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Long-Term Porcine Retina Explants as an Alternative to
In Vivo Experimentation

Maria Weller', Brigitte Miiller', and Knut Stieger’

! Department of Ophthalmology, Justus-Liebig-University Giessen, Germany

Purpose: The porcine retina represents an optimal model system to study treatment
approaches for inherited retinal dystrophies owing to close anatomical similarities
to the human retina, including a cone enriched visual streak. The aim of this work
was to establish a protocol to keep explants in culture for up to 28 days with good
morphological preservation.

Methods: Two to four retina explants per eye were obtained from the central part
of the retina and transferred onto a membrane insert with the photoreceptors
facing down. Different medium compositions using Neurobasal-A medium contain-
ing 100 or 450 mg/dL glucose and combinations of fetal calf serum, B-27 with or
without insulin and N-2 were tested. We developed a tissue quality score with robust
markers for different retinal cell types (protein kinase C alpha, peanut agglutinin and
4’ 6-diamidino-2-phenylindol).

Results: Retinae were kept until 28 days with only little degradation. The best
results were attained using Neurobasal-A medium containing 100 mg/dL glucose
supplemented with B-27 containing insulin and N-2. For an easy preparation process,
it is necessary to minimize transport time and keep the eyes on ice until dissected.
Heat-mediated decontamination by the butcher has to be avoided.

Conclusions: Using a standardized protocol, porcine retina explants represent an easy
to handle intermediate model between in vitro and in vivo experimentation. This
model system is robustly reproducible and contributes to the implementation of the 3R
principle to minimize animal experimentation.

Translational Relevance: This model can be used to test future therapeutic approaches
for inherited retinal dystrophies.

Research into the pathogenesis and development
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Introduction

Inherited retinal diseases comprise a group of
disorders together affecting approximately 1 in 3000
to 4000 people worldwide.! In addition, acquired
retinal diseases such as age-related macular degen-
eration affect approximately one-third of all people
older than 70 years. The human retina has unique
features compared with other species, including the
cone enriched central macular region facilitating higher
visual functions, such as visual acuity and color vision.
Consequently, diseases affecting the cones immediately
affect the central visual senses of the patients and repre-
sent a high burden.

Copyright 2024 The Authors
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of treatment approaches for cone-mediated diseases
is hampered owing to the lack of appropriate animal
model systems. In rodents for example, the cones are
dispersed evenly throughout the entire retina, whereas
the retina is generally rod dominant.>? However,
especially mice are a very-well established model system
and can be genetically modified easily, which led to the
development of several models for cone dystrophies.”*
Other species that can be used to model cone dystro-
phies are zebrafish, dogs, sheep, nonhuman primates,
and pigs.>>~? The porcine retina represents a valuable
model, because of the anatomical similarities with
human eyes and especially the cone-rich central region
called the visual streak,!”-!! which can be seen as a
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model for the human macula. However, breeding and
maintaining pigs is a complex and expensive task and
can be accomplished only at a few sites around the
world.

Therefore, an intermediary system such as the
organotypic explant culture has been developed and
used in a variety of different applications.*!>?! In
most of these studies, organotypic explant cultures
have been kept for 7 to 14 days in culture, because
the morphological structures at later time points start
to deteriorate massively.’>?* Usually obtained from
a butcher or slaughter, the eyeballs are dissected
immediately and the retina taken into a culture dish
using membrane-based culturing systems. Differences
between studies include the orientation of the retina
on the membrane®*?* and several co-culturing options,
for example, with the retinal pigment epithelium
(RPE).13’22’25

Therapeutic approaches, especially for inherited
retinal diseases, are often associated with gene transfer
using viral delivery systems, most often using adeno-
associated viruses (AAVs).?%?7 Using these vectors, the
fastest onset of transgene expression in vivo has been
reported to be approximately 2 weeks.?®-?° Therefore, to
use the explant culture system as model for AAV trans-
duction, retinae need to be kept for at least 15 to 20 days
in good condition regarding the morphological preser-
vation.

The aim of this study was to develop a robust
and reproducible protocol allowing cultivation of the
porcine retina in explant cultures for at least 15 to
20 days. We tested different media compositions and
also paid particular attention to the early prepara-
tory steps, that is, heat treatment by the butcher
and transfer time. To compare the different condi-
tions objectively, we developed a tissue quality score.
We were able to optimize the protocol to culti-
vate explant retinae for up to 28 days with good
morphological preservation.

Preparation of Porcine Organotypic Retina
Explants

Porcine eyes were obtained from a local butcher
immediately after sacrifice and were placed in a bottle
of ice-cold transport buffer (40% DMEM [Anpro-
tec, Bruckberg, Germany], 40% RPMI 1640 [Anpro-
tec], 10% HEPES [250 mM; Carl Roth, Karlsruhe,
Germany], and 10% Anti-anti [Thermo Fisher Scien-
tific, Dreieich, Germany]) and kept on ice until all eyes
were processed. Eyes were transported to the labora-
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tory and processed as quickly as possible, but within
3 h after enucleation at the most. The dissection was
performed under a laminar flow hood (Thermo Fisher
Scientific, Schwerte, Germany). The intact eyes were
freed of excessive tissue and washed in 70% ethanol
(Carl Roth) and rinsed with double distilled H,O after-
ward. Subsequently, cornea, lens, and vitreous were
removed and the posterior eyecup was rinsed with
phosphate-buffered saline (PBS; 0.1 M, sterile, self-
prepared). To gain explants from the visual streak the
periphery was removed, and the remaining strip was
cut into three to four square pieces with a 3- to 4-
mm edge length. Thereafter, the retina was carefully
peeled from the underlying pigment epithelium while
being placed in a large drop of medium. For this
step, a raspatory (a spoon with a very thin edge) was
placed at the edge of the tissue piece and carefully slid
between retina and pigment epithelium, lifting up the
retina. Finally, the explant was transferred from the
raspatory to a drop of medium on the semipermeable
membrane insert (polycarbonate, 0.4 um pore size; SPL
Life Sciences, Pocheon-si, Gyeonggi-do, South Korea)
in a six-well format with the photoreceptors facing the
membrane. Any excess of medium around the explant
was carefully removed with a pipette. At least three
explants per condition were taken from different eyes
(n = 3). As controls, uncultured retinae were dissected
the same way but fixed and frozen directly.

Culture of Porcine Organotypic Retina
Explants

Explants were cultured with different media compo-
sitions (Table 1). Medium was exchanged completely
every other day using 1200 uL/well. Explants were kept
at 37°C and 5% COs in an incubator.

Harvesting of the Tissue and Preparation of
Cross-Sections

Every 4 days up to day 28, explants were harvested
to check tissue integrity by immunohistochemistry.
For this task, the insert was removed from the plate
and transferred to a petri dish. The membrane was
cut around the explant with a scalpel and transferred
to a 6-well plate containing 4% paraformaldehyde
(Merck, Darmstadt, Germany) in PBS while taking
extra care that the explant remains on the membrane.
After fixation for 45 minutes, three washing steps with
0.1 M PBS, and immersion with 10% and 20% sucrose
(Serva, Heidelberg, Germany) in 0.1 M PBS for 2 h
each and with 30% sucrose in PBS overnight followed.
Explants were embedded in Tissue Tek (Leica Biosys-
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Table 1. Components Used for the Different Culture Media

Name of the Medium Glucose (mg/dL) FCS B-27 Containing Insulin B-27 Without Insulin N-2
10% 2% 2% 1%

+—100 100 X X

+4100 100 X X

+—450 450 X X

++4450 450 X X

——100 100 X

—+100 100 X

——450 450 X

——+450 450 X

—+100 N-2 100 X X

The glucose level was adjusted by either mixing two Neurobasal-A media (Thermo Fisher Scientific; no glucose [Art. Nr.:
A2477501]14+ 450 mg/dL glucose [Art. Nr.: 10888022]) or using Neurobasal-A with 450 mg/dL glucose alone. All media addition-
ally contained 1% L-glutamine and antibiotic-antimycotic (5% for the first week, 1% for the remaining culture time). For the
nomenclature of the media four criteria are important. The first digit of the name depicts if the medium contains FCS, the
second digit if it contains insulin (as an ingredient of B-27) and the number represents the glucose level in milligrams per
deciliter. If the medium contains N-2 supplement, N-2 follows the name.

Table 2. Primary and Secondary Antibodies Used for Immunohistochemistry

Antibody

Species Reactivity Dilution

Company

Primary antibodies

Lectin PNA Conjugate Alexa Fluor 488 - 1:300  Molecular Probes, Eugene, OR, USA

PKCx Mouse 1:300  Sigma Aldrich, Saint Louis, MO, USA
GFAP Rabbit 1:1000 Merck, Darmstadt, Germany

Rhodopsin Mouse 1:500  Millipore, Temecula, CA, USA

Secondary antibodies

Alexa Fluor 594 Donkey Mouse 1:500 Thermo Fisher GmbH, Dreieich, Germany
Alexa Fluor 488 Donkey Rabbit  1:500 Thermo Fisher GmbH, Dreieich, Germany
Alexa Fluor 647 Donkey Mouse 1:500 Thermo Fisher GmbH, Dreieich, Germany

GFAP, glial fibrillary acidic protein.

tems, Nussloch, Germany), frozen in liquid nitro-
gen and stored at —20°C. A microtome (MEYV; Slee
Medical, Mainz, Germany) was used to cut 14 pum
cross-sections, taking five sections per Superfrost Plus
slide (Langenbrinck, Emmendingen, Germany), and
stored at —20°C.

Immunohistochemistry on Retinal
Cross-Sections

For immunohistochemistry, several primary
antibodies were used to identify different cell types
(Table 2). First, the slides were air dried for 30 minutes.
Afterward they were washed in 0.1 M PBS three times
and blocked with blocking solution (10% normal
donkey serum [Sigma Aldrich, Steinheim, Germany],
1% bovine serum albumin [Serva], and 0.5% Triton
X-100 [Carl Roth] in 0.1 M PBS) for 45 minutes.
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After a quick rinse with PBS, they were incubated
with primary antibody solution at room temperature
overnight. The next day, the slides were washed in
PBS three times and then incubated with secondary
antibodies and 4',6-diamidino-2-phenylindole (DAPI;
Life Technologies, Carlsbad, CA) for 90 minutes in
the dark at room temperature. Next, the slides were
again rinsed with PBS and covered with Fluorescence
Mounting Medium (Agilent Dako, Santa Clara, CA)
and a coverslip. Slides incubated without primary
antibody served as negative controls.

Tissue Quality Score and Layer Thickness
Measurements

The developed tissue quality score (Table 3) was
used to quantify tissue integrity and compare different
medium compositions and culture durations on cross
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Table 3. Tissue Quality Score for Morphological Assessment of Immunohistochemistry-stained Retina Explants

0

1 2

Rod bipolar cells
ONL and INL nuclei

None or barely visible
None or severely pyknotic

None
None

Cone inner segments
Cone outer segments

Axon fragmented
Not fully round, more

In >50% of the picture
At >50% of IS

Axon long and continuous
No pyknosis, round shape
than 20% are pyknotic

Densely packed

At (almost) every IS

sections stained with cell specific antibodies. For evalu-
ation, images were taken with the confocal microscope
Fluoview FV10i (Olympus, Hamburg, Germany) from
two different sections per explant and the same single
grayscale frame was scored and measured for each
category. An entire cryosection of an explant (approx-
imately 4 mm) was imaged as an overview with x 10
magnification and the images used for assessing the
quality of the explants were taken with x60 magni-
fication, are approximately 180 pm wide, and span
the whole thickness of the retina. The layer thick-
ness measurements were done in three locations of one
frame of a DAPI-stained section with Fiji.** If the
retina was too large to fit in one picture, a merge of two
overlapping parts was performed with the Fiji plugin
“stitching” before the measurements.’!

Statistical Analysis

Statistical analysis was carried out in SigmaPlot
(Systat, Erkrath, Germany). The groups were
compared by One Way ANOVA. For inter group
comparison we calculated the mean and standard
deviation. A P value of less than 0.05 was considered
statistically significant and levels of significance were
defined as *P < 0.05, **P < 0.01, and ***P < 0.001.

Finding the Optimal Culture Medium

To be able to find the most suitable culture medium,
different compositions were tested regarding their
effect on retinal integrity over time. For the evaluation
of integrity, rod bipolar cells, cone photoreceptors, and
the nuclei in the inner nuclear layer (INL) and outer
nuclear layer (ONL) were analyzed, as protein kinase C
alpha, peanut agglutinin (PNA), and DAPI are robust
markers in porcine retina. In addition, the thickness of
the entire retina as well as of the ONL was measured
in DAPI stained sections. For the comparison of the
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different media, explants were harvested after 12 days
in culture. Quantification was carried out using the
newly developed tissue quality score in Table 3. For
uncultured retina (day 0), the highest tissue quality
score was defined as 2.

To find the optimal culture medium for long-term
experimentation, we tried nine different combinations
of supplemented Neurobasal-A medium as displayed
in Table 1. Glucose, FCS, B-27, and N-2 are the differ-
ing ingredients.

Looking at rod bipolar cells of 12-day-old explants
(Figs. 1B-J), one can clearly see a decrease in tissue
integrity compared with uncultured retina (Fig. 1A).
The axons are fragmented after culture with most
media, only ++100, —+450, and —+100 N-2 show a
slightly better preservation in that regard. Perikarya in
their healthy shape can only be clearly visualized after
culture with —+100 N-2. Comparing the tissue quality
score of rod bipolar cells, it is significantly dimin-
ished after culture compared with uncultured retina
(P < 0.001) regardless of the medium. For the differ-
ent media there are clear tendencies to what is helping
to preserve the integrity of the tissue. Media containing
FCS seem to have a negative effect on tissue integrity,
as does a high glucose level of 450 mg/dL (Fig.
1K). The medium —+100 N-2 shows a significantly
higher tissue quality score than all other media, except
——+450.

For the nuclei, —+100 and —+100 N-2 show
the highest tissue quality score (Fig. 1L). For the
media +—100 and ++450, there are almost no intact
nuclei, and ONL and INL are almost indistinguishable
(Figs. 1B and 1C).

Regarding the cones, —+100 N-2 is the most appli-
cable medium as well. Outer and inner segments as
well as synaptic end feet of the cones stained with
PNA are discernable after 12 days for every medium
except +—100 and ++450 (Figs. 2B-J). The outer
segments are preserved best with the media ++100,
——450, —+100 and —+100 N-2. Inner segments are
preserved best with the media —+100 and —+100 N-2.
The tissue quality score for the cone outer segments is
the highest after 12 days with the medium —+100 and
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Figure 1. Evaluation of rod bipolar cells and nuclei in pig retina explant culture with different media for 12 days. (A-J) Rod bipolar cells
were labeled with protein kinase Calpha (PKC«) (red) and nuclei with 4,6-diamidino-2-phenylindole (DAPI) (blue). (A) Uncultured retina (d0).
(B-J) Explants cultured for 12 days with different media. (K) Tissue quality score of rod bipolar cells after 12 days in culture with differ-
ent media. Explants cultured with the medium —+100 N-2 showed a significantly higher tissue quality score than all other media except
compared with —+ 450. (L) Tissue quality score of nuclei after 12 days in culture with different media. Explants cultured with the media
—+100 or —+100 N-2 showed a significantly higher tissue quality score compared with explants cultured with +—100, ++450, +—450,
44100, and ——450. GCL, ganglion cell layer; IPL, inner plexiform layer; NFL, nerve fiber layer; OPL, outer plexiform layer. Scale bars, 50 pm.
Values are mean = standard deviation. N = 3; * P < 0.05 and ***P < 0.001.
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Figure 2. Evaluation of cone inner and outer segments after retina explant culture with different media for 12 days. (A-J) Cones were
labeled with PNA (green) and nuclei with 4',6-diamidino-2-phenylindole (DAPI) (purple). (A) Uncultured retina (d0). (B-J) Explants cultured
for 12 days with different media. (K) Tissue quality score of cone outer segments after 12 days in culture with different media. Explants
cultured with the medium —+100 N-2 showed a significantly higher tissue quality score than with all the other media except ——100 and
——+100. (L) Tissue quality score of cone inner segments after 12 days in culture with different media. Explants cultured with the medium
—-+00 N-2 showed a significantly higher tissue quality score than explants cultured with +—100, ++4450, +—450, ++100, and ——450. IS,
inner segments; IPL, inner plexiform layer; NFL, nerve fiber layer; OPL, outer plexiform layer; OS, outer segments. Scale bars, 50 um. Values
are mean = standard deviation. N = 3; *** P < 0.001.
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Evaluation of rod bipolar cells (RBs) and retinal nuclei after culture for 0 to 28 days with the medium —+100 N-2. (A-H) RBs were

labeled with protein kinase C alpha (PKC) (red) and nuclei with 4',6-diamidino-2-phenylindole (DAPI) (blue). (I) Tissue quality score of RBs
after culture for different length of time. There are no statistical differences between the time points displayed here. (J) Tissue quality score
of retinal nuclei after culture for different length of time. There are no statistical differences between the time points displayed here. GCL,
ganglion cell layer; IPL, inner plexiform layer; NFL, nerve fiber layer; OPL, outer plexiform layer. Scale bar, 50 um. Values are mean =+ standard

deviation. N = 3.

the difference is highly significant compared with the
other media except ——100 and —+100 N-2 (Fig. 2K).
For the cone inner segments, the highest tissue quality
score is achieved with —+100. Explants cultured with
——+100 N-2 also show good preservation and the
tissue quality score is significantly higher than with
all other media, except —+450, ——100, and —+100
(Fig. 2L).
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The thickness measurements of the ONL and the
whole retina showed no clear change in thickness
between different media. In addition, the changes
that can be seen do not correspond to the results of
the immunohistochemical analysis. After culture with
all media but +—450 and —+100 N-2, the retina is
significantly thinner than freshly explanted retina. The
ONL is significantly thicker after culture with —+100
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Evaluation of cone outer and inner segments after explant culture for 0 to 28 days with the medium —+100 N-2. (A-H) Cones

were labeled with PNA (green) and nuclei with 4’,6-diamidino-2-phenylindole (DAPI) (purple). (I) Tissue quality score cone OS after culture
for different length of time. (J) Tissue quality score of cone IS after culture for different length of time. IPL, inner plexiform layer; IS, inner
segments; OPL, outer plexiform layer; OS, outer segments. Scale bar, 50 um. Values are mean =+ standard deviation. N = 3.

N-2 compared with all other media, except ——450,
——100, and —+100 (Supplementary Fig. S1).

To choose the optimal medium to continue the
study with longer culture periods, we ranked the media
according to the respective tissue quality score they
reached in each category, added all the ranks and
looked for the overall best scoring medium. The exact
scores and measurements are shown in Supplementary
Tables S1, S2, and S3. In brief, —+100 N-2 was ranked
in the top three of each category and in sum showed
the best tissue integrity after 12 days in culture.
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Long-Term Experiments

After identifying —+100 N-2 as the best culture
medium for tissue preservation, we studied tissue
integrity in long-term cultures with this medium. Every
4 days up to day 28, explants were harvested and
eventually analyzed with the help of the tissue quality
score and layer thickness measurements.

Rod bipolar cells stained with antibodies against
protein kinase C alpha showed good preservation
after long-term culture with the medium —+100 N-2
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(Figs. 3B-H). The axons look continuous and intact
at all time points, only at day 8 they appear to be
shorter and less strongly labelled between varicosi-
ties. Perikarya are clearly visible up to day 16 and
the density of the cells stays almost the same over
time. Nuclei are intact and appear healthy at every
time point, and especially the INL loosens up a bit
over time (Figs. 3B-H). The tissue quality score for
the rod bipolar cells decreases a bit over time, but
the differences between time points are not significant
(Fig. 3I). Comparing to uncultured retina, the tissue
quality score is significantly lower (P < 0.05). For the
nuclei, the tissue quality score also decreases over time,
but is similar to the results of rod bipolar cell staining,
the differences between time points are not significant
(Fig. 3J).

Cone photoreceptors are very well-preserved up
to 20 days in culture with the medium —+100 N-2
(Figs. 4B-F). After 24 and 28 days in culture, cone
inner segments are less neatly arranged and PNA gets
delocalized into the cone perikarya at day 24 (Fig. 4H).
Still, they are strongly labelled by PNA and the cone
pedicles are readily recognizable (Figs. 4G and 4H).
Although the tissue quality score for inner as well
as for outer segments is not linearly declining with
time, there are quite high interindividual differences at
each time point, which resulted in high standard devia-
tions (Figs. 41 and 4J). Generally, cone inner and outer
segments are not well-maintained after 24 and 28 days
in culture and significantly less preserved than in uncul-
tured retina (P < 0.001).

The thickness of the retina in culture with —+100
N-2 varies over time. Beginning with 8 days in
culture, it is significantly thinner than uncultured
retina (P < 0.05). The ONL thickness, however, is
not decreasing; at some time points, it is even higher
than in fresh tissue (Supplementary Fig. S2). Addition-
ally, we performed immunohistochemical analysis with
antibodies against glial fibrillary acidic protein and
rhodopsin to look for reactive gliosis and rod photore-
ceptor integrity. Activated Miiller glia cells can be
found in freshly explanted retina and very sparsely also
after 4 day in culture with the medium —+100 N-
2. There are no signs of reactive gliosis after longer
periods of culture (Supplementary Fig. S3). A normal
distribution of rhodopsin can be seen at all time points,
but at day 28 after culture with —4100 N-2 (Supple-
mentary Fig. S4).

Discussion

Porcine organotypic retina explant cultures provide
great insight into disease mechanisms of inherited
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retinal diseases and can also be of use for study-
ing future therapeutic approaches. To be able to use
these cultures to their full potential, long term data of
more than three weeks in culture are needed. In most
previous studies, culture periods of 7 to 14 days were
used.??2* After a comparison of different media on day
12 in culture, the most promising one was identified
and longer culture periods were tested. We used a self-
developed tissue quality score after immunohistochem-
istry to receive quantifiable data.

To start optimization of the protocol, an impor-
tant step to consider is to keep the transport time to
a minimum, because additional time without nutrients
is detrimental to the retina.'® Information regarding
this early and crucial period is rarely found in the liter-
ature, but the general agreement is to keep the time
as short as possible.!>!8:32 Therefore, we transport the
eyes in a specialized transport buffer on ice. For an easy
dissection process, especially for removing the vitreous
body without damaging the retina, we found these cold
conditions to be vital. To avoid additional stress and
damage to the retina, we found that the butcher should
not treat the eyes or the whole pig head with steam or
directed combustion, because this process can denature
proteins and alter the morphology of the retina.

When preparing the retina for explant culture,
taking it together with the underlying RPE or without
has been long discussed in the field, and different proto-
cols have been published in the past.'3:?>>> Because
the RPE and photoreceptors form a functional unit in
vivo, it is a valid hypothesis that co-culturing would
be beneficial. However, we did not observe a beneficial
influence of the RPE when culturing the retina on top
of an RPE. To mimic the function of the RPE, we use a
semipermeable membrane, a procedure that is generally
accepted in the field; almost all other groups use such
membrane inserts.!>13:22:24:25 We found that cutting
the retina in small pieces and removing the retina from
the underlying RPE/choroid using a raspatory worked
optimally. Initially, we have tested a number of differ-
ent methods, including a trepan stamp and the tweezers
method.>> We observed the best outcome when using
a scalpel and this very thin raspatory to avoid tissue
injury at the maximum level.

Different semipermeable membranes have been
used in the literature to culture retinal explants.'?-1:33
In particular, membranes made of polycarbonate have
a good outcome and allow culture periods up until
14 days without too much destruction. Here, we used
semipermeable polycarbonate membrane inserts from
SPL Life Sciences, which have not been used in pig
explant culturing so far. We had obtained good experi-
ence with this type of membrane in mouse explant
culturing!®-3* and, therefore, continued to use it herein.
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Most groups use Neurobasal-A medium with
several supplements to cultivate retina explants.?>-3%-36
Keeping this in mind we explored different combi-
nations of supplements and also varied the glucose
concentration of the media, because too much glucose
seems to be neurotoxic.’”-3 Variable ingredients were
fetal calf serum (FCS), insulin as part of different
types of commercially available B-27 supplement, N-2,
and, as previously mentioned, glucose. Additionally,
all tested media contained L-glutamine as essential
amino acid and an antibiotic-antimycotic to prevent
contaminants from growing. Results showed that FCS
does not contribute to maintaining a good integrity
of retina explants. Because FCS is not a chemically
defined component, this result cannot be explained
with certainty. However, the use of FCS in cell
culture is controversial anyway. Serum-free media
are to be preferred because every compound can
be controlled and animal welfare is considered.’**!
Furthermore, the B-27 supplement containing insulin
showed better results in maintaining retinal tissue
integrity. This result is consistent with other publi-
cations showing that insulin possesses antiapoptotic
properties*> and missing insulin plays a role in retinal
ganglion cell degeneration.¥® N-2 as a supplement
specifically designed for postmitotic neuronal cells
also helps in preserving tissue integrity during retina
explant culture. In total, explants cultured with the
medium —+100 N-2 showed the best integrity after
12 days. Rod bipolar cells, cone inner and outer
segments, and the nuclei in the ONL and INL looked
well preserved. To the best of our knowledge, there is
no other group that tested different glucose concentra-
tions in the culture medium for retina explants.

To assess preservation of the retinal structures,
we used standard rod, cone, bipolar, and Miiller cell
markers. To further describe the effect of ex vivo cultur-
ing, one could expand the analysis to ganglion cell
markers such as RNA binding protein with multi-
ple splicing or apoptosis assays such as terminal
uridine nick-end labeling.'8-4+4> However, by using the
presented marker and our tissue quality score, we were
able to robustly and quantitatively assess structural
preservation and to compare the different culturing
conditions. A similar score was used by Svare et al.,'®
although other groups have described the preservation
solely on a qualitative level, a method that is similarly
suitable for developing protocols for explant cultures.

Measurements of the ONL thickness have shown
that it only increases beginning at approximately day
24 and is mostly stable beforehand. The measure-
ments of whole retina thickness were not that conclu-
sive. The retinal thickness decreases with culture time,
but this decrease is not linear. Some of the thinning
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can also have been caused by suboptimal explan-
tation or individual physiological properties of the
animal. Retinal remodeling can be an explanation for
an increased ONL thickness as the nuclei become less
densely packed and retinal layering can be disturbed
by dislocated cells.***® Also, the intermittent thick-
ening of the retina is not corresponding with Miiller
cell swelling, because analysis of glial fibrillary acidic
protein immunohistochemistry show no reactive gliosis
after day 4 in culture.

To see if we can cultivate porcine retina explants
for longer than 3 weeks, we used the same criteria
as for identifying the best medium composition. The
medium —+100 N-2 was chosen and we harvested
explants every 4 days up to day 28 in vitro. The results
showed that there is no significant difference between
time points up to day 20; after that, the tissue quality
decreases at a greater rate. However, the tissue quality
score after 28 days in culture might still be accept-
able for some experiments, depending on which cell
type is being investigated. Nonetheless, it is better to
choose the culture time appropriate to the experiment,
keeping it as short as possible but as long as needed.
Studies about AAV administration might require a
culture time of approximately 3 weeks, whereas studies
about age-related degeneration take longer than that.
Another point to consider are therapeutics that have
to be administered several times over the course of a
few weeks,*->" which could now also be modelled by
this porcine retina explant culture with longer culture
periods.

When using an intermediary model such as the
retina explant culture, which is made with post
mortem tissue, one could also directly use human
tissue. Several groups have published protocols and
used human retina explants to address important
questions regarding therapy development and degen-
eration processes.*23:36:30-31 However, there are several
reasons that favor using the porcine retina as a model.
First, pig eyes are readily available from slaughter-
houses and can be obtained in large numbers. This is
often not the case for human eyes, which renders this
model more complex. Second, the pig model enters
more and more into the spotlight in in vivo therapy
development for inherited retinal diseases, including
the retina explant culture from the same species in
preliminary work, before entering in vivo experimen-
tation increases robustness of the generated data and
also favors the 3R argumentation to limit the number
of animals in research.

In this study, we established a protocol for a porcine
retina explant culture that can be used for long-term
experiments, such as testing gene therapy approaches.
Based on immunofluorescence data achieved on frozen
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retinal cross sections we found that a culture time up
to 28 days is possible with the proper medium compo-
sition. For most purposes (e.g., after AAV transduc-
tion), this morphological analysis should be sufficient
to classify results, especially if fluorescently labelled
expression constructs are used. If more detailed data
are needed, gene expression or transcriptome studies
could be conducted as well.!”->° In addition, functional
readout parameters could be generated with a multi-
electrode array, for example.”>>* A porcine retina
culture like this can be a valuable tool to test therapy
strategies before moving to in vivo studies. Human
retina explants would be even more beneficial to test
such strategies, because there are no species differences
to be accounted for, but the porcine model provides a
more accessible and less expensive alternative, because
the number of human eyes that can be used for research
is very much limited. One limiting factor to be consid-
ered is, however, that one must test how this proto-
col translates to attempting explant cultures with the
already degenerating retina of diseased animals. This
determination would now be the next crucial step
toward testing gene therapy approaches for inherited
retinal dystrophies in an ex vivo model.
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