of the green dye fluorescein (0.1-0.5 mg/mL) to the
viral suspension can help to visualize the diffusion inside the
vitreous [45]. To create a 0.5 mg/mL fluorescein solution,
firstly dissolve 250 mg of fluorescein in 10 mL of 0.9% NaCl
creating a 25 mg,/mL stock. Once dissolved, filter sterilize the
solution and dilute 50-fold with sterile 1X DPBS (1 mL stock +
49 mL DPBS). Mix 1:5 with your viral prep prior to intravitreal
injection.

Photographs of the collection of mouse eyes, optic chiasm, and
brain can be found in supplementary Figure 4 of Ref. [22].

A longer fixation time will reduce the fragility of the retinal
wholemount making dissection, detachment from the RPE
layer, and handling easier.
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18.

19.

20.

21.

22.

23.

24.

25.

26.

Eyes should be dissected submerged in 1X PBS so that excess
ocular tissues float away from the eyeball and to prevent intra-
ocular tissues from sticking to plastic. Keeping the eyeball in a
suspension also maintains the eyes spherical shape, allowing
you to work with this shape rather than against it [55, 60].

The intention is to cut just below the iris, so that the retina is
detached from the ciliary body as you cut around the eyeball.

Cutting 2 cm off the end of a plastic transfer pipette creates an
opening wide enough to transfer wholemounts between
solutions.

Retinal wholemounts can be stored at 4 °C in 1X PBS for
several months prior to staining. For long-term storage
(years), it is recommended to store tissues in 1X PBS + 0.05%
sodium azide to inhibit bacterial growth [61]. That is, firstly
create a 10% stock by dissolving 10 g sodium azide in 100 mL
1X PBS. Dissolve this 10% stock 200X by adding 5 pL. per 1 mL
1X PBS to create a 0.05% working sodium azide stock. Store at
4 °C for up to a year.

Protocol for 5% normal goat serum (NGS) and 0.3% Triton
X-100 in 1X PBS. Firstly, create a 0.3% Triton X-100 stock in
PBS by adding 300 pL Triton X-100 into 100 mL 1X PBS.
Store at room temperature for 1 year. Take 19 mL 0.3% Triton
X-100 and add 1 mL normal goat serum to create a working
blocking solution. Store at 4 °C for up to 1 week.

If removing slides from a freezer prior to staining, air dry the
slides at room temperature for 30 min before initiating washes.

Recommended RGC-specific antibodies can be found in the
following Refs. [62-66] including details of concentrations
and blocking requirements.

Improved antibody penetration and staining is obtained with
gentle rocking overnight in a cold room.

It is easier to mount samples using a dissecting microscope.
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Abstract

The identification of distinct retinal ganglion cell (RGC) populations in flat-mounted retinas is key to
investigating pathological or pharmacological effects in these cells. In this chapter, we review the main
techniques for detecting the total population of RGCs and various of their subtypes in whole-mounted
retinas of pigmented and albino rats and mice, four of the animal strains most studied by the scientific
community in the retina field. These methods are based on the studies published by the Vidal-Sanz’s
laboratory.

Key words Retinal ganglion cells, Immunohistofluorescence, RGC markers, Rat, Mouse, Population

1 Introduction

The first researcher to classity retinal ganglion cells (RGCs) was
Santiago Ramon y Cajal, who drew them in 1892, characterizing
their morphology and their interaction with other retinal cells
[1]. Since then, RGCs have been extensively studied because of
their special characteristics, being a fundamental component of the
visual pathway and an easily accessible part of the central nervous
system, which makes them a window to the brain. Thus, effective
tools for the identification and quantification of total RGCs are a
requirement to study this population in the presence of pathology
or to test the efficacy of a treatment.
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In our laboratory, we have experience in the identification and
quantification of RGCs and their subpopulations in flat-mounted
whole retinas of pigmented and albino rats (Piebald Virol Glaxo
(PVG) Brown Norway and Sprague-Dawley (SD), respectively) and
mice (C57BL/6 (C57) and Swiss, respectively), using different
techniques, such as retrograde tracing and immunohistofluores-
cence. In this chapter, we will review these RGC identification
techniques, based on the published studies of our research group
[2-38]. Tables 1, 2, 3 and 4 show populations of RGCs identified
in the different rat and mouse strains in intact flat-mounted retinas;
retinas contralateral to the lesion have been discarded in the tables
due to the alterations described in other studies [39—41]. For the
study of the total RGC population, Vidal-Sanz’s group developed a
retrograde tracing technique from the optic nerve head (ON) (see
Subheading 3.1.1) that labels the whole retinofugal projection, i.e.,
the entire RGC population, since all RGC axons, by definition,
form the ON [42—46]. The tracers, Fluorogold (FG) orits ana-
logue hydroxystilbamidine methanesulfonate (OHSt), are fluores-
cent, allowing their identification under a fluorescence microscope
(Fig. la-a’). These tracers are retrogradely transported through
RGC axons until they are accumulated in their soma. The total
population of RGCs in the RGC layer (GCL) in the flat retina of the
PVG pigmented ratis 88,341 RGCs (Table 1), and in the SD albino
rat, it is 83,021 RGCs (Table 2), while the displaced RGCs
(d-RGCs), located in the inner nuclear layer (INL) (Fig. 2a) are
2293 RGCs in PVG and 422 RGCs in SD, resulting in a total of
90,634 RGCs for PVG and 83,443 RGCs for SD (Tables 1 and 2).
For mice, the RGCs in the GCL are 43,274 RGCs in the retina of
the C57 pigmented mouse (Fig. la-a’, Table 3) and 49,493 RGCs
in the Swiss albino mouse (Table 4). In the retina of the pigmented
mouse C57, the total population of RGCs visualized by immuno-
detection of the RNA-binding protein with multiple splicing
(RBPMs) antibody, considered a PanRGC marker, has been also
studied [47, 48] (Fig. 1c-¢’), with a total of 44,956 RGCs, similar
to the count obtained by tracing them from the ON (Table 3), and
quantifications reviewed by Claes and colleagues [49, 50]. Another
technique to identify the RGCs is tracing from both superior
colliculi (SCi) [51-54] (see Subheadinh 3.1.2.) which allows the
identification of RGCs whose axons project to these brain nuclei,
the vast majority in the visual system of pigmented (98.0% in GCL,
98.2% in GCL + INL) and albino (98.1% in GCL, 98.0% in
GCL + INL) rats, as well as pigmented (94.0% in the GCL) and
albino (98.6% in the GCL) mice (Fig. 1b-b’, Tables 1, 2, 3 and 4).
Using immunohistochemical techniques, some of the most studied
RGC markers are the Brn3 family of transcription factors (Brn3a/
Pou4fl, Brn3b/Pou4f2, Brn3c/Pou4f3) [2, 8, 12] (Figs. 1d-d’
and 2b, ¢), specifically the population of Brn3a*RGCs that are
involved in the image-forming system, representing 94.8% in the
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Table 1
RGC populations studied in intact flat-mounted retinas of the PVG pigmented rat in published studies
from the Vidal-Sanz’s laboratory

Strain Layer RGC population Method Number References

PVG rat (pigmented) GCL Total population Traced from ON 89,241 + 3576 (n=6) [4]
88,147 + 2286 (n=16) [12]
87,283 + 1164 (n=4) [16]
88,341 (100%)
Axonal projections to the SCi ~ Traced from both SCi 87,229 + 3199 (»
84,112 + 5531 (n =
86,020 + 3582 (»
85,020 + 1681 (n
86,569 (98.0%)
Brn3 family Brn3* 85,778 + 1820 (n=28) [8]
83,646 + 2789 (n=06) [12]
84,864 (96.0%)
Brn3a* 84,814 +4119 (n=12) [8]
83,903 + 1937 (n=18) [12]
83,399 + 1044 (n=4) [16]
81,249 + 1728 (n=5) [25]
83,791 (94.8%)
Brn3b* 54,921 + 3723 (n=28) [8]
55,513 + 3803 (n=16) [12]
55,175 (62.5%)
Brn3c* 41,183 + 2071 (n=28) [8]
41,838 +2509 (n=06) [12]
41,464 (46.9%)
M1-M3 ipRGCs OPN4* 2216 + 154 (n=06) [12]
2216 + 153 (n=4) [16]
2233 +139 (n=5) [25]
2222 (2.5%)
INL d-total population Traced from ON 2293 +197 (n=106) [12]
2293 (100%)
d-axonal projections to the SCi Traced from both SCi 2454 + 235 (n = 6) [12]

) [4]
1 ) [8]
6) [12]
4) [16]

2454 (107%) &
d-Brn3 family Brn3* 2143 + 300 (= 06) [12]
2143 (93.5%)
Brn3a* 2030 + 282 (n=18) [12]

1812 + 222 (n=5) [25]
1983 (86.5%)

Brn3b* 925 + 130 (n=06) [12]
925 (40.3%)
Brn3c* 885 + 128 (n=106) [12]
885 (38.6%)
d-M1-M3 d-ipRGCs OPN4* 212 +21 (n=06) [12]
215 +26 (n=4) [16]
215 +22 (n=>5) [25]
214 (9.3%)
GCL Total population Traced from ON 90,634 (100%)
+ Axonal projections to the SCi ~ Traced from both SCi 89,023 (98.2%)
INL Brn3 family Brn3* 87,007 (96.0%)
Brn3a* 85,774 (94.6%)
Brn3b* 56,100 (61.9%)
Brn3c* 42,349 (46.7%)
M1-M3 d-ipRGCs OPN4* 2436 (2.7%)

GCL Ganglion cell layer, INL Inner nuclear layer. &: Average of RGCs higher than total (>100%) due to standard
deviation variation
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Table 2
RGC populations studied in intact flat-mounted retinas of the SD albino rat in published studies from
the Vidal-Sanz’s laboratory

Strain Layer RGC population Method Number References

SD rat (albino) GCL Total population Traced from ON 82,818 + 3949 (n=27) [4]
84,284 + 1182 (n=6) [12]
82,881 + 1691 (n=11) [17]
82,879 + 1514 (n=4) [16]
83,021 (100%)

Axonal projections to the SCi Traced from both SCi 81,486 + 4340 (» = 37) [4]

80,251 +2210 (n=14) [2]
81,381 + 3722 (n=10) [37]
80,981 + 3928 (n=10) [7]
82,595 + 1568 (n=12) [8]
82,412 + 1568 (n=06) [12]
81,848 + 1275 (n=4) [17]

81,762 + 748 (n=4)  [16]
81,297 + 3472 (n=8)  [30]
81,453 (98.1%)
Brn3 family Brn3* 84,700 + 2148 (n=8)  [8]
84,632 +2208 (n=6) [12]
84,671 (102.0%) &
Brn3a* 83,449 + 4541(n = 14) [2]
85,997 + 3744 (n=10) [37]
n=10) [7]
n=12) [8]

86,597 + 4575 (

82,979 + 1787 (

78,923 + 2274 (n=10) [10]
80,974 + 2025 (n=18) [12]
82,443 + 1634 (n=4) [17]
79,546 +2032 (n=6)  [21]
79,534 + 1919 (n=8)  [19]
80,161 + 1000 (n =4)  [16]
79,487 + 4173 (

XTI IR
HIIH

6) [20]

1
81,415 +209 (n=6)  [18]
79,646 +998 (n=6)  [22]
78,211 +450 (n=6)  [23]
80,540 + 1944 (n =5)  [25]
82,530 + 766 (n=4)  [26]
85,093 + 2935 (n = 10) [27]
79972 + 768 (n=4)  [33]
78,903 + 3573 ( =10) [34]

8)

86,146 + 329 (n
81,813 (98.5%)

Brn3b* 54,065 + 1687 (n = 8) [8]
53,861 + 1680 (n=06) [12]
53,978 (65.0%)

Brn3c* 42,094 + 2429 (n = 8) [8]
42,030 2588 (n=06) [12]
42,067 (51.6%)

[30]

MI-M3 ipRGCs OPN4* 2047 + 309 (n = 10) [10]
2329 + 198 (n = 6) [12]
2178 + 169 (n = 6) [21]
2225 + 172 (n = 4) [16]
2292 +210 (n = 6) [18]
2247 + 72 (n = 6) [23]
2255 + 175 (n = 5) [25]
2103 + 133 (n = 10) [27]
2358 + 144 (n = 10) [34]

2215 (2.7%)

(continued)
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Table 2
(continued)
Strain Layer RGC population Method Number References

Alpha RGCs OPN* 1917 £ 229 (n=42)#  [35]

1917 (2.3%)
ONs alpha RGCs/M4 ipRGCs  OPN*"Tbr2* 1015 + 120 (n =42) # [35]

1015 (1.2%)
OFF alpha RGCs OPN*Brn3a* 782 + 100 (n=42) # [35]

782 (0.9%)

INL  d-total population Traced from ON 422 +80 (n=06) [12]

422 (100%)
d-axonal projections to the SCi  Traced from both SCi 375 + 37 (n = 6) [12]

375 (88.9%)
d-Brn3 family Brn3* 357 +25 (n=06) [12]

357 (84.6%)
Brn3a* 362 + 30 (n=18) [12]
378 £ 54 (n=06) [18]
374 +57 (n=15) [25]

368 (87.2%)
Brn3b* 201 +£45 (n=06) [12]

201 (47.6%)
Brn3c* 186 +49 (n=06) [12]

186 (44.0%)
d-M1-M3 d-ipRGCs OPN4* 54 +12 (n=06) [12]
56 +12 (n=4) [16]
61 +£16 (n=06) [18]
60+ 17 (n=5) [25]

GCL Total population
+ Axonal projections to the SCi
INL  Brn3 family

Traced from ON
Traced from both SCi

58 (13.7%)
83,443 (100%)
82,828 (98.0%)

Brn3* 85,028 (101.9%) &
Brn3a* 82,181 (98.5%)
Brn3b* 54,179 (64.9%)
Brn3c* 42,253 (50.6%)
M1-M3 d-ipRGCs OPN4* 2273 (2.7%)

GCL Ganglion cell layer, INL Inner nuclear layer. &: Average of RGCs higher than total (>100%) due to standard
deviation variation. #: Retinas contralateral to lesion (ON transection)

GCL (94.6% in GCL + INL) of the pigmented rat retina and 98.5%
in the GCL (98.5% in GCL + INL) of the albino rat (Tables 1 and
2). Whereas in the GCL of the pigmented mouse retina,
Brn3a"RGCs represent 89.1% and of the albino mouse 95.8% of
the total (Tables 3 and 4). Regarding the intrinsically photosensi-
tive RGCs (ipRGCs) responsible for the non-imaging system
[13, 55, 56], immunodetected against the melanopsin antibody
(OPN4), that identifies M1, M2, and M3 ipRGCs, account 2222
ipRGCs, representing 2.5% in the GCL (2.7% in GCL+INL) in the
pigmented rat retina, and 2215 ipRGCs, representing 2.7% in the
GCL (2.7% in GCL+INL) in the albino rat retina (Tables 1 and 2).
Similar percentages are observed in the GCL of the retina of pig-
mented (1042 ipRGCs, 2.4%) and albino (984 ipRGCs, 2.0%)
mouse (Fig. 2d, Tables 3 and 4). These data are in agreement
with the quantifications of ipRGCs reviewed by Provencio et al.
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Table 3

RGC populations studied in the GCL in intact flat-mounted retinas of the C57BL/6 pigmented mouse in

published studies from the Vidal-Sanz’s laboratory

Strain RGC population Method Number References
C57BL/6 mouse Total population Traced from ON 42,658 + 1540 (n=10) [3]
(pigmented) 44,302 + 3197 (n=6) [48]
43,274 (100%)
RBPMs* 44,956 + 1600 (n = 6) [48]
44,956 (100%)
Axonal projections to the SCi  Traced from both SCi 41,192 + 3395 (n=42) [3]
39,447 + 2784 (n=38) [5]
40,437 + 3196 (n=9) [6]
41,011 + 2174 (n=16) [11]
40,358 + 2260 (n=7) [13]
40,672 (94.0%)
Brn3 family Brn3a”* 34,627 + 1821 (n=9) [6]
33,769 + 1210 (n=6) [11]
38 375+1148(n712) [13]
37,471 + 1336 (n=28) [19]
43,609 + 1237 ( =6) [32]
44,646 + 695 (n ) [31]
40,686 + 2233 ( 4) [36]
38,565 (89.1%)
M1-M3 ipRGCs OPN4* 1021 £ 109 (»=19) [13]
1082 + 99 (» =10) [48]
1042 (2.4%)
Total alpha RGCs OPN* 2315 + 175 (n = 10) [48]
SMI32* 2252 + 306 (n=10)  [48]
2283 (5.3%)
ONs alpha RGCs/M4 SMI32*Cal"Tbr2* 844 + 78 (n =10) [48]
ipRGCs OPN"Cal"Tbr2* 841 + 110 (» = 10) [48]
842 (1.9%)
ONt alpha RGCs OPN'Tbr2 Brn3a~ 797 + 146 (» = 10) [48]
797 (1.8%)
OFFs alpha RGCs OPN'Brn3a* Brn3c™ 363 + 50 (» = 10) [48]

363 (0.8%)
376 + 53 (n = 10) [48]
376 (0.9%)

OFFt alpha RGCs OPN"Brn3a* Brn3c*

[57]. One of the advantages of studying the population of
Brn3a"RGCs (image-forming system) and melanopsin"RGCs
(non-image-forming system) in the same retina is that they are
independent populations as very few RGCs colocalize both markers
(0.2% in the retina of the albino rat [10, 58] and 1.9% and 0.8% in
the retinas of pigmented and albino mice, respectively [13]).
Another population of RGCs studied by immunohistochemistry
are the alpha RGCs, which are RGCs recognizable by their large
cell bodies, robust dendrites and axons, large monostratified den-
dritic branches within different strata of the inner plexiform layer
(IPL) (Fig. 2e—f), and which are subclassified depending on func-
tionality into ON and OFF centers that respond to increases (ON)
and decreases (OFF) of light intensity within the center of their
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RGC populations studied in the GCL in intact flat-mounted retinas of the Swiss albino mouse in
published studies from the Vidal-Sanz’s laboratory

Strain

RGC population Method Number References

Swiss mouse (albino)

Total population Traced from ON 49,493 + 3936 (n=18) [3]

49,493 (100%)

Axonal projections to the SCi  Traced from both SCi 48,733 + 3954 (n =43) [3]
51,025 + 1425 (n=12) [11]
46,577 + 2479 (n=10) [13]
48,824 (98.6%)

Image forming system Brn3a antibody 47211 + 1346 (n=12) [11]
45,907 + 2547 (n=11) [13]
46,127 + 1042 (n = 6) [15]
49,677 + 4013 (n = 6) [24]
48,451 + 2584 (n = 6) [29]
48,584 + 2605 (n = 6) [28]
47,416 (95.8%)

M1-M3 ipRGCs OPN4 antibody 962 + 169 (n=21) [13]
1062 + 152 (n = 6) [28]

984 (2.0%)

receptive field, and whether the response is sustained or transient
[569-61]. The total population of alpha RGCs positive to osteo-
pontin (OPN) in the albino rat retina is 1917 cells, 2.3% of the total
RGCs in the GCL (Table 2). However, these data are taken from
contralateral retinas to optic nerve injury, which may affect the real
count [35, 39—41]. In these retinas, we also quantified the ON
subtype of sustained response (ONs-alpha RGC) that coincides
with the population of M4-type ipRGCs [62, 63], with the OPN-
and Tbr2-positive RGCs, and with a total of 1015 cells per retina
(1.2% of the total RGCs, 52.9% of the total alpha RGCs) and the
OFF subtype (OFF alpha RGCs), OPN-, and Brn3a-positive RGCs
with an average of 782 cells per retina (0.9% of the total RGCs,
40.8% of the total alpha RGCs) [35] (Table 2). In the intact retina
of the pigmented mice, the total population of OPN- or SMI32-
positive alpha RGCs was 2315 and 2252, respectively, which is 5.3%
of the total RGCs [48] (Fig. 2e—, Table 3). The ONs-alpha RGCs
subpopulation in these retinas was 842 cells (1.9% of the total,
36.9% of the total alpha RGCs), the subpopulation of ON-alpha
RGCs transient response (ONt-alpha RGCs) was 797 cells (0.8% of
the total, 34.9% of the total alpha RGCs), the subpopulation of
OFFs-alpha RGCs was 363 cells (1.8% of the total, 15.9% of the
total alpha RGCs), and the subpopulation of OFFt-alpha RGC was
376 cells (0.9% of the total, 16.5% of the total alpha RGCs) [48]
(Table 3).

In the following section, we will discuss in detail the materials
and methodology required for the identification of the different
subtypes of RGCs discussed above.
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Brn3a D’

Fig. 1 Identification of the total population of RGCs retrogradely labeled with the OHSt tracer from the ON (a) or
from both SCi (b) in a flat-mounted retina of the C57BL/6 pigmented mouse. Immunohistochemical detection
of the total population of RGCs with the PanRGC marker RBPMS (c) and the population of RGCs responsible
for the image-forming system positive for Brn3a (d) in a flat-mounted retina of the pigmented mouse. Panels
a’—d’ show retinal magnifications of the supero-temporal region delimited by the yellow rectangle in a—d.
Scale bars: a-d = 1 mm, a’—d’ = 200 pm. S Superior, T Temporal
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GoLe 2 all L™

INL > \

Fig. 2 Retinal section previously traced with FG from ON of a SD albino rat (a). The yellow arrow points to a
displaced RGC in the INL. Magnifications of the supero-temporal region of retinas from a SD albino rat
immunodetected against Brn3b (b) and Brn3c (¢) and from C57BL/6 pigmented mouse immunodetected
against melanopsin (d), OPN (e), and SMI32 (f). Scale bars: a = 100 um, b—f = 200 pm. S Superior,
T temporal. GCL Ganglion cell layer, INL Inner nuclear layer
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2 Materials

2.1 RGC Retrograde
Tracing

2.2 Immuno-
detection of RGCs
and Their Subtypes
in Flat-Mount Retinas

Labeling by application of a tracer to the ON or to both SCi
requires surgical techniques with the animal adequately anesthe-
tized in accordance with the guidelines of the Association for Vision
Research and the Association for Research in Vision and Ophthal-
mology and approval of this technique by the respective ethics
committee.

1.

A mixture of xylazine (10 mg/kg b.w), ketamine (60 mg/kg b.
w), and buprenorphine (0.1 mg/kg; administered asa 0.3 mg/
mL solution) to achieve deep anesthesia and analgesia.

2. An ointment containing tobramycin.

S ISR S

. Surgical microscope and surgical equipment: sutures (4,/0 and

6/0 with a circular needle 1/2 12 mm), forceps, micro-
scissors, surgical blades (size 15), and gelatine sponge.

. Tracer placed in the ON: In rat, 3% FG (2-hydroxystilbene-4,

4-dicarboxamidine bismethanesulfonate) in 10% dimethyl sulf-
oxide (DMSO) dissolved in sterile saline (0.9% NaCl in water).
In mouse, FG analogous 6% OHSt (hydroxystilbamidine
methanesulfonate) in 10% DMSO dissolved in sterile saline,
which is a small molecule (472.53 kDa Mw) with similar fluo-
rescent and tracer properties to FG. Both markers have fluores-
cent properties and can be observed under a fluorescence

microscope using a wide band ultraviolet (UV) excitation filter
[51, 64].

. Tracer placed in both SCi: In rat, 6% FG in 10% DMSO

dissolved in sterile saline. In mouse, 6% OHSt in 10% DMSO
dissolved in sterile saline.

. Sterile 0.1 M Phosphate Buffered Saline (PBS; pH 7.2-7.4).

. Sterile 0.5% Triton® X-100 (Tx) in PBS.

. Sterile 2% Tx in PBS.

. Blocking buffer: Sterile 2% Tx in PBS with normal serum of the

species in which the secondary antibodies are raised (2%). Note,
if secondary antibodies are from two species, then a mixture of
serums can be included in the blocking solution.

. The primary antibodies for immunodetection of the different

cell types are specified in Table 5.

. Secondary antibodies from a different animal than the primary

antibody and with the desired fluorophore to be detected
under fluorescence microscopy.



Identification of RGCs in Whole Retinal Mounts 185

Table 5
Primary antibodies used for immunodetection of RGCs and their subtypes

Antibody Host Reference Dilution
Brn3a Goat®  Sc-31984, Santa Cruz Biotechnologies. Heidelberg, 1:750
Germany
Mouse MAB1585 Millipore, Madrid, Spain 1:500
Mouse Sc-8429, Santa Cruz Biotechnologies, Heidelberg, 1:50
Germany
Guinea 411004 Synaptic Systems, Goettingen, Germany 1:500
pig
Brn3b Goat  Sc-31989, Santa Cruz Biotechnologies. Heidelberg, 1:50
Germany
Brn3c Mouse  Sc-81980, Santa Cruz Biotechnologies, Heidelberg, 1:250
Germany
RBPMs Rabbit PA595647, Thermo Fisher Scientific, Alcobendas,  1:500
Spain
Melanopsin (OPN4) Rabbit PA1-781, Affynity Bioreagents. Fisher Scientific, 1:500
Madrid, Spain
Rabbit UF006, AB-N38, Advance Targeting Systems, 1:5000
Thermo Scientific, Madrid, Spain
Neurofilament H (NEF-H), Mouse 801702, BioLegend, Germany 1:2000
Nonphosphorylated
(SM132)
Osteopontin (OPN) Goat  AF808, Biotech, Madrid, Spain 1:1000
Tbr2 Rabbit AB23345, Abcam, UK 1:1000
Calbindin D28k (Cal) Guinea 214005, Synaptic Systems, Goettingen, Germany  1:500
pig

*Not currently available

3 Methods

Depending on the type or subtype of RGCs or their projections
through the ON to the brain that we want to study, we must use
tracing or immunohistochemical techniques for their identification.
These techniques and protocols are specific for rats or mice.

3.1 Tracing of RGCs As abovementioned, tracing techniques from the ON allows us to

for Their Identification  study the entire RGC population, and tracing from both SCi allows
us to identify the RGCs whose axons project to these brain nuclei,
the vast majority in rats and mice (Tables 1, 2, 3 and 4).

3.1.1  Tracing from the 1. Animals must be deeply anesthetized for this surgery by intra-
ON peritoneal administration of a mixture of ketamine and xyla-
zine. Buprenorphine is added to this mixture to induce
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Fig. 3 Surgical procedure for tracing from the optic nerve without axotomy in the pigmented C57BL/6 mouse.
(a—h): Images of the surgical process summarizing the main steps during surgery. Dotted line: opening line of
the previously shaved skin. Yellow arrow: head holder to ensure the stability of the mouse during surgery.
White arrow: points to the key steps detailed in Subheading 3.1.1

analgesia. Once anesthetized, the head of the animal should be
placed in a head-holder to improve access and visibility of the
ON (yellow arrow in Fig. 3a).

2. During surgery, the eyes should be kept hydrated with an eye
ointment. Of note, ointments should not contain anti-
inflammatory drugs in injury models because of their possible
neuroprotectant properties.



3.

10.
11.

3.1.2 Tracing from Both 1.

SCi
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Once the head is fixed, remove the body hair from intended
incision site. Surgically scrub the incision sites with disinfectant
soap (povidone-iodine), alternated with isopropyl alcohol.
Then, a rostro-caudal incision is made in the skin of the skull
close to the eye avoiding damaging the eye (discontinuous line
in Fig. 3a).

To access the orbit, a surgical blade is used to make an incision
along the supraorbital rim, avoiding injury to the venous plex-
uses (Fig. 3b). To improve vision and accessibility of the equip-
ment, the surgical window should be kept open during the
entire procedure by a fixation suture (4/0) on each side of
the skin (white arrow in Fig. 3c¢).

Once visualization of the superior part of the eye is available
and accessible, the connective tissue covering the eye must be
dissected and the Harderian gland carefully retracted (Fig. 3d).
Then, the superior rectus muscle is pulled with forceps and
sectioned with scissors (the superior oblique muscle can also be
sectioned) so that the eye can be rotated and the posterior part
of the eye with the ON can be visualized (Fig. 3f). To maintain
rotation of the eye for the rest of the surgery, the superior
rectus muscle (and the superior oblique muscle if it has also
been sectioned) is fixed with a fixation suture (6/0) (white
arrow in Fig. 3f).

Using precision forceps, the meninges should be opened lon-
gitudinally (a 2—3 mm aperture from 0.5 mm from the nerve
head) that cover the ON without injuring the ON or the
ophthalmic artery (Fig. 3g).

Using precision forceps, take a piece of gelatine previously
soaked for a few minutes in FG (OHSt for mice). Avoid liquid
excess marker, i.e., drop leaking.

. To avoid damage to the ON during surgery, place the soaked

sponge around the optic nerve 1 mm from the optic head. It
must be ensured that there is no bleeding into the orbit during
this process (Fig. 3h).

Once the sponge is in place, the fixation sutures are removed,
and the head wound is closed with a 4/0 suture. The fundus
should be checked to ensure that the retinal blood circulation is
preserved by visualization through the surgical microscope.

Animals should be euthanized 3 days after surgery.

A flat-mounted retina from a pigmented mouse traced retro-
gradely from the ON is shown in Fig. la-a’.

The animal should be deeply anesthetized by intraperitoneal
administration of a mixture of ketamine and xylazine and
buprenorphine to induce analgesia. Once anesthetized, the
animal’s head should be placed in a head holder to facilitate
the procedure (yellow arrow in Fig. 4a).
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Fig. 4 Surgical procedure for tracing from the superior colliculi in the pigmented C57BL/6 mouse. (a-h):
Images of the surgical process summarizing the main steps during surgery. Dotted line: opening line of the
previously shaved skin. Yellow arrow: head holder to ensure the stability of the mouse during surgery. White
arrow: points to the key steps detailed in Subheading 3.1.2

2. During surgery, the eyes should be kept hydrated with an eye
ointment (Fig. 4a). Of note, ointments should not contain
anti-inflammatory drugs in injury models because of their pos-
sible neuroprotectant properties.

3. Once the head is fixed, remove the body hair from intended
incision site. Surgically scrub the incision sites with disinfectant
soap (povidone-iodine), alternated with isopropyl alcohol.



3.2 Immuno-
detection of RGCs and
Their Main Subtypes in
Flat-Mounted Retinas

3.2.1 Permeabilization
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Then, a rostro-caudal incision is made in the skin of the skull
through its central region (discontinuous line in Fig. 4a) and
secured with a fixation suture (4,/0) on each side of the skin to
maintain a window of access throughout the surgery.

. To access the brain, a window is opened in each parietal bone of

the rodent skull with a winch. To access the brain, a window is
opened in each parietal bone of the rodent’s skull with a winch.
Before making the aperture, it is recommended to draw the
window border on the bone itself with the scalpel blade,
keeping a 0.5-1 mm clearance with the cranial sutures of the
adjacent bones to avoid damaging other structures (Fig. 4b).
Once the window has been opened, the edges should be
cleaned with forceps to remove bone residues (Fig. 4c).

. To access the upper surface of the SCi, part of the cerebral

cortex must be removed with a suction pump connected to a
glass micropipette. To assist in this procedure, saline-
embedded cotton can be handled with forceps (Fig. 4d).

. Once the upper part of the SCi is visualized (Fig. 4e), the

meninges covering the surface should be removed with preci-
sion forceps. To eliminate possible bleeding, absorbent cotton
soaked in saline should be used. In mice, it is not necessary to
remove the meninges.

. Using precision forceps, take a piece of sponge previously

soaked for a few minutes in FG (OHSt for mice) and place it
completely covering the surface of the SCi (Fig. 4f). Avoid
liquid excess marker, i.e., drop leaking.

. Once the sponge has been placed in both SCi and the absence

of bleeding has been ensured (Fig. 4g), a piece of sponge is
placed to cover the windows made in the skull (Fig. 4h), and
the head wound is closed with a 4/0 suture.

. Animals should be euthanized 7 days after surgery (se¢ Note 1).
10.

A flat-mounted retina of a pigmented mouse traced retro-
gradely from both SCi is shown in Fig. 1b-b’.

Immunodetection techniques allow us to identify different popula-
tions of RGCs in the same retina, including in traced retinas by
using fluorophores that emit at different wavelengths. Depending
on the population to be studied, it can be identified with the use of
an antibody or a combination of them.

1.

2.

Place previously dissected and cleaned retinas with the vitreous
side up separately in 2 mL microtube (see Note 2).

Place the microtubes in a rack on a shaker and wash the retinas
with 0.5% Tx: 2 x 10’, at room temperature (RT).
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3.2.2 Incubation with
Primary Antibody

3.2.3 Incubation with
Secondary Antibody

3.

Freeze the retinas in 0.5% Tx (retinas must be fully covered):
15’ at =70 °C.

. Defrost 1 h at RT.
. Wash with 0.5% Tx: 2 x 10’, at RT.

. Incubation of retinas with primary antibody (see dilutions in

Table 5; see Notes 3-5) in blocking buffer (100 pL in each
microtube for mouse retinas, 250 pL for rat retina): 2 h shaking
at RT and then overnight at 4 °C. Of note, when doing double
or triple immunodetection, be sure the primary antibodies are
raised in different species.

. Wash the retinas with 0.5% Tx: 4 x 10/, at RT.
. Incubation the secondary antibody (1:500) in 2% Tx (100 pL

in each microtube for mouse retinas, 250 pL for rat retinas): 2 h
shaking at RT. Of note, be aware of possible interactions and
complementarity when using two or more secondary antibo-
dies together.

. Wash with 0.5% Tx: 2 x 5/, at RT.
. Rinse the retinas with PBS.

. The retinas are now ready to be imaged using standard fluores-

cent microscopy and the RGC subsequently quantified (see
Note 6).

4 Notes

. For the flat-mount study of the different RGC populations, it is

essential that the retinas are dissected and handled as carefully
as possible. In addition, to avoid non-specific antibody signal, it
is strongly recommended to perfuse the animals transcardially
with 4% paraformaldehyde in 0.1 M phosphate buffer after a
saline rinse [53].

. In the protocol for immunodetection of RGC populations, it is

essential that the timing and conditions of permeabilization,
incubation, and washing steps are respected to ensure the
success of the marking. This is critical for allowing proper
comparison among experimental groups and different studies.

. The identification of total RGCs in the rat or mouse retina can

be performed jointly by tracing them from the ON [3, 4] or by
immunodetection against RBPMS [47, 48] (Tables 1, 2, 3 and
4). Both markers identify the soma of RGCs and are easily
detectable under fluorescence microscopy since FG or OHSt
are detected with the UV filter and RBPMS with the fluoro-
phore incorporated in the secondary antibody selected
(Fig. la—c’).
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4. The population of RGCs responsible for the image-forming

system positive for Brn3a, which is expressed in the nucleus
(Fig. 1d-d’), and the population of ipRGCs, which label the
soma and dendrites (Fig. 2d, Tables 1, 2, 3 and 4), are inde-
pendent populations easily detectable in flat-mounted retinas
[10, 13].

. Once the desired RGC population has been detected in the

retinal flat mounts, the retinas should be carefully cleaned and
mounted on a slide with the vitreous side up for imaging with a
fluorescence microscope.

. Quantification of small RGC populations, such as melanop-

sin"RGCs, alpha RGCs, or its subtypes, can be done manually
[6, 13, 35, 48]. Quantification of the whole population of
RGCs by tracing or immunodetection with the panRGC
marker RBPMs or Brn3a, computerized automatic counting
routines can be used [2—4, 6, 13, 17]. Alternatively, a count in
areas of interest including all retinal regions (12 areas, includ-
ing the central and peripheral zones of the superior, inferior,
temporal, and nasal regions) can be made to estimate the total
count of RGCs, although the result may not be very reliable
due to the difference in RGC density in the different retinal
regions.
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