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Gene therapy has great potential for the treatment of inherited 
retinal diseases, as evidenced by the progress and ongoing 
research. Using the Sleeping Beauty (SB) transposon system, 
we developed a non-viral gene delivery system for electropora-
tion-based transfection of rd10 retinas ex vivo. SB100X trans-
posase and Venus transposon plasmids were transfected at a 
ratio of 1:16 into rd10 retinas of different ages and corre-
sponding wild-type (WT) controls. Transfection efficiency 
was assessed by fluorescence microscopy and transfected cells 
were identified by immunohistochemistry. Retinal integrity 
and cell viability were assessed by FITC-dextran electropora-
tion, histology, and apoptosis assay. The highest transfection 
efficiency was observed in degenerated stages P61 and older, 
with Müller cells being the only transfected cell type. A 31% 
reduction in transposon plasmid size resulted in a 1.5-fold in-
crease in transfection efficiency. Integrity and morphology of 
degenerated retinas were preserved after electroporation- 
based plasmid transfer; the number of apoptotic cells in the in-
ner nuclear layer (INL) was reduced by half compared to WT 
controls. We demonstrated that electroporation-based deliv-
ery of the SB transposon system resulted in efficient transfec-
tion of degenerated retinas. Our results are an important first 
step toward the combined use of retinal prostheses and gene 
therapy to improve the treatment of inherited retinal dystro-
phies.

INTRODUCTION

Retinitis pigmentosa (RP) is a major cause of blindness and visual 
impairment affecting more than 1.5 million people worldwide. It is 
an inherited disease characterized by progressive rod photoreceptor 
death followed by cone photoreceptor death.1,2 Different therapeutic 
treatment strategies include gene therapy, cell therapy, optogenetics, 
and retinal prostheses.3,4 As the disease progresses, RP leads to 
retinal remodeling, which is characterized by significant structural 
and functional changes in the retina. These changes can include syn-
aptic reorganization, alterations in neuronal circuitry and changes in 
the release of neurotransmitters.5,6 The rd10 mouse, which is charac-
terized by a missense mutation in the Pde6b gene encoding the 
β-subunit of phosphodiesterase 6, is an established model for RP 

due to the similarity of the progressive dystrophic phenotype 
observed in mouse and human photoreceptors.7–10 In rd10 mice, 
photoreceptor cell loss begins around postnatal day (P)18 in the cen-
tral retina, extends to P20 in the peripheral retina, peaks around P25, 
and culminates in the absence of photoreceptors at P60.10

Gene therapy is a promising approach in which genes are introduced 
into cells to treat inherited or acquired diseases.11 The eye is an ideal 
organ for gene therapy: it is easily accessible and can be easily moni-
tored with non-invasive techniques; it is small and therefore requires 
low vector doses; it is immune-privileged and isolated due to 
different ocular barriers; and the fellow eye can serve as a control. 
Viral gene therapy is known to be highly effective and is already 
used in clinical practice for ocular diseases.12 A well-known example 
is voretigene neparvovec-rzyl, approved in 2017, which delivers a 
functional copy of the RPE65 gene via an adeno-associated viral 
(AAV) vector for the treatment of inherited retinal dystrophy 
(IRD) caused by a bi-allelic RPE65 mutation.13,14 However, transfer 
to any IRD is not trivial, as mutations in more than 250 genes have 
been described,15 meaning that a separate vector must be produced 
for each affected gene. Although the success of AAV gene therapy is 
encouraging, there are limitations and challenges: ocular AAV gene 
therapy is associated with a cumulative incidence of serious adverse 
events of 8%, with inflammatory events often difficult to assess due to 
corticosteroid treatment16; AAVs have limited transgene packaging 
capacity, are difficult to produce, and are costly.17 In contrast, 
non-viral vectors are characterized by low cytotoxicity and immuno-
genicity, high transgene capacity, ease of production and, in the case 
of the Sleeping Beauty (SB) transposon system, stable gene transfer 
delivery.

The SB transposon system is an integrating delivery system that re-
sults in efficient expression of transgenes in eukaryotic cells. It has 
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Figure 1. Optimization of various parameters for electroporation of 3-month-old rd10 retinas using the SB100X transposon system 

(A) Illustration of the ex vivo retinal electroporation. The retina (orange) was mounted on the filter of a culture insert (red) and positioned between the upper and lower 

electrodes (gray). The well of the lower electrode was filled with 40 μL of electroporation buffer (green) containing the plasmid mixture, and an additional 10 μL of the plasmid 

mixture was applied directly onto the retinal tissue. (B) Optimization of electroporation buffer. Flat-mounted retinas were transfected with PBS and Opti-MEM electroporation 

buffer containing 0.10 μg/μL of a plasmid mixture composed of SB100X transposase plasmid and pT2-CAGGS-Venus transposon plasmid at a ratio 1:16. The bar graph 

shows that the mean fluorescence intensity of transfected cells was significantly higher with Opti-MEM buffer than with PBS buffer (n = 3, *p = 0.0352, using unpaired two- 

tailed t test). (C) Optimization of plasmid concentration. Flat-mounted retinas transfected with increasing concentrations of 0.05, 0.10, 0.15, and 0.20 μg/μL of the purified 

(legend continued on next page) 
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been used in basic research in the field of gene and cell therapy, in 
numerous preclinical studies, and also in clinical trials, as described 
in various review articles.18–20 The SB transposon system consists of 
a transposon DNA sequence and a transposase enzyme whose ge-
netic information is encoded on a separate plasmid. The transposon 
is characterized by inverted terminal repeats (ITRs), which contain 
binding sites for the transposase, allowing it to catalyze the transpo-
sition reaction and incorporate specific genetic information, such as 
genes, into the target genome.18,21,22 This SB-catalyzed genomic inte-
gration is stable and ensures long-term expression of the transgene. 
The close-to-random integration profile at the genomic level, which 
significantly reduces the risk of potential insertional mutagenesis, 
makes the SB transposon system an effective and safe technique 
for human gene therapy.23–25 In previous studies, we have shown 
that the gene encoding pigment epithelium-derived factor (PEDF) 
can be successfully introduced into ARPE-19 cell suspensions as 
well as primary retinal and iris pigment epithelial cells by electropo-
ration.26–28 PEDF is a naturally occurring protein in the eye, and it 
was selected for its ability to suppress neovascularization and its neu-
rotrophic properties to protect cells and block neuronal degenera-
tion. Expression and secretion of integrated PEDF were detected 
for up to 16 months. Notably, this technique did not impact the 
cobblestone morphology of the primary pigment epithelial cells. Us-
ing the antibiotic-free pFAR4 miniplasmid vector in combination 
with the SB transposon system, a further more than 2-fold increase 
in recombinant PEDF secretion was observed.29 The overall goal is 
to use ex-vivo transfected cells as autologous drug delivery system 
that are retransplanted into the patient to allow secretion of a 
comprehensive therapeutic protein at the graft site. Subretinal trans-
plantation of these SB-PEDF-transfected cells could provide a 
longer-lasting alternative to the current treatment of neovascular 
age-related macular degeneration with repeated intravitreal injec-
tions of anti-VEGF antibodies.30

The retina has a structured lamination and complex intercellular 
communication that enables it to respond effectively to injury and 
maintain homeostasis.31 Ex-vivo retinal explants preserve this tissue 
complexity and physiological properties and reflect phenotypes asso-
ciated with aging at different stages in mice, making them an ideal 
model to study the progression of retinal degenerative diseases.32–34

We have extended our transfection protocols to ex-vivo retinal tissue 
to study the spatiotemporal dynamics of transfected cells at different 
stages of retinal degeneration.

In this work, we used SB100X transposon-based gene transfer by 
electroporation to achieve efficient transfection of whole retinal tis-

sue while minimizing damage. In addition, we investigated the ef-
fects of this method on transfection efficiency, transfected cell types, 
and cell survival after electroporation and cultivation. Understand-
ing the different parameters of transgene integration at different 
stages of degenerative retinal remodeling is crucial for the develop-
ment of targeted therapeutic interventions.

RESULTS

Establishment of electroporation-based ex-vivo transfection of 

rd10 retinas

Our aim was to establish and explore the optimal parameters for 
electroporation of degenerated retina ex vivo. Different electrical 
conditions were systematically investigated in 3-month-old (3M) 
rd10 mice whose retinas had already degenerated. The electropora-
tion system for mouse retinal tissue includes a flat upper electrode 
held by a micromanipulator and a lower electrode chamber filled 
with electroporation buffer. Retinal tissue was mounted on the cul-
ture insert with the ganglion cell layer (GCL) facing up and then 
placed on the bottom electrode. Retinas were transfected with a 
SB100X transposase and pT2-CAGGS-Venus transposon plasmid 
mixture at a ratio of 1:16 and a total plasmid concentration of 
0.1 μg/μL. Plasmid mixtures (10 and 40 μL) were applied separately 
to the retina and to the well of the electroporation dish (Figure 1A). 
Negative controls were performed with adding the plasmid mixture 
but without application of electroporation pulses. After electropora-
tion, retinas were cultivated and Venus expression was analyzed after 
24 h of incubation by fluorescence microscopy.

As the NEPA21 electroporator does not require the use of a specific 
electroporation buffer, phosphate-buffered saline (PBS) and Opti- 
MEM buffer were analyzed. The fluorescence intensity value in 
flat-mounted retinal tissue was significantly higher after transfection 
with Opti-MEM buffer than after transfection with PBS buffer 
(13.85 ± 2.88 vs. 7.26 ± 2.24; Figure 1B). Plasmid concentrations 
of 0.05–0.20 μg/μL were used for electroporation. A clearly pro-
nounced Venus expression distributed over the whole-mounted 
retina was shown for 0.10, 0.15, and 0.20 μg/μL plasmid DNA. How-
ever, no significant difference in transfection efficiency was observed 
between these three concentrations (37.49 ± 11.47 for 0.10 μg/μL, 
38.44 ± 11.55 for 0.15 μg/μL, and 54.31 ± 15.12 for 0.20 μg/μL; 
Figure 1C). Given the need to minimize the amount of exogenously 
applied DNA to reduce potential side effects, the use of 0.1 μg/μL of 
purified plasmid mixture diluted in Opti-MEM electroporation 
buffer was established as the plasmid concentration for further 
experiments.

plasmid mixture showed increasing transfection efficiencies. The bar graph shows a significant increase in the mean fluorescence intensity of transfected cells when the 

plasmid concentration exceeded 0.10 μg/μL (n = 4, *p < 0.05, and ***p = 0.0010, using one-way ANOVA test with Tukey’s multiple comparisons test). (D) Optimization of 

electrical pulse parameters. Flat-mounted retinas were transfected with different settings for the poring and transfer pulse. The bar graph shows that the ideal voltage settings 

were 10 V for the poring pulse and 10 V for the transfer pulse (n = 4, *p = 0.0105, and **p < 0.01, using Brown-Forsythe and Welch ANOVA tests with Dunnett’s T3 multiple 

comparisons test). (E) Optimization of the number of electroporation pulses. Flat-mounted retinas were transfected with different numbers of poring and transfer pulses. The 

bar graph shows that the ideal number of pulses was 2 poring pulses and 5 transfer pulses (n = 4, *p = 0.0296, **p = 0.0012, and ***p = 0.0007, using one-way ANOVA test 

with Tukey’s multiple comparisons test). Scale bars, 500 μm.
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With regard to the electroporation program, the electrical voltage 
and the number of pulses were examined. We found that lower volt-
ages (Figure 1D) and lower number of pulses (Figure 1E) were asso-
ciated with low transfection efficiency. Therefore, the optimal pa-
rameters were set as follows: 10 V, 2 pulses for the poring pulse 
voltage and 10 V, 5 pulses for the transfer pulse voltage. The param-
eters pulse length, pulse interval, pulse decay rate, and pulse polarity 
were set according to the manufacturer’s recommendations 
(Figure S1). In summary, the following electroporation parameters 
were defined for further experiments: 10 V pulse voltage, 5 ms pulse 
length, 50 ms pulse interval, 2 pulses, 10% pulse decay rate, and bi-
polar pulse polarity for the poring pulse; 10 V pulse voltage, 50 ms 
pulse length, 50 ms pulse interval, 5 pulses, 40% pulse decay rate, 
and bipolar pulse polarity for the transfer pulse.

To investigate the impact of SB100X transposase on the transfection 
efficiency, flat-mounted rd10 retinas were electroporated with either 
the transposon plasmid pT2-CAGGS-Venus alone or in combination 
with the SB100X transposase plasmid, followed by 5-day cultivation 
(Figures S2A and S2B). Daily assessment of transfection efficiency 
revealed that SB100X co-delivery significantly enhanced transgene 
expression compared to transposon-only controls (20.30 ± 5.45 vs. 
11.65 ± 2.64; Figure S2C). Furthermore, both groups exhibited a 
time-dependent increase in gene expression levels.

Identification of Müller cells as the transfected cell type

To identify the cell types transfected by electroporation with the SB 
transposon system, we performed immunofluorescence staining 
with different retinal cell type markers on retinas of 3-month-old 
rd10 mice. After staining, we examined the intensity of co-localiza-
tion between pT2-CAGGS-Venus-labeled transfected cells and the 
different retinal cell populations Müller cells, amacrine cells, and 
horizontal cells. Our results showed that cells transfected with 
pT2-CAGGS-Venus traversed all retinal layers, from the inner nu-
clear layer (INL) to the GCL. Assessment of fluorescence intensity 
showed a clear preference for co-localization between transfected 
cells and Müller cells (Figure 2A), as opposed to amacrine and hor-
izontal cells (Figures 2B and 2C). Based on the morphology of the 
transfected cells and immunofluorescence co-localization, we were 
able to identify Müller cells as the only cell type that was transfected.

Transfection efficiency at different stages of degeneration in the 

rd10 retina

To investigate the applicability of the optimized electroporation con-
ditions at different stages of retinal degeneration, we performed elec-
troporation at different characteristic rd10 symptom stages. Notably, 
effective transfection was observed in rd10 retinas from P61 onwards. 
The most effective transfection for P61, 3M, and 6-month-old (6M) 
rd10 retinas was achieved with a poring pulse voltage and a transfer 
pulse voltage of 10 V each, with no significant difference between 
P61 (43.15 ± 13.13), 3M (33.35 ± 10.42), and 6M rd10 retinas 
(45.91 ± 11.72; Figures 3A and 3B). In contrast, the introduction of 
genetic material into the retina of P16 and P25 rd10 mice was associ-
ated with considerable difficulties at all voltages tested (Figure 3A). 

These results highlight the age- and degeneration-related differences 
in transfection efficiency of the rd10 retina. It should be noted that 
age-matched wild-type (WT) retinas could not be successfully trans-
fected under the same electroporation conditions (data not shown).

Cell membrane integrity after electroporation-based 

transfection

Stable electroporation-based transgene expression requires the suc-
cessful uptake of foreign nucleic acids into the cell cytoplasm, their 
transport into the nucleus, and integration into the host genome. 
Our preliminary experiments showed that very little or no successful 
transfection using the SB100X system was observed in young rd10 
retinas (Figure 3A). To investigate whether the integrity of the cell 
membrane is altered in these retinas, FD4 was introduced into retinal 
tissue from rd10 and WT mice of different ages (P16 - 6M). It should 
be noted that electroporation of P16 WT retinas could not be per-
formed because mice of this age were not available from commercial 
sources. Immediately after electroporation, the flat-mounted retinas 
were examined by confocal microscopy. The control group was 
created by incubating retinas with FD4 for the same duration as 
the electroporation procedure, but without electroporation. No pos-
itive FD4-transfected cells were detected in the control groups (data 
not shown). The electroporated cells in the rd10 retinas of all ages 
showed clear green fluorescence, indicating the introduction of the 
FITC-dextran dye into the cells. A clear cell shape was seen in the 
magnified images, indicating a reversible recovery of the cell mem-
brane after electroporation in both rd10 and WT retinas 
(Figure 4A). In contrast to electroporation-based transposon 
plasmid uptake, FD4 was successfully detected in the cells of young 
rd10 (P16, P25) retinas, demonstrating the correct definition of elec-
troporation parameters and procedures (Figure 4B). Furthermore, 
the FD4 transfection efficiency did not differ significantly between 
different stages of rd10 and WT retinas (Figure 4C).

Structure of the electroporated and cultivated rd10 retina

To assess the effects of transfection on the structural integrity of the 
adult retina, histological examination with hematoxylin and eosin 
(H&E) staining was performed on 3-month-old rd10 retinas charac-
terized by photoreceptor degeneration; age-matched, non-degener-
ated WT retinas were used for comparison. Six different conditions 
were evaluated, roughly divided into two groups: without cultivation 
and with cultivation. In each group, the retinal tissue was subjected 
to electroporation with or without the addition of the plasmid-based 
transposon system. The negative control included neither electropo-
ration nor addition of the transposon plasmids. H&E staining 
showed that degenerated rd10 retinas retained their structure after 
electroporation and cultivation. The total thickness of the rd10 retina 
was in the range of 100.80 ± 0.79 μm and showed no significant dif-
ferences due to the transfection and cultivation procedures 
(Figures 5A [top row] and 5B). In the group of non-cultivated WT 
retinas, clearly distinguishable retinal layers were detected and there 
were no significant changes due to the electroporation and transfec-
tion procedures, as shown by histological staining and quantification 
of retinal thickness. However, after 24 h of cultivation, loosening of 
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the retinal layers caused by electroporation and plasmid transfection 
was significantly greater than in the non-cultivated groups. This ef-
fect was observed in both inner and whole WT retinas (Figures 5A 
[bottom row] and 5C).

Influence of electroporation and cultivation on the survival of 

retinal cells

A cell apoptosis assay was performed on retinas of 3-month-old rd10 
mice and age-matched WT mice. The experimental setup included 
the same conditions as described before. In the group of non-culti-
vated rd10 retinas, the transfection process generated a limited num-
ber of apoptotic cells compared to the corresponding control groups 
(Figures 6A [top row, left] and 6B). However, cultivation resulted in 
a significant increase in the number of apoptotic cells/field of view 
compared to the corresponding non-cultivated rd10 retinas 
(82.33 ± 12.58 vs. 1 ± 1.73 cells in INL; 24.67 ± 8.62 vs. 0 cells in 
GCL). Furthermore, the electroporation procedure itself and the 
transfection of the transposon plasmid led to a significant increase 
in cell apoptosis in cultivated rd10 retinas (110.3 ± 6.03 and 
142.30 ± 8.02 cells in INL; 46.33 ± 10.69 and 50.67 ± 7.51 cells in 
GCL; Figures 6A [top row, right] and 6B). In the non-cultivated 
WT retinas, a significant increase in the number of apoptotic cells 
was observed after transposon plasmid transfection (42.67 ± 13.05 
cells in INL; 14.67 ± 5.69 cells in GCL; Figures 6A [bottom row, 
left] and 6C). Similar to rd10 retinas, a significant increase in 
apoptotic cells was observed throughout the WT retinas after 24 h 

of cultivation; however, the additional effect of electroporation and 
transposon plasmid delivery on apoptosis as observed in rd10 retinas 
was not detectable (Figures 6A [bottom row, right] and 6C).

Effect of transposon plasmid size on transfection efficiency in 

rd10 retinas

To investigate the influence of vector size on electroporation effi-
ciency, we compared the introduction of transposon plasmids of 
different sizes: pT2-CAGGS-Venus (6,132 bps) and pFAR4-ITRs- 
CAGGS-Venus (4,227 bps). These two transposon plasmids were 
transfected at a concentration of 0.1 μg/μL into rd10 retinas at 
different stages of degeneration. After 24 h of cultivation, the expres-
sion of the Venus reporter gene in flat-mounted retinas was analyzed 
by fluorescence microscopy.

Our results showed successful transfection of pT2-CAGGS-Venus in 
rd10 mice from P61 onwards. Notably, no transfected cells were de-
tected at the earlier stages of P16 and P25. Using pFAR4-ITRs- 
CAGGS-Venus, expression was seen at all developmental stages, 
but with significantly lower efficiency at P16 and P25 (Figure 7A). 
Transfection efficiency of the different transposon plasmids was 
analyzed quantitatively by measuring the mean fluorescence 
intensity. In young rd10 retinas (P16 and P25), the fluorescence 
intensity using pFAR4-ITRs-CAGGS-Venus plasmid was 11.09 ± 

1.37 at P16 and 10.56 ± 3.19 at P25 (Figure 7B [top]). At P61, a 
significant increase in fluorescence intensity was observed with 

Figure 2. Transfected cell type in the retina of 3-month-old rd10 mice 

(A) Processes of pT2-CAGGS-Venus transfected yellow fluorescent cells traversed all retinal layers from the INL to the GCL. Anti-glutamine synthetase (GS)-stained Müller 

cells red. The fluorescence intensity diagram shows that pT2-CAGGS-Venus transfected cells had comparable fluorescence intensity characteristics to Müller cells labeled 

with anti-GS antibody. (B) Anti-calretinin labeled a representative subpopulation of amacrine cells in green. No obvious co-localization was observed between pT2-CAGGS- 

Venus-labeled transfected cells and anti-calretinin. (C) Anti-calbindin labeled horizontal cells red. No co-localization was observed between pT2-CAGGS-Venus-labeled 

transfected cells and anti-calbindin. INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bars, 50 μm.
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pFAR4-ITRs-CAGGS-Venus (64.04 ± 6.16) compared to pT2- 
CAGGS-Venus (44.35 ± 6.89). This effect was also observed in 3M 
and 6M rd10 retinas (62.07 ± 3.54 vs. 42.62 ± 6.58 and 64.61 ± 

3.37 vs. 36.35 ± 4.87, respectively; Figure 7B [bottom]).

To investigate the low transgene expression in the younger rd10 ret-
inas P16 and P25, we analyzed the expression of glial fibrillary acidic 
protein (GFAP), an inflammatory marker, in pFAR4-ITRs-CAGGS- 
Venus transfected retinas compared to non-transfected and adult 
rd10 retinas. Three different experimental conditions were evalu-
ated: no transfection and no cultivation (control), cultivation 
without transfection, and cultivation after transfection. In P16 
rd10 control retinas, GFAP expression was restricted to astrocytes 
in the GCL. After transfection and cultivation, Müller cells became 
slightly GFAP-positive. Clear morphological damage was visible 
(Figure S3A), which was also observed in transfected WT retinas 
(Figures 5 and 6). In P25 rd10 retinas, high GFAP expression was 
observed in all Müller cells regardless of the experimental conditions 
(Figure S3B). In adult rd10 retinas (P61 - 6M), GFAP expression in 
Müller cells did not increase significantly after transfection and culti-
vation compared to the corresponding control groups (Figures 
S3C–S3E).

Analysis of the transfected cell type using different transposon 

vector sizes

It is known that a reduction in plasmid size leads to an increase in 
transfection efficiency. Therefore, we further investigated the 
possible effect of plasmid size on the type of cell transfected. P61, 
3M, and 6M old rd10 retinas were transfected with the plasmids 
pT2-CAGGS-Venus and pFAR4-ITRs-CAGGS-Venus. Transfected 
cells were identified using retinal cell markers for Müller cells, ama-
crine cells, and horizontal cells in cross-sections of rd10 retinas, 
followed by co-localization analysis. In P61 rd10 retinas, yellow fluo-
rescent transfected cells crossed all retinal layers, with the pFAR4- 
ITRs-CAGGS-Venus transfected cells being particularly prominent. 
Nevertheless, co-localization analysis showed a consistent domi-
nance of Müller cells as transfected cells, independent of transposon 
plasmid size (Figure 8A). In 3M and 6M old rd10 retinas, consistent 
results were observed, with the highest population of transfected cells 
in retinas transfected with the pFAR4-ITRs-CAGGS-Venus plasmid. 
Again, the reduction in plasmid size did not result in transfection of 
any retinal cell type other than Müller cells (Figures 8B and 8C). 
Quantification of Venus protein expression showed that electropora-
tion with the pFAR4-ITRs-CAGGS-Venus plasmid resulted in a 
significantly higher transfection efficiency than electroporation 

with the pT2-CAGGS-Venus plasmid (Figure 8D), which is consis-
tent with the results of transfection efficiency analysis of flat- 
mounted retinas (Figure 7).

DISCUSSION

In this study, we established an electroporation-based non-viral ex- 
vivo gene delivery method using the SB transposon system in rd10 
retinal tissue and analyzed the effects of degeneration and remodel-
ing on transfection efficiency.

First, we optimized various settings for successful and efficient trans-
gene delivery into rd10 retinas ex vivo, including the choice of elec-
troporation device, electroporation buffer, plasmid concentration, 
and electroporation parameters. Since the overall goal is to establish 
a gene therapy approach for degenerative retinal diseases, we per-
formed these optimization experiments with degenerated retinas of 
3-month-old rd10 mice. A new version of the NEPA21 type II elec-
troporator was used, which adjusts and monitors the input and 
output parameters of electroporation, allowing accurate optimiza-
tion and verification of the actual electroporation parameters 
applied. Previous studies demonstrated a direct correlation between 
electric field intensity and transfection efficiency,35,36 underscoring 
the importance of optimizing electrical parameters to achieve effec-
tive transfection with minimal cell damage. Opti-MEM buffer was 
chosen as the electroporation buffer as it showed higher transfection 
efficiency compared to the conventional electroporation PBS 
buffer.37–39 In addition, previous studies showed that Opti-MEM 
buffer was able to improve cell viability during electroporation.40,41

With 0.1 μg/μL of plasmid DNA per electroporation, a concentration 
was chosen that provided a significantly increased transfection effi-
ciency. Although higher plasmid concentrations resulted in even bet-
ter transfection efficiencies in some cases, we chose this concentra-
tion because previous studies showed that plasmid concentration is 
a critical parameter for electroporation, as it is inversely proportional 
to cell viability.40

To identify the cell types transfected in the degenerated rd10 retinas 
by this method, we performed immunofluorescence staining with 
retinal cell-specific markers and analyzed the co-localization with 
the Venus-transfected cells. Our results showed that Venus-labeled 
cells traversed the degenerated rd10 retinal layers vertically from 
the INL to the GCL. Detailed analysis of fluorescence intensity and 
cell morphology showed a clear preference for Müller cell transfec-
tion, consistent with previous studies.39,42 In response to retinal 
degeneration, Müller cells undergo reactive gliosis with hypertrophy, 

Figure 3. Transfection efficiency and optimization of electroporation parameters of rd10 retinas at different ages 

(A) Flat-mounted rd10 retinas at different stages of degeneration were electroporated with 0.10 μg/μL SB100X transposase plasmid and pT2-CAGGS-Venus transposon 

plasmid mixture (ratio 1:16) using different poring pulse and transfer pulse voltages. The control group was treated identically but without the use of electroporation pa-

rameters (data not shown). No cells were transfected in P16 rd10 retinas. Few cells were transfected in P25 rd10 retinas at a poring pulse of 10 V and a transfer pulse of 10 V 

(arrowheads). The P61, 3M, and 6M retinas were successfully transfected with different poring and transfer pulses. At 10 V for the poring pulse and 10 V for the transfer pulse, 

adult rd10 retinas showed higher transfection efficiency than at other voltage settings. (B) The graphs show the mean fluorescence intensity of P16, P25, P61, 3M, and 6M 

rd10 retinas using different poring and transfer pulses. Each group consisted of a minimum of 3 retinas. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, using one-way 

ANOVA with Tukey’s multiple comparisons test. Scale bars, 500 μm.
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proliferation, translocation, and glial scarring,43–46 which may make 
them more amenable to transfection agents. In addition, the other 
cell types are located in the glial shadow of the Müller cell endfeet 
and are therefore less likely to come into contact with the electrodes 
or lie outside the applied electrical field. Matsuda and Cepko showed 
that the developmental stage of the retina influences the transfection 
capacity. Retinas from WT rats electroporated in vivo at P0 showed 
GFP-positive rod photoreceptors, bipolar cells, Müller cells and ama-
crine cells as the animals aged. Ex-vivo electroporation of WT mouse 
retinal explants showed strong GFP fluorescence over large areas of 
the P0 retina, whereas few GFP-positive cells were detected in the 
adult retina.42 In contrast, other studies showed that ganglion cells 
in adult mice and rat retinas can be transfected both ex vivo and 
in vivo by electroporation.39,47

Comparison of transfection efficiency at different ages of rd10 retinas 
showed a correlation between the progression of degeneration and 
the transfectability of retinal cells with our non-viral gene delivery 
method. Adult P61, 3M, and 6M old rd10 retinas showed effective 
transfection, probably due to glial scarring, whereas younger rd10 
(P16 and P25) retinas showed significant transfection resistance un-
der identical experimental conditions. The experiments were also 
performed with WT retinas (data not shown). The parameters estab-
lished for degenerated rd10 retinas did not result in successful 
plasmid transfection in non-degenerated WT retinas, which ap-
peared to be a robust barrier to plasmid DNA uptake.

We used dextran dye to evaluate the electroporation procedure and 
integrity of retinal cell membranes, as it is non-permeant to cell mem-
branes and requires electroporation for cellular entry.48 Our negative 
control group, in which the retinas were incubated in FD4 without 
electroporation, showed no fluorescence (data not shown). In 
contrast, the successful introduction of FD4 into cells of all ages of 
rd10 and WT retinas after electroporation indicates that the electro-
poration parameters and procedures we established were correct and 
allowed effective uptake of molecules into the cell cytoplasm. Further-
more, the intact cell morphology without FD4 leakage suggests that 
electroporation-induced pore formation in the cell membrane is tran-
sient and reversible. However, successful electroporation-based FD4 
delivery is not synonymous with successful DNA transfection as it 
is a complex process that requires DNA to be transcribed and trans-
lated once it has entered the cytoplasm or cell nucleus.49

Histological analysis and cell apoptosis assay showed that both the 
application of electrical pulses and plasmid transfection had minimal 

effects on morphology and cell survival in degenerated rd10 retinas. 
In contrast, significant damage and cell death were observed in tis-
sues cultured following electroporation, particularly in WT retinas, 
which may explain why Venus expression, derived from the pT2- 
CAGGS-Venus transposon, was not detectable. Significant cell death 
was also observed in the INL and GCL of transfected and cultured 
rd10 retinas, suggesting that neurons such as bipolar cells, horizontal 
cells, amacrine cells, and ganglion cells die during post-electropora-
tion cultivation, which may explain the undetectable transfection of 
these cell types.

When using plasmid DNA for transfection, plasmid size is inversely 
correlated with both transfection efficiency and cell survival.50–53

Marie et al. reported that the miniplasmid free of antibiotic resis-
tance markers (pFAR) enables efficient transfection and transgene 
expression in various cells and tissues.54–56 In combination with 
the SB transposon system, the resulting pFAR4-ITRs vectors, which 
were approximately 30% smaller than the corresponding pT2 vec-
tors, showed increased transfection efficiency for the transfer of 
the Venus transgene into HeLa cells and the PEDF transgene into pri-
mary retinal pigment epithelial cells.29 We investigated the transfec-
tion efficiency of the transposon plasmids pT2-CAGGS-Venus 
(6,132 bps) and pFAR4-ITRs-CAGGS-Venus (4,227 bps, 31% 
reduced size) in rd10 retinas and showed that the young, not yet 
or not fully degenerated P16 and P25 retinas could be transfected 
with the smaller pFAR4 transposon plasmid. In addition, transgene 
expression was increased 1.5-fold with the pFAR4-ITRs-CAGGS- 
Venus plasmid compared to the pT2-CAGGS-Venus plasmid, in 
agreement with the results of Pastor et al.29 A further reduced size 
transposon vector, pFAR4-ITRs-SV-Venus (2,984 bps), was used in 
the expectation that transgene expression would be further increased 
or that the early stages of rd10 retinas would be better transfected, 
which was not observed (data not shown). One reason for this 
may be the choice of promoter. The CAG promoter used in our plas-
mids, which contains elements from the cytomegalovirus (CMV) 
early enhancer element, chicken β-actin gene, and rabbit β-globin 
gene, is known for high transgene expression in mammalian cells.57

It is considered to be efficient and versatile, whereas the CMV pro-
moter can be associated with complex transcriptional silencing.58,59

Previous studies showed that the CAG promoter is active in different 
cell types. For example, using an AAV vector, CAG promoter-driven 
GFP expression was observed in the inner retina of Vldlr− /− mice, a 
model for retinal neovascularization.60 In our study, the pFAR4- 
ITRs-CAGGS-Venus plasmid achieved the highest transgene expres-
sion in degenerated ex-vivo transfected rd10 retinas, confirming that 

Figure 4. Integrity of the transfected cell membrane 

(A) Electroporation of FITC-dextran 4 kDa dye was performed on rd10 mouse retinas at developmental stages P16, P25, P61, 3M, and 6M. The flat-mounted retinas showed 

cells that had successfully taken up the dye, visible as green fluorescence. The magnified images show intact, clearly demarcated cells. (B) The same electroporation 

procedure was performed on P25, P61, 3M, and 6M WT retinas; the P16 WT stage could not be analyzed due to non-commercial availability. The flat-mounted WT retinas 

showed green cells that could be identified as intact, clearly distinguishable cells, indicating successful dye uptake and confirming electroporation-based transfection of WT 

retinas. (C) The graphs present the mean fluorescence intensity of rd10 and WT retinas at different developmental stages. Statistical analysis reveals no significant differences 

between stages for both rd10 and WT retinas (n = 3, one-way ANOVA test with Tukey’s multiple comparisons test). Scale bars, 100 μm for whole-mount retinal images and 

50 μm for the corresponding magnified images.
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both plasmid size reduction and promoter choice are critical for high 
transgene expression. Notably, Müller cells were still the only cell 
type that could be transfected despite the reduced plasmid size.

GFAP is a marker gene that is upregulated during glial activation and 
inflammation in retinal degeneration and is useful for analyzing 
retinal gliosis.45,61–63 We showed that GFAP expression before the 
onset of degeneration in P16 rd10 retinas was mainly localized to as-
trocytes in the GCL, in agreement with the findings of Gargini and 
Terzibasi.10 After transfection of the P16 rd10 retinas, significant 
structural changes were observed that were also seen in the trans-

fected and cultivated WT retinas. As photoreceptor death progressed 
(P25), GFAP expression increased significantly in Müller cells, as 
previously reported.46,64 In the later stages of rd10 retinal degenera-
tion (P61, 3M, and 6M), GFAP expression in Müller cells remained 
positive, consistent with previous reports of GFAP detection in 
Müller cells from 14-month-old rd10 retinas.10 However, GFAP 
expression was significantly lower in the older rd10 retinas compared 
to P25 rd10 retinas, similar to Pde6brd1/rd1 retinas.65 These results 
suggest that transfection efficiency is related to glial activation and 
that the high glial activation in P25 hinders Müller cell transfection. 
Importantly, GFAP expression did not significantly increase after 

Figure 5. Morphological characteristics of transfected and cultivated 3-month-old rd10 and WT retinas 

(A) H&E staining showed the comparison of structural integrity of rd10 and WT retinas with and without electroporation or cultivation. The degenerated rd10 retinas showed 

more uniform layering after electroporation and cultivation, whereas the WT retinas showed hypertrophy and damage. (B) The graph shows the total thickness of the de-

generated rd10 retinas. There were no significant changes due to electroporation and cultivation conditions (n = 4, using one-way ANOVA with Tukey’s multiple comparisons 

test). (C) The graphs show the thickness changes of inner and whole WT retinal layers with and without electroporation, with and without transposon plasmid addition, and 

before and after cultivation. There were no significant differences between the non-cultivated WT retinas. In the cultivation group, electroporation and plasmid addition 

significantly loosened the retina and increased thickness compared to cultivation alone. The thickness of electroporated (without and with transposon plasmid) and cultivated 

retinas increased significantly compared to the corresponding non-cultivated retinas. (n = 4, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, using one-way ANOVA 

with Tukey’s multiple comparisons test). PR, photoreceptor; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, 

ganglion cell layer. Scale bars, 100 μm.
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Figure 6. Cell apoptosis in transfected and cultivated 3-month-old rd10 and WT retinas 

(A) Cell apoptosis assay was performed on retinas of 3-month-old rd10 mice and age-matched WT mice using a standardized experimental setup. The study was divided into 

two groups, cultivated and non-cultivated. In both groups, the effects of electroporation, transposon plasmid addition or both together were studied. In the rd10 retinas, the 

total number of apoptotic cells increased in the cultivated group compared to the non-cultivated group. In the non-cultivated WT retinas, a significant increase in cell death 

was observed after transposon plasmid transfection compared to the two control groups. In general, an increase in apoptosis was observed after 24 h of cultivation. (B) Non- 

cultivated rd10 retinas display a limited number of apoptotic cells during the transfection process. However, significant cell death was observed in both INL and GCL after 

(legend continued on next page) 
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transfection and cultivation in late stage rd10 retinas, indicating that 
our electroporation-based gene delivery method has minimal effects 
on retinal inflammation.

The non-viral electroporation-based gene transfer method presented 
here uses the SB transposon system to efficiently genetically modify 
degenerated rd10 retinas ex vivo. Inherited retinal degenerations are 
genetically and phenotypically heterogeneous. To date, more than 
250 genes with disease-causing mutations have been identified 
(RetNet database), which is driving the development of gene therapy 
treatment approaches.66 The diversity of patient populations with 
different mutations and stages of retinal degeneration explains the 
multitude and continuous development and improvement of thera-
peutic approaches, which include genetic diagnostic approaches with 
biological therapies such as neurotrophic support, retinal cell trans-
plantation, and optogenetics,67–69 as well as bioengineering solutions 
using retinal prostheses (epiretinal Argus II retinal prostheses, sub-
retinal implant Alpha AMS/IMS, and Bionic suprachoroidal retinal 
implant).70 In contrast to mutation-specific viral gene therapy with 
voretigene neparvovec, the SB transposon-based gene transfer 
method used in this study pursues the idea of a more global, muta-
tion-independent therapy combined with the advantage of stable 
transgene expression with improved biological safety.18,20 To our 
knowledge, our study is the first to demonstrate significant differ-
ences in gene delivery efficiency during the progression of retinal 
degeneration in the rd10 mouse model. The results suggest that 
degeneration-dependent therapeutic targets need to be considered 
when applying this gene therapy approach.

In the early stages of retinal degeneration, limiting retinal inflamma-
tion, which leads to low transfection efficiency, may be a critical 
goal.64,71–74 In the later stages of retinal degeneration, when many 
or all photoreceptors are lost, neurons in the INLincluding horizon-
tal, bipolar, and amacrine cells—survive longer and offer the possi-
bility of improving residual vision.75 Retinal prostheses developed 
for this purpose activate multiple cell types simultaneously by deliv-
ering electrical stimuli to these INL neurons, resulting in the trig-
gering of basic visual functions. However, reactive Müller cell gliosis 
can form physical barriers around the electrodes, preventing electri-
cal coupling with the retinal neurons.76 Our study shows that glial 
scar formation offers the possibility of electroporation-based gene 
transfer into Müller cells. Retinal Müller cells, the major glial cells 
of the retina, play a crucial role in maintaining retinal homeostasis 
and supporting neuronal function. They secrete a variety of cyto-
kines and growth factors, such as neurotrophins, basic fibroblast 
growth factor, PEDF, glial cell line-derived neurotrophic factor, 
vascular endothelial growth factor, brain-derived neurotrophic fac-
tor, and leukemia inhibitory factor, to other cell types in the retina 

that protect degenerating neurons.77–79 In addition, Müller cells 
interact with all classes of retinal neurons and persist into the late 
stages of retinal degeneration, making them ideal candidates for 
Müller cell-specific gene therapy.78 We therefore see the potential 
to combine Müller cell-specific gene therapy with retinal prostheses. 
This involves the use of implantable electrodes for stimulation and 
electroporation, which could improve therapeutic outcomes in the 
late stages of degenerative retinal diseases.

However, there are some limitations to consider. The long-term 
health of the retina after transfection was not investigated in this 
study. Retinal cells are subjected to homeostatic stress and 
apoptosis during cultivation, which limits the study of effects on 
Müller cell physiology and overall retinal function during electro-
poration-based gene transfer. Although electroporation is a power-
ful tool in animal models, its application in human clinical practice 
is limited due to the invasive nature of the procedure required to 
place electrodes close enough to target retinal cells effectively.80

Our subsequent studies will focus on ex-vivo and in-vivo investiga-
tions, the transfer of therapeutic genes into the degenerated rd10 
retina and their effects on retinal structure and function, and the 
use of retinal prosthesis analogue electrode array structures for 
retinal electroporation.

MATERIALS AND METHODS

Animals

In this study, B6.CXB1-Pde6brd10/J (rd10) mice and C57BL/6J WT 
mice were used. Male and female rd10 mice were bred at the Institute 
of Laboratory Animal Science (Faculty of Medicine, RWTH Aachen 
University, Aachen, Germany); male and female WT mice were ob-
tained from Janvier Labs (Le Genest-Saint-Isle, France). All experi-
ments were performed in accordance with the ARVO Statement 
for the Use of Animals in Ophthalmic and Vision Research after 
approval (40135A4) of the Ethics Committee of the Institute of Lab-
oratory Animal Science (Faculty of Medicine, RWTH Aachen Uni-
versity). Animals were housed under controlled light conditions 
(12:12 h light/dark cycle) at a room temperature (RT) of 21◦C– 
23◦C and a humidity of 35%–65%. Water and food were provided 
ad libitum, and cages were cleaned once a week.

To investigate the effects of electroporation on the different stages of 
retinal degeneration, rd10 and age-matched WT retinas were 
analyzed at P16, P25, P61, 3M, and 6M. A total of 194 mice (388 ret-
inas) were used in this study. For the final statistical analysis, 325 ret-
inas were included, divided into 201 retinas for plasmid electropora-
tion; 27 retinas for FITC-dextran electroporation; and 97 retinas for 
histology, immunofluorescence, and TUNEL staining. It is impor-
tant to note that some retinas used for plasmid electroporation 

cultivation (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, using one-way ANOVA with Tukey’s multiple comparisons test). (C) In non-cultivated WT retinas, a 

significant increase in the number of apoptotic cells was observed in both INL and GCL after transposon plasmid transfection. After 24 h of cultivation, a significant increase in 

apoptosis was observed throughout the retina, regardless of electroporation without or with transposon plasmid addition (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, and 

****p < 0.0001, using one-way ANOVA with Tukey’s multiple comparisons test). PR, photoreceptor; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear 

layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bars, 100 μm.
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were also sectioned for subsequent immunofluorescence staining, 
but these were not included again in the quantification of animal 
numbers. Each experiment included both male and female mice. 
The difference of 63 retinas was used to establish and optimize the 
experimental protocols.

SB transposon-based plasmids

The SB transposon system used in this study consists of the SB100X 
transposase plasmid (4,752 bp)81 and two transposon plasmids, both 
encoding the yellow fluorescent protein (YFP, Venus) driven by the 
CAGGS promoter: pT2-CAGGS-Venus (6,132 bp)81 and pFAR4- 
ITRs-CAGGS-Venus (4,227 bp), a derivative of the antibiotic-free 
pFAR4 vector54 containing the ITRs extracted from pT2/HB.29 A to-
tal plasmid concentration of 0.1 μg/μL was used per electroporation, 
with a ratio of 1:16 between the SB100X transposase plasmid and the 
Venus transposon plasmid.28 Plasmid DNA was purified using 
plasmid purification kits (QIAGEN, Hilden, Germany) suitable for 
applications such as transfection, according to the manufacturer’s 
protocol.

Figure 7. Effect of transposon plasmid size on 

transfection efficiency in rd10 retinas of different 

ages 

(A) The transposon plasmids pT2-CAGGS-Venus 

(6,132 bps) and pFAR4-ITRs-CAGGS-Venus (4,227 

bps) were used to evaluate the effect of plasmid size on 

electroporation efficiency. The fluorescent cells in flat- 

mounted retinas indicate successful transfection, which 

occurred with pT2-CAGGS-Venus exclusively in older 

rd10 mice (from P61), whereas no transfected cells were 

detectable in the earlier stages P16 and P25. White 

arrowheads indicate the expression of pFAR4-ITRs- 

CAGGS-Venus observed in P25 stages of rd10 mice. (B) 

Quantitative analysis of the transfection efficiency in 

young and adult rd10 retinas was conducted by 

measuring the mean fluorescence intensity. The 

transfection efficiency of the pFAR4-ITRs-CAGGS- 

Venus transposon plasmid was significantly higher 

compared to the pT2-CAGGS-Venus plasmid (n = 3, 

*p < 0.05, and **p < 0.01, using two-way ANOVA with 

uncorrected Fisher’s least significant difference for 

young rd10 retinas and two-way ANOVA with Tukey’s 

multiple comparisons test for adult rd10 retinas). Scale 

bars, 500 μm.

Electroporation system

The NEPA21 type II electroporator (Nepa 
Gene, Ichikawa, Japan) and tissue-specific elec-
trodes were used for ex-vivo retinal electropo-
ration. A lower Petri dish Round Platinum 
Plate Electrode with Embankment Well 
(7 mm diameter; Nepa Gene) and an upper 
Cover Round Platinum Plate Electrode 
(5 mm diameter; Nepa Gene) were used. Dur-
ing electroporation, the upper electrode was 
precisely lowered to the same height using a 

scaled micromanipulator (World Precision Instruments, Sarasota, 
FL, United States).

E-vivo retinal electroporation and cultivation

Sterile PBS (PAN Biotech, Aidenbach, Germany) and Opti-MEM 
Reduced-Serum Medium (Gibco, Life Technologies, MA, United 
States) were used as buffers for electroporation. Sterile Ames’ me-
dium (Sigma-Aldrich, St. Louis, MO, United States) was prepared ac-
cording to the manufacturer’s recommendations for isolation and 
tissue culture of mouse retina (Ames and Nesbett 1981). The culture 
solution contained 1% N2 (Gibco, Life Technologies) and 2% B27 
(Gibco, Life Technologies) diluted in Ames’ medium.

Mice were deeply anesthetized and sacrificed with an overdose of iso-
flurane (AbbVie, Wiesbaden, Germany). Enucleated eyes were 
incised circularly along the limbus. The retina was carefully sepa-
rated from the eyecup and placed on a 3 × 3 mm2 nitrocellulose 
frame (GE Healthcare Europe, Freiburg, Germany) to allow for a 
better transition and to optimize preservation of the retinal 
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morphology. The mounted retina was then carefully placed photore-
ceptor side down on a culture insert (Corning, ME, United States), 
which was then placed on the lower plate electrode.

The reservoir of the lower plate electrode was filled with 40 μL of the 
plasmid mixture containing the SB100X transposase plasmid and the 

Venus transposon plasmid diluted in PBS or Opti-MEM buffer. A 
further 10 μL of the plasmid mixture was added to the mounted 
retinal tissue. The micromanipulator-controlled upper plate elec-
trode was then carefully lowered onto the 10 μL drop of plasmid 
mixture. The distance between the electrodes is 1.2 mm. The electric 
impedance between the retinal tissue and the electroporation buffer 

Figure 8. Effect of plasmid size on the transfected cell type in adult rd10 retinas 

(A–C) The different-sized plasmids pT2-CAGGS-Venus and pFAR4-ITRs-CAGGS-Venus were introduced into (A) P61, (B) 3M, and (C) 6M old rd10 retinas by electroporation. 

Transfected cells were identified with anti-GS (Müller cells), anti-calretinin (amacrine cells), and anti-calbindin (horizontal cells) antibodies after 24 h of cultivation, followed by 

co-localization analysis. Yellow fluorescent protein transfected cells were distributed throughout the retinal layers at all ages and for all plasmids used. They were analyzed in 

the whole retinal section and the transfected cells indicated by the white frames were subjected to co-localization analysis with the three retinal cell markers mentioned. These 

analyses showed that the transfected cells were co-labeled only with anti-GS. Overall, a high concordance of Müller cells with the transfected cells was found, independent of 

plasmid size. (D) The corresponding quantitative analysis was performed by measuring Venus protein expression area. The graphs show that retinas transfected with the 

pFAR4-ITRs-CAGGS-Venus plasmid had a higher number of transfected Müller cells compared to those transfected with the pT2-CAGGS-Venus plasmid (n = 3, *p < 0.05, 

using unpaired two-tailed t test). INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bars, 50 μm.
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was measured with values between 95 and 115 Ω. The following elec-
troporation parameters were used: 5–15 V (voltage), 5 ms (length), 
50 ms (interval), 1–2 (number), 10% (decay rate), +/− (polarity) 
for the poring pulse; 5–15 V, 50 ms, 50 ms, 1–5, 40%, +/− for the 
transfer pulse. The parameters recorded included the output volt-
ages, currents, and energy of the pulses after electroporation. The 
electroporated retina was incubated for 24 h on the culture insert 
in a 6-well cell culture plate with 1 mL culture medium/well at 
37◦C in a humidified atmosphere of 95% air and 5% CO2. Transfec-
tion efficiency of the flat-mount retinas was assessed one day after in-
cubation using a fluorescence microscope (Leica DMi8; Leica, Wet-
zlar, Germany).

FITC-dextran electroporation

To investigate electroporation in rd10 and WT mice, flat-mounted 
retinas were electroporated with fluorescein isothiocyanate (FITC)- 
dextran (FITC-dextran). Dextran, a glucose polymer of varying mo-
lecular weights, is widely used to assess pore size and membrane 
permeability and integrity due to its low toxicity and immunoge-
nicity.82 Dextran is usually conjugated with fluorophores such as 
FITC and allows detection by fluorescence microscopy.83–85 In our 
study, FITC-dextran with a molecular weight of 4 kDa (FD4; Merck, 
Darmstadt, Germany) was dissolved in sterile PBS and prepared at a 
concentration of 10 mg/mL. The final concentration used for electro-
poration was 4 mg/mL, diluted in Opti-MEM electroporation buffer. 
The electroporation parameters were applied in the same way as 
described previously. After electroporation, flat-mounted retinas 
were rinsed twice in Ames’ medium to remove non-incorporated 
FITC-dextran before direct examination by confocal fluorescence 
microscopy. A negative control treated with FITC-dextran but not 
electroporated was included in each experiment.

Histology and immunofluorescence staining

Retinal tissue was fixed in 4% paraformaldehyde (PFA) for 30 min at 
RT and then rinsed twice in PBS. Subsequently, the retina was cryo-
protected in PBS solutions containing 10%, 20%, and 30% sucrose for 
15, 15, and 30 min, respectively. The retinal tissue was then 
embedded in pure Tissue-Tek OCT (Sakura, Japan) and stored at 
− 20◦C. Vertical sections of retina cryoblocks were cut at 10 μm 
for histology and 20 μm for immunofluorescence staining using a 
cryostat and mounted on Superfrost Plus slides (Fisher Scientific, 
Germany).

Histological assessment was performed using H&E staining to eval-
uate retinal morphology after electroporation and cultivation. Sec-
tions were stained with hematoxylin for 10 min and eosin for 
8 min, and then washed with tap water for 10 min and coverslipped 
(VWR International, Radnor, PA, United States). Images were 
captured using a Slide Scanner (PreciPoint, Garching, Germany).

For immunofluorescence analysis, tissue sections were incubated 
overnight at RT with primary antibodies diluted in incubation solu-
tion BTA (5% bovine serum albumin [BSA; Carl Roth, Karlsruhe, 
Germany], 0.5% Triton X-100 [Merck], and 0.05% NaN3 [Merck] 

in PBS). Sections were washed with PBS and incubated with second-
ary antibodies diluted in BTA for 1 h at RT, washed in PBS, and cov-
erslipped with Aqua Polymount (Polysciences, Warrington, PA, 
United States). Sections were analyzed and photographed using a 
confocal fluorescence microscope (Zeiss LSM 980 Airyscan 2; Zeiss, 
Oberkochen, Germany). Primary antibodies included anti-GS (anti- 
glutamine synthetase, mouse IgG2a, 1:500; BD Biosciences, Franklin 
Lakes, NJ, United States), anti-GFAP (anti-glial fibrillary acidic pro-
tein, chicken polyclonal, 1: 500; Novus Biologicals, Centennial, Co., 
United States), anti-CabP (anti-calbindin, mouse monoclonal, 1:500; 
Merck), and anti-Cal (anti-calretinin, rabbit polyclonal, 1:500; Ab-
cam, Cambridge, United Kingdom). The YFP Venus did not require 
antibody labeling. Secondary antibodies included donkey anti- 
mouse Cy3 (1: 200; BIOZOL, Eching, Germany), goat anti-chicken 
647 (1:200; BIOZOL), and donkey anti-rabbit 647 (1: 200; 
BIOZOL). Cell nuclei were counterstained with 1 μg/mL 4′,6-diami-
dino-2-phenylindole (DAPI; Merck).

TUNEL apoptosis assay

Cell apoptosis in transfected retinas was determined using the In Situ 
Cell Death Detection Kit, TMR red (Merck). Briefly, retinal sections 
were incubated in permeabilization solution (0.1% Triton X-100) at 
RT for 5 min and rinsed twice with PBS. Subsequently, 100 μL of 
TUNEL reaction mixture (10 μL enzyme solution plus 90 μL label so-
lution) was added to each slide and incubated overnight at RT in the 
dark. Negative controls were treated with 100 μL of label solution 
only. Positive controls were incubated with recombinant DNase I 
(RNase-Free DNase Set; QIAGEN) for 5 min after permeabilization, 
then rinsed and mixed with the reaction mixture. The next day, slides 
were washed three times in PBS and incubated with 1 μg/mL DAPI 
for one hour. Fluorescence signals were captured using a confocal 
fluorescence microscope (Zeiss LSM 980 Airyscan 2; Zeiss). The 
number of apoptotic cells was quantified per field of view 
(25 × 104 μm2).

Data analysis and statistics

Statistical analyses were conducted using GraphPad Prism software 
10 (GraphPad, La Jolla, CA, United States). Results are described 
as mean ± standard deviation (SD). The corresponding statistical 
tests are indicated in the figure legends. A p value <0.05 was consid-
ered statistically significant.
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