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The rd10 mouse is a widely used model for degenerative retinal diseases such as retinitis pigmentosa 
(RP). Its retina shows rhythmic spontaneous activity at a frequency of three to seven Hz, and 
the retinal ganglion cells (RGCs) are less electrically excitable. We hypothesize that the electrical 
excitability can be improved by suppressing the oscillations using the neuroprotective drugs 
2-aminoethanesulphonic acid (taurine), brimonidine and betaxolol. These are involved in calcium 
homeostasis and may play a crucial role in neuroprotection and excitotoxicity by preventing Ca2+ 
overload. Spontaneous activity and responses to electrical stimulation of isolated retinas from 
3- to 4-month-old rd10 mice were recorded using multielectrode arrays. At defined times, the 
neuroprotectants were repeatedly added to the medium according to a standardized protocol to 
analyze the reproducibility and reversibility of their effects. Taurine and betaxolol significantly reduced 
oscillations and bursting behavior and ameliorated electrical efficiency. Brimonidine only reduced the 
frequency of oscillations. The effects on oscillation, spontaneous firing frequency, bursting behavior 
and stimulation efficiency were reproducible and reversible. The drugs tested appear to be promising 
therapeutic candidates for improving the residual function of RGCs. They will be further investigated 
and combined with other RP treatments, such as retinal prostheses, in the future.
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Retinal dystrophies and degenerations are progressive diseases characterized by the loss of retinal cells, mainly 
photoreceptors and retinal pigment epithelial (RPE) cells. They are caused either by a genetic defect or, with 
increasing age, by environmental and genetic factors. Examples include retinitis pigmentosa (RP) and geographic 
atrophy (GA), one of the two advanced forms of age-related macular degeneration (AMD).

In RP, the most common inherited retinal dystrophy with a prevalence of approximately 1:40001,2, rod 
photoreceptors degenerate first, followed by cone degeneration, leading to night blindness, peripheral visual 
loss, and ultimately advanced vision loss to blindness. The disease is heterogeneous, and mutations have been 
identified in more than 110 different genes (RetNet, https://retnet.org/, accessed March 6, 2025), inherited either 
as an autosomal dominant, autosomal recessive or X-linked trait. Due to its genetic heterogeneity, treatment 
of RP remains challenging and is not the same for every patient. It includes symptomatic therapies (e.g., 
visual aids)3–5, retinal prostheses6, and gene therapy for specific mutations (e.g., voretigene neparvovec for the 
treatment of bi-allelic mutations in the RPE65 gene)7.

AMD, the leading cause of irreversible blindness in people over the age of 60 in developed countries, is 
expected to affect 288 million people worldwide by 20408. It can progress to two advanced forms: atrophic AMD 
and exudative AMD, the latter affecting only 10–15% of patients. While anti-VEGF therapy has revolutionized 
the treatment of exudative AMD9, two therapeutics for end stage of dry AMD (GA) have only recently become 
available and have been approved by the U.S. Food and Drug Administration in 202310,11. However, their approval 
in Europe has been withdrawn12. The reason given was that although atrophy progression was significantly 
slowed, this did not lead to a clinically relevant functional benefit for patients. Another treatment approach for 
GA is the PRIMA prosthesis, in which photovoltaic pixels convert projected light directly into electrical current 
patterns. Data from a first-in-human clinical trial confirmed that implantation was feasible and well tolerated 
without compromising natural peripheral vision, and that the prosthesis provided reliable letter recognition13.
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Retinal prostheses were considered a promising technology for patients with RP and GA and were 
commercially available, but high costs and lower than expected efficacy led to their withdrawal from the 
market. One reason for the low efficacy was the failure to consider the retinal remodeling that occurs because 
of photoreceptor degeneration. It includes neuronal death and migration, glial cell migration, formation of new 
neurites and synapses, rewiring of retinal circuits, glial hypertrophy and formation of a fibrotic glial seal14–16.

Remodeling also occurs in animal models of retinal degeneration, including the rd10 mouse, which is 
characterized by a point mutation in the gene encoding the beta subunit of rod cGMP phosphodiesterase. 
This gene has also been identified as a causative gene in patients with RP and congenital stationary night 
blindness17, making the rd10 mouse a good animal model for the autosomal recessive form of RP. Compared 
to rd1 retinas, rd10 retinas show a delayed onset and slower progression of degeneration, with first histological 
changes at postnatal day 16 (P16) and disappearance of the a- and b-waves in the electroretinogram within the 
first 2 months of life18. Explanted rd10 retinas show additional pathological features of electrical activity, such 
as the occurrence of oscillations in the range of three to seven Hz and a reduced stimulation efficiency19–21. 
The origin of the oscillations is not fully understood, but photoreceptor degeneration and subsequent inner 
retinal remodeling appear to play an important role. One model describes the interaction between residual cone 
photoreceptors, rod bipolar cells and horizontal cells, where oscillations are seen as a consequence of synaptic 
remodeling triggered by photoreceptor death22. Another model suggests recurrent interactions between AII 
amacrine cells and cone bipolar cells, with voltage-gated Na+ and K+ channels of AII amacrine cells playing an 
important role as intrinsic triggers23–25.

Characteristics of electrical retinal activity can be measured with multielectrode arrays (MEAs), which are 
used to study complex neuronal networks ex vivo. MEAs consist of several metal electrodes arranged in an array 
that can be used to record neuronal signals or emit electrical signals. They are also used to study the effects of 
inhibitory or neuroprotective substances on neuronal networks.

Neuroprotective substances serve to maintain the physiological function of neurons and prevent or slow their 
degeneration. Mechanisms of action range from beneficial effects on mitochondrial dysfunction, attenuation or 
inhibition of apoptosis, excitotoxicity, inflammation, oxidative stress and protein misfolding to neurotrophic 
activity, modulation of neuronal survival signaling pathways, autophagy, and epigenetics26. Neuroprotective 
substances include chemical and naturally occurring molecules as well as proteins. Our literature research 
identified taurine, brimonidine and betaxolol as promising candidates. Taurine (2-aminoethanesulfonic acid), 
which, unlike other amino acids, has a sulfonic acid instead of a carboxyl group. Taurine is ubiquitous in most 
mammalian cells and tissues. It plays a critical role in modulating Ca2+ homeostasis, has antioxidant, anti-
apoptotic, anti-inflammatory and neuromodulatory activities, attenuates endoplasmic reticulum stress, regulates 
gene expression, and serves as an organic osmolyte27. In the retina, taurine deficiency induces oxidative stress 
and apoptosis and results in degeneration of photoreceptors and retinal ganglion cells (RGCs)28–30.

A second molecule is brimonidine (brimonidine tartrate), which belongs to the group of sympathomimetics. 
As a selective alpha-2 adrenergic receptor agonist, it reduces aqueous humor production and increases 
uveoscleral outflow in the treatment of glaucoma or ocular hypertension31. In addition, brimonidine has a 
neuroprotective effect on retinal neurons, as demonstrated in in vivo models of elevated intraocular pressure32,33 
and phototoxicity34,35. In a phase 2b clinical study, intravitreal brimonidine was shown to reduce GA growth36. 
A third molecule is betaxolol, a selective beta-1 adrenergic receptor antagonist used to treat hypertension and 
glaucoma. In the eye, it slows the production of aqueous humor, thereby lowering intraocular pressure37. Further 
studies have shown that betaxolol has a neuroprotective effect, probably by blocking calcium entry through 
voltage-gated calcium channels38,39.

Many studies demonstrating neuroprotective effects on RGCs are based on histological, immunohistochemical, 
protein biochemical, and molecular biological analyses rather than on functional investigations. The aim of our 
study was to investigate the effect of taurine, brimonidine and betaxolol on pathological RGC activity—the 
occurrence of oscillations and reduced stimulation efficiency—in rd10 retinas ex vivo using MEAs. In contrast to 
previous studies, we analyzed the electrophysiological effects of these substances in degenerative retinal diseases.

Results
Drug-induced modulatory potential on the oscillatory activity of the rd10 retina
As many other studies have previously shown, reproducible oscillations with robust frequencies of three to 
seven Hz occur in local field potentials (LFPs) in 3- to 4-month-old rd10 mice19,21,40. Summarizing all MEA 
experiments, we observed oscillations with an initial mean value of 5.22 ± 2.01 Hz measured in 85.1 ± 10.9% of 
the recording channels during the first Ames’ perfusion (A.1st; shown as baselines in Figs. 1 and 2).

With the addition of 1.0 mM taurine, the frequency of rd10 oscillations decreased to 3.37 ± 3.09 Hz during 
the first wash-in and to 2.41 ± 3.13 Hz during the second wash-in (p < 0.0001). Oscillations were detected in 
only 52.7 ± 30.0% (p = 0.24) and 35.8 ± 31.5% (p = 0.03) of the recording channels, respectively, compared to 
85.2 ± 13.8% during the initial perfusion with Ames’ medium (Fig. 1a). Increasing the taurine concentration 
to 1.5  mM resulted in a further decrease of oscillations to a frequency of 1.47 ± 2.52  Hz (56.4% less) and 
0.97 ± 2.20  Hz (59.8% less) (p < 0.0001, Ta.1st vs. Ta.2nd: not significant), with a significant dose-dependent 
decrease between 1.0 mM and 1.5 mM taurine (two-tailed t-test, Ta.1st and Ta.2nd, p < 0.0001) and a reduced 
number of electrodes with oscillations (from initially 75.8 ± 9.72% to 26.5 ± 16.4% and 16.8 ± 15.1%, p < 0.0001; 
Fig. 1b) without a dose-dependent difference (two-tailed t-test with 1.0 mM and 1.5 mM taurine, Ta.1st and 
Ta.2nd, not significant). Based on the perfusion protocol used, a significantly reversible and reproducible effect of 
both 1.0 mM and 1.5 mM taurine was observed. Oscillation frequency was significantly reduced, and oscillations 
were even abolished in many electrodes (Fig. 1c).

During the first wash-in of 150  µM brimonidine, all channels showed oscillations with a frequency of 
4.60 ± 0.42 Hz, which was reduced by only 21.9% compared to the initial frequency of 5.89 ± 0.81 Hz (p < 0.0001). 
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The second wash-in showed the same reversible and reproducible effect (4.71 ± 0.35  Hz, corresponding to a 
reduction of 20.0% compared to the initial value, p < 0.0001, Br.1st vs. Br.2nd: not significant). The number of 
channels with oscillations ranged from 88.8 ± 8.64% to 97.6 ± 3.77% throughout the experiment (not significant, 
Fig. 2a).

The addition of 100 µM betaxolol to the perfusion medium resulted in a significant reduction of the oscillation 
frequency from an initial 5.52 ± 1.77  Hz to 0.74 ± 1.42  Hz and 0.77 ± 1.40  Hz (reduction of approximately 
86%, p < 0.0001, Bx.1st vs. Bx.2nd: not significant). However, after the second and third perfusion with Ames’ 
medium, the oscillation frequency did not return to the initial value but decreased by 56.3% and 60.9% to 
2.41 ± 1.79  Hz and 2.16 ± 1.98  Hz, respectively. The number of channels with oscillations decreased from 
90.9 ± 7.26% to 66.4 ± 10.7% and 57.5 ± 10.4% during the Ames’ medium perfusions (A.1st vs. A.2nd: p = 0.03, 
A.1st vs. A.3rd: p = 0.003, A.2nd vs. A.3rd: not significant) and was only 20.3 ± 15.7% to 22.0 ± 15.6% during the two 
betaxolol perfusions (p < 0.0001, A.2nd vs Bx.2nd: p = 0.0001; Fig. 2b). We observed a partially reversible and fully 
reproducible effect with betaxolol (Bx.1st vs. Bx.2nd: not significant).

Effect of the drugs on the spontaneous firing frequency of the rd10 retina
Spontaneous firing frequency was similar in all initial perfusions with Ames’ medium and ranged from 
14.1 ± 15.0 Hz to 22.1 ± 15.9 Hz at cell level and from 33.6 ± 50.1 Hz to 52.6 ± 52.8 Hz at channel level. For all 
drugs except for brimonidine, the effect on spontaneous firing frequency was reversible and reproducible.

Fig. 1.  Effect of taurine on the oscillation frequency of local field potentials in rd10 retinas. The upper graphs 
show the analysis of the oscillation frequencies [Hz] during the individual perfusion steps with Ames’ medium 
(A.1st–A.3rd, white) and (a) 1.0 mM taurine (Ta.1st–Ta.2nd, light grey) or (b) 1.5 mM taurine (dark grey). (179 
channels analyzed for 1.0 mM taurine; 259–260 channels analyzed for 1.5 mM taurine). The lower graphs 
show the number of active channels with oscillations [%] during perfusion with Ames’ medium and 1.0 mM 
or 1.5 mM taurine. Data are presented as box-and-whisker plots (33–59 channels included for 1.0 mM taurine; 
46–57 channels included for 1.5 mM taurine). The mean values of the oscillation frequency and the percentage 
recording channels with oscillations during the first Ames’ perfusion from all experiments are shown as 
dotted lines. (c) Representative recordings of four selected MEA channels during alternating perfusion with 
Ames’ medium and 1.5 mM taurine. The 50 Hz low pass filtered data illustrate the repetitive appearance and 
disappearance of oscillations (x-axis scale: 500 ms, y-axis scale: ± 100 µV).
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We performed the analysis of spontaneous firing frequency at both cell and channel level because we wanted 
to analyze whether there was a visible difference between cell and electrode/channel level. Due to spike sorting, 
many spikes were excluded from the cell-level analysis. We observed a higher firing rate at channel level.

With 1 mM taurine, the spontaneous firing frequency at cell level decreased by 69.9% to 6.63 ± 8.77 Hz during 
the first wash-in (p < 0.0001), increased to 15.47 ± 11.31  Hz during the second Ames’ perfusion (p = 0.002), 
decreased by 60.0% to 6.20 ± 10.51  Hz during the second wash-in (p = 0.023), and increased again to a final 
frequency of 16.1 ± 11.0 Hz during the third Ames’ perfusion step (p = 0.015). At channel level, the first wash-in 
resulted in a 2.5-fold reduction in spontaneous firing frequency (from 34.7 ± 52.5 Hz to 13.8 ± 37.6 Hz, p = 0.0005) 
and the second wash-in resulted in a 2.0-fold reduction (from 32.7 ± 46.6 Hz to 16.0 ± 43.5 Hz, p = 0.071; Fig. 3a). 
Spontaneous firing frequency was similar between all three Ames’ and between the two taurine perfusion steps 
(for 1.0 and 1.5 mM), respectively (not significant). Perfusion with 1.5 mM taurine had the same effects. At cell 
level, a decrease to 4.17 ± 6.89 Hz (first wash-in, p < 0.0001) and 3.98 ± 7.16 Hz (second wash-in, p = 0.046) was 
observed, which is a reduction of 70.4% and 64.5%, respectively, compared to the previous Ames’ perfusion step. 
At channel level, a 2.1-fold reduction (from 33.6 ± 50.1 Hz to 16.3 ± 46.3 Hz, p = 0.018, and from 35.8 ± 49.0 Hz 
to 17.3 ± 51.9 Hz, p = 0.007) was observed during the two wash-in steps (Fig. 3b,c).

Both wash-in steps with 150  µM brimonidine had no significant effect on spontaneous firing frequency, 
neither at cell level (17.2 ± 12.1  Hz and 14.8 ± 10.3  Hz for Br.1st and Br.2nd compared to 18.1 ± 14.5  Hz, 
16.1 ± 13.0 Hz and 15.6 ± 12.9 Hz for A.1st-A.3rd) nor at channel level (54.7 ± 52.5 Hz and 55.5 ± 51.0 Hz for Br.1st 
and Br.2nd compared to 52.6 ± 52.8 Hz, 51.3 ± 50.6 Hz and 54.4 ± 50.1 Hz for A.1st-A.3rd; Fig. 4a).

With 100 µM betaxolol, the spontaneous firing frequency at cell level decreased by 64.1% from 16.3 ± 12.6 Hz to 
5.85 ± 6.72 Hz during the first wash-in, increased to 13.0 ± 10.7 Hz during the second Ames’ perfusion, decreased 
by 67.8% to 4.18 ± 4.00 Hz during the second wash-in and increased again to a frequency of 12.4 ± 9.57 Hz during 
the third Ames’ perfusion step (p < 0.0001). At channel level, the first wash-in resulted in a 2.3-fold reduction 

Fig. 2.  Effect of brimonidine and betaxolol on the oscillation frequency of local field potentials in rd10 retinas. 
The upper graphs show the analysis of the oscillation frequencies [Hz] during the individual perfusion steps 
with Ames’ medium (A.1st–A.3rd, white) and (a) 150 µM brimonidine (Br.1st–Br.2nd, light green) or (b) 100 µM 
betaxolol (Bx.1st–Bx.2nd, light blue). (247–277 channels analyzed for 150 µM brimonidine; 243 channels 
analyzed for 100 µM betaxolol). The lower graphs show the number of active channels with oscillations [%] 
during perfusion with Ames’ medium and 150 µM brimonidine or 100 µM betaxolol. Data are presented as 
box-and-whisker plots (not significant, 52–59 channels included for 150 µM brimonidine, 32–56 channels 
included for 100 µM betaxolol). The mean values of the oscillation frequency and the percentage recording 
channels with oscillations during the first Ames’ perfusion from all experiments are shown as dotted lines. The 
panels show representative recordings of four selected MEA channels during alternating perfusion with Ames’ 
medium and (a) 150 µM brimonidine or (b) 100 µM betaxolol. The 50 Hz low-pass filtered data illustrate the 
persistence of oscillations during brimonidine wash-in and the repeated disappearance of oscillations during 
betaxolol wash-in (x-axis scale: 500 ms, y-axis scale: ± 100 µV).
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in spontaneous firing frequency (from 34.7 ± 39.1 Hz during A.1st to 15.2 ± 28.7 Hz during Bx.1st, p < 0.0001); 
the second wash-in resulted in a 3.1-fold reduction (from 36.9 ± 37.8 Hz during A.2nd to 12.1 ± 26.1 Hz during 
Bx.2nd, p < 0.0001; Fig. 4b).

Effect of the drugs on the bursting behavior of the rd10 retina
In addition to oscillations, bursts are another pathological component of spontaneous activity in the rd10 retina. 
No significant changes in burst rates were observed when 1.0 mM taurine was used (Fig. 5a), which changed when 
the taurine concentration was increased to 1.5 mM. Here, the percentage of spikes fired in bursts decreased 4.9-
fold from 32.9 ± 29.1% to 6.66 ± 17.1% (p < 0.0001). Wash-out of taurine returned the percentage to 29.7 ± 27.1% 
(p = 0.0001). Repeated taurine perfusion again reduced the burst rate by a factor of 4 to 7.41 ± 14.8% reproducibly 
(p = 0.004, Ta.1st vs. Ta.2nd: not significant), which was again reversible (30.4 ± 25.7% during the third perfusion 
with Ames’ medium, p = 0.002, all Ames’ perfusion steps: not significant; Fig. 5b).

There were no significant changes in burst rates when 150 µM brimonidine was used. In fact, a slight increase 
in the percentage of spikes fired in bursts was observed (32.5 ± 25.5 during the first perfusion with Ames’ medium 
to 40.7 ± 26.4% during the second perfusion with brimonidine; Fig. 5c).

Perfusion with 100 µM betaxolol showed the greatest reduction in burst rates: a percentage of 4.04 ± 7.25% 
during the first wash-in and 2.03 ± 5.09% during the second wash-in represented a 7.7-fold and 15.3-fold 
decrease, respectively, from the initial percentage of 31.0 ± 25.0% (p < 0.0001, Bx.1st vs. Bx.2nd: not significant). 
During the second and third perfusion with Ames’ medium, the burst rate returned to 35.6 ± 25.3% and 
36.0 ± 23.4%, respectively (p < 0.0001, all Ames’ perfusion steps: not significant; Fig. 5d). Overall, the effect on 
bursting behavior with betaxolol was reversible and reproducible.

Fig. 3.  Effect of taurine on the spontaneous firing frequency of rd10 neurons. Analysis of the spontaneous 
firing frequency [Hz] at cell level (upper graphs) and at channel level (lower graphs) during the individual 
perfusion steps with Ames’ medium (A.1st–A.3rd, white) and (a) 1.0 mM taurine (Ta.1st–Ta.2nd, light grey) or 
(b) 1.5 mM taurine (dark grey). Data are presented as box-and-whisker plots (18–70 cells analyzed for 1.0 mM 
taurine; 21–99 cells analyzed for 1.5 mM taurine; 70–178 channels analyzed for 1.0 mM taurine; 138–185 
channels analyzed for 1.5 mM taurine). (c) Representative recordings of four selected MEA channels during 
alternating perfusion with Ames’ medium and 1.5 mM taurine. The 200–2000 Hz band-pass filtered data 
illustrate the spontaneous firing activity of the differently perfused rd10 retina (x-axis scale: 500 ms, y-axis 
scale: ± 100 µV).
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Effect of the drugs on the stimulation efficiency of the rd10 retina
Electrical stimulation in the presence and absence of the different drugs was performed with different biphasic 
pulses in the range of ± 40–100 µA, with a current strength of ± 80 µA being the most effective (Fig. 6). The 
stimulation efficiency was calculated as the coefficient of the firing rate 3 s before the stimulus and the firing 

Fig. 5.  Effect of taurine, brimonidine and betaxolol on the bursting behavior of rd10 neurons. Analysis of the 
number of spikes in bursts [%] during the individual perfusion steps with Ames’ medium (A.1st–A.3rd, white) 
and (a) 1.0 mM taurine (Ta.1st–Ta.2nd, light grey; 16–70 cells analyzed), (b) 1.5 mM taurine (Ta.1st–Ta.2nd, dark 
grey; 21–99 cells analyzed), (c) 150 µM brimonidine (Br.1st–Br.2nd, light green; 118–172 cells analyzed) or (d) 
100 µM betaxolol (Bx.1st–Bx.2nd, light blue; 81–156 cells analyzed).

 

Fig. 4.  Effect of brimonidine and betaxolol on the spontaneous firing frequency of rd10 neurons. Analysis 
of the spontaneous firing frequency [Hz] at cell level (upper graphs) and at channel level (lower graphs) 
during the individual perfusion steps with Ames’ medium (A.1st–A.3rd, white) and (a) 150 µM brimonidine 
(Br.1st–Br.2nd, light green) or (b) 100 µM betaxolol (Bx.1st–Bx.2nd, light blue). Data are presented as box-and-
whisker plots (120–172 cells analyzed for 150 µM brimonidine; 81–156 cells analyzed for 100 µM betaxolol; 
208–231 channels analyzed for 150 µM brimonidine; 212–231 channels analyzed for 100 µM betaxolol). The 
panels show representative recordings of four selected MEA channels during alternating perfusion with Ames’ 
medium and (a) 150 µM brimonidine or (b) 100 µM betaxolol. The 200–2000 Hz band-pass filtered data 
illustrate the spontaneous firing activity of the differently perfused rd10 retina (x-axis scale: 500 ms, y-axis 
scale: ± 100 µV).
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rate 0.5 s after the stimulus (spike response coefficient). During the first perfusion with 1.5 mM taurine, the 
spike response coefficient increased 4.9-fold from 2.73 ± 2.82 to 13.4 ± 20.1 (p = 0.012). The effect was reversible 
and could be repeated during the second taurine perfusion (4.8-fold increase from 4.27 ± 7.02 to 20.5 ± 33.5, 
p < 0.0001). With the final wash-out with Ames’ medium, the stimulation efficiency decreased again to 3.68 ± 4.67 
(p < 0.0001; Fig.  6a). For the other current strengths tested, the maximum spike response coefficient during 
taurine perfusion was 14.2 ± 27.7 at ± 40 µA, 19.5 ± 36.7 at ± 60 µA and 21.1 ± 28.9 at ± 100 µA (Supplementary 
Fig. S1).

Perfusion with 150 µM brimonidine did not significantly increase the stimulation efficiency after stimulation 
with ± 80 µA. The coefficients of 2.63 ± 2.81 (Br.1st) and 2.62 ± 3.15 (Br.2nd) were even lower than those calculated 
for the second (3.58 ± 4.79) and third (3.36 ± 5.23) perfusion with Ames’ medium (not significant; Fig.  6b). 
Stimulation with ± 40 µA, ± 60 µA and ± 100 µA gave comparable results (Supplementary Fig. S2).

The use of 100 µM betaxolol resulted in a higher stimulation efficiency. When stimulated at ± 80 µA, starting 
from a coefficient of 1.42 ± 0.60, the first betaxolol wash-in showed a 4.8-fold increase to 6.78 ± 11.9 (p = 0.003), 
which decreased again to 2.65 ± 5.47 under Ames’ perfusion (p = 0.02), increased again to 7.53 ± 11.2 at the 
second betaxolol wash-in (p = 0.003), and finally decreased to 2.46 ± 2.60 (p = 0.002) (Fig. 6c). Betaxolol induced 
a reversible and reproducible effect on the stimulation efficiency (Bx.1st vs. Bx.2nd: not significant, all Ames’ 
perfusion steps: not significant). The maximum spike response coefficients at ± 40 µA, ± 60 µA and ± 100 µA were 
6.27 ± 20.2, 6.36 ± 19.9 and 9.16 ± 26.6, respectively (Supplementary Fig. S3).

Discussion
Several studies have shown that taurine, brimonidine, and betaxolol have positive neuromodulatory or even 
neuroprotective effects on retinal thickness, photoreceptors and the ganglion cell layer in animal models of 
glaucoma, retinal ischemia, RP or AMD. Examples include taurine-mediated protection of RGCs in a model 
of episcleral vein cauterization or after photoreceptor loss in P23H rats41, taurine-mediated rescue of cone 

Fig. 6.  Effect of taurine, brimonidine and betaxolol on the stimulation efficiency of rd10 neurons to electrical 
stimulation. The graphs show the analysis of the stimulation efficiency of rd10 neurons to electrical stimulation 
(± 80 µA, 500 µs per phase) during the individual perfusion steps with Ames’ medium (A.1st–A.3rd, white) 
and (a) 1.5 mM taurine (Ta.1st–Ta.2nd, dark grey), (b) 150 µM brimonidine (Br.1st–Br.2nd, light green) or 
(c) 100 µM betaxolol (Bx.1st–Bx.2nd, light blue). Data are presented as box-and-whisker plots (28–61 cells 
analyzed for 1.5 mM taurine; 79–117 cells analyzed for 150 µM brimonidine; 50–75 cells analyzed for 100 µM 
betaxolol). The panels show representative recordings of individual retinal neurons (two per drug) before and 
after application of an electrical stimulus (± 80 µA; inverted triangle). The timestamps illustrate the sorted 
spikes immediately one second before and after the stimulus.
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populations and partial maintenance of ERG function in a model of MNU-induced photoreceptor degeneration28, 
brimonidine-mediated preservation of retinal thickness and number of RGCs in a model of NMDA-induced 
RGC death42, and betaxolol-mediated reduction of photoreceptor loss and associated protection of ERG 
function in a model of photic-induced retinopathy39. Here, protection of retinal function referred to protection 
of the photoreceptors and maintenance of the ERG. However, to our knowledge, the effects of these substances 
on altered RGC function in a RP model—in terms of oscillations, spontaneous firing frequency, bursting 
behavior, and stimulation efficiency—have not yet been investigated. Therefore, we analyzed the modulation 
of RGC functionality by the above-mentioned neuroprotective drugs in retinas of 3- to 4-month-old rd10 mice 
using MEA recordings in terms of the spontaneous behavior of the degenerated retinas and the effects after 
stimulation of the degenerated retinas. To assess the reproducibility and reversibility of the drug effects, an 
experimental protocol was established with two drug perfusion steps separated by a pre- and post-perfusion 
with Ames’ medium. Overall, the electrical activity during the first Ames’ perfusion was often lower than during 
the second or third Ames’ perfusion, which could be due to the stress of the preparation, although a lead time of 
at least 40 min was used to ensure a steady state of retinal activity.

The altered activity of the RGCs, manifested as reduced electrical excitability, suggests that the oscillations 
are partially responsible for the reduced effectiveness of visual prostheses in RP patients20,21,43. The oscillations 
in the LFPs as part of the aberrant activity of the RGCs result in a reduced signal-to-noise ratio. They might 
act as background noise that reduces the efficiency of stimulation and impairs the clarity of visual signaling in 
the retina and the signal transmission within the neuronal network from the eye to the brain20,21,43–46. The first 
question that arose was to examine the altered spontaneous activity and manipulate the oscillations to optimize 
retinal function. Here, taurine and brimonidine proved to be promising neuroprotective drugs that significantly 
reduced these oscillations, whereas betaxolol almost completely abolished them. At the same time, we observed 
a slight change in the shape of the oscillations in the LFP with betaxolol, which was not seen with taurine and 
brimonidine. As the origin of the oscillations is not yet fully understood, our results suggest that betaxolol 
interferes with the signaling pathway in a different way to taurine and brimonidine.

Reduced spontaneous firing activity and vanishing oscillations have been described for several substances 
in retinal degeneration models, including ionotropic glutamate receptor blockers, CNQX (an AMPA receptor 
antagonist), glycine, gamma-aminobutyric acid (GABA, the main inhibitory neurotransmitter in the central 
nervous system), and benzodiazepines19,21,47. In addition, various gap junction blockers (meclofenamic acid 
(MFA), 18-β-glycyrrhetinic acid) or flupirtine (a potassium channel opener) also showed a reduction in 
spontaneous firing rate and oscillations. Except for MFA, these substances reduced the sensitivity to light stimuli 
but improved the signal-to-noise ratio of light responses48. Furthermore, the suppression of oscillations, for 
example, induced by gap junction blockers or benzodiazepines, could induce a metabolic inhibition, reduce 
background noise and enhance responses to stimulation resulting in an increased stimulation efficiency21,45,46. 
Taurine’s mode of action may be explained by its structural similarity to GABA and the resulting activation of 
different types of GABA-as well as glycine receptors49,50. Brimonidine has been shown to enhance GABAergic 
transmission via GABAA receptors, resulting in GABAergic responses51. Betaxolol has been shown to reduce 
glutamate-induced spontaneous firing rate in RGCs by reducing voltage-dependent sodium and calcium 
currents, thus counteracting glutamate as a GABA antagonist52.

In healthy retinas, the transmission of visual information from the retina to the lateral geniculate nucleus 
(LGN) is improved and augmented, and synaptic plasticity can be induced by bursts53,54. In degenerated rd1 
and rd10 retinas, a correlation between the occurrence of bursts, the presence of oscillations and a reduced 
stimulation efficiency has already been investigated and showed similar results to our study20,43,45. Several gap 
junction-blockers, flupirtine and the neurotransmitters glycine, GABA, and benzodiazepines increased the 
efficiency of electrical stimulation while suppressing oscillations in the rd10 retina21,45,48. In our experiments, 
increased stimulation efficiency was also observed during taurine and betaxolol perfusion, with fewer bursts 
and reduced or almost abolished oscillations. Previous studies by our group showed that taurine increased RGC 
responses and retinal cell survival under hypoxic stress conditions and counteracted increased bursting behavior 
under pressure conditions55,56.

In the literature, hyperactivity of rd1 and rd10 RGCs compared to wildtype RGCs was described and resulted 
in a reduced signal-to-noise ratio and stimulations efficiency57. We detected increased bursting behavior with 
the aberrant rhythmic activity, which could be interpreted as hyperactivity, but we did not see an increased 
spontaneous spiking frequency.

Despite the valuable findings of this study regarding the beneficial effects of taurine, brimonidine and 
betaxolol on the pathological functionality of rd10 RGCs, some limitations must be mentioned. The drugs were 
tested ex vivo using whole retinas, which is an important model between in vitro and in vivo. This model is 
closer to the in vivo situation, as cytoarchitecture, intercellular connections and interactions are maintained; 
however, it does not consider systemic effects such as blood flow, immune responses and drug metabolism. 
Furthermore, the experiments were performed at room temperature (RT), which may lead to biased results, 
as temperature can affect cellular processes and drug efficacy58,59. Therefore, direct transferability to in vivo 
conditions is limited. The data also lacks a link to visual function and behavioral improvement. It is important to 
mention that meaningful ex vivo experiments are an important step towards in vivo studies, as they are ethically 
advantageous in that they do not require postoperative treatment. We demonstrated that taurine, brimonidine, 
and betaxolol positively affect the activity of rd10 RGCs ex vivo. This provides the necessary basis for applying 
for approval of an animal experiment project and subsequent in vivo studies, in which molecular, cellular and 
functional issues, as well as the influence of the drugs on different stages of degeneration, can be investigated. As 
methodological limitation of our study we must mention that mandatory spike sorting led to loss of data if cells 
could not be clearly distinguished. To overcome this issue, spontaneous RGC activity was analyzed at both the 
cell and channel level, as shown in other studies55. Other limitations were the different firing behavior of RGCs, 
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the resulting variance of data after data processing and the variance in the number of active channels, spikes, and 
cells depending on the substance used. Thus, due to the higher overall activity during perfusion with Ames’ and 
brimonidine, more cells could be analyzed than with taurine and betaxolol. Experiments were performed with 
rd10 mice at 3- to 4-months of age to study retinas in a fully degenerated state (after P60), but before the peak 
of remodeling40,60. Future studies should use younger rd10 mice to further analyze the neuroprotective effects 
of the substances during the degeneration phase. Therefore, the substances need to be administered before or 
at the beginning of the degeneration process. However, in younger rd10 mice (P30), analysis of the fluctuating 
oscillations is more uncertain and complex20. Furthermore, it is described that the electrical activity of rd10 
retinas in the degeneration phase is changing20,43,61.

In neurodegenerative diseases, like e.g., AMD, glaucoma, RP, diabetic retinopathy as well as in Alzheimer’s 
and Parkinson’s disease, cells suffer from excitotoxicity due to imbalance in Ca2+ homeostasis, mitochondrial 
dysfunction leading to oxidative stress and neuroinflammation mediated by the purinergic receptor P2X762. As 
taurine, brimonidine, and betaxolol interact in calcium homeostasis, they can prevent Ca2+ overload which is 
one of their neuroprotective properties.

Chen and colleagues showed that modulation of G protein coupled receptors (GPCRs) attenuated retinal 
oxidative stress and prevented degeneration in retinal degenerative diseases, including diabetic retinopathy. 
Activation of adrenergic-2 receptors via the Gi signaling pathway by, e.g., brimonidine, or inhibition of 
adrenergic-1 receptors by, e.g., betaxolol, or of serotonin receptors via the Gs and Gq signaling pathways could 
counteract the decreased activity of Gi-coupled or the increased activity of Gs and Gq-coupled GPCRs and, thus, 
attenuate the subsequent photoreceptor death in these degenerative diseases. This leads to the conclusion that 
studying the interaction of GPCR pathways might be more advantageous than focusing on single molecules63,64.

Therapeutic approaches for inherited retinal degenerations, regardless of the specific genetic defect, are the 
focus of research to address not just a single genetic variant but many affected genes and thus a larger population 
of patients. A combination of tamsulosin, metoprolol and bromocriptine suppressed intracellular cAMP and Ca2+ 
activity via GPCR modulation65. In RP, degeneration starts with rod photoreceptor death leading to hyperoxia, 
oxidative stress and increased intracellular Ca2+ levels and cAMP signaling. None of the three drugs showed an 
effect alone, but in double and triple therapy they showed synergistic effects, with metoprolol being the most 
effective for photoreceptors65. As we analyzed taurine, betaxolol and brimonidine, which are all involved in 
GPCR signaling pathways, e.g. betaxolol inhibits NADPH oxidase to reduce superoxide radicals via Gs-coupled 
GPCRs, and brimonidine and taurine inhibit cAMP production and Ca2+ channels via Gi-coupled GCPRs, 
the protective effect described by Leinonen and colleagues is comparable to our experiments65. Betaxolol and 
taurine were effective, whereas brimonidine alone showed the least protective effect. This could be due to the 
individual effect of the drugs, and future study will focus on the synergistic effects.

Another example of a beta-adrenergic receptor blocker is metipranolol, which inhibited nitrosative stress 
resulting in protection of photoreceptors in rd10 mice66. In another study, betaxolol, timolol and nipradilol were 
reported to be protective against hypoxia-induced cell death in a viability assay using rat RGCs67. Some Ca2+ 
channel blockers, such as nilvadipine and nicardipine, preserved photoreceptor cells in rd mice and may be used 
to treat RP patients68. Physiological in vivo studies showed that luteolin and pentazocine have neuroprotective 
effects on photoreceptors in rd10 mice; however, the effect on RGCs was not investigated69,70.

As blindness cannot be adequately treated or cured, it contributes to a deterioration in the quality of life 
of patients and represents a burden to society62. The drugs tested in this study are promising candidates for 
the treatment of degenerative retinal diseases and should be further investigated, particularly in combination 
with other RP treatments, such as retinal prostheses. The aim would be to use a combined therapy to improve 
the results of previous retinal implants, which have fallen short of expectations. Possible dosage forms include 
locally applied eye drops or nanosuspensions for brimonidine71 and betaxolol72 or systemic intake via drinking 
water for taurine29. Another delivery option involves integrating fluid reservoirs into retinal implants73. Prior 
pharmacological studies must define the therapeutically effective concentrations of the individual substances. 
These experiments are an important first step towards improving the remaining RGC function in degenerated 
retinas, halting the degenerative process or suppressing the subsequent remodeling process and towards a 
clinical approach, as many patients go blind due to retinal degeneration and need optimized treatment options. 
Furthermore, the search for a therapeutic option for patients who are not yet totally blind and suffer from partial 
visual loss may be better addressed with drugs than with gene therapy, prosthetics, or stem cells as they do not 
yet meet the inclusion criteria for advanced vision loss for these therapies6,7,65,74. As suggested by Leinonen and 
colleagues as well as in the review of Maneu, multi-target therapy may be more protective in complex diseases62,65. 
Therefore, ex vivo experiments with a combination of taurine, brimonidine, and betaxolol are planned to analyze 
a possible synergistic effect, as well as in vivo experiments to investigate the effects of long-time application.

Methods
Animals
Male and female B6.CXB1-Pde6brd10/J (rd10) mice were bred at the Institute of Laboratory Animal Science 
(Faculty of Medicine, RWTH Aachen University, Aachen, Germany). The source of the parental mice was the 
Jackson Laboratory (Bar Harbor, ME, USA). All animals were kept under controlled light conditions (12:12 h 
light/dark cycle) at RT of 21–23 °C and humidity of 35–65%. Water and food were provided ad libitum, and 
cages were cleaned once a week. At 3- to 4-months of age, mice were deeply anesthetized and sacrificed with an 
overdose of isoflurane (AbbVie, Wiesbaden, Germany). All experiments were performed in accordance with the 
ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and the German Animal Welfare 
Act. The study was approved by the regulatory authorities (Institute of Laboratory Animal Science, Faculty 
of Medicine, RWTH Aachen University, reference number: 50095A4) and in accordance with the ARRIVE 
guidelines75.
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Medium
Ames’ medium76 (Sigma-Aldrich, St. Louis, MO) was prepared as previously described55. After dissolving in 
water, gassing with 100% CO2 for 30 min at RT, and supplementation with sodium bicarbonate, the solution 
was adjusted to a pH of 7.4–7.5 with sodium hydroxide and gassed continuously with carbogen gas (95% O2, 5% 
CO2). Taurine, brimonidine and betaxolol were dissolved in Ames’ medium and used at concentrations of 1.0 
and 1.5 mM41,55,77,78, 150 µM32,79,80 and 100 µM79,80, respectively, based on corresponding literature data.

Retina preparation
Retinas were prepared as previously described55,56. After sacrifice, both eyes of an animal were enucleated and 
placed in freshly carbogenized Ames’ medium. The left eye was punctured at the limbus, cut halfway along 
the radial axis, and stored in freshly carbogenized Ames’ medium for later use. The right eye was opened by a 
circumferential incision and the anterior segment and lens were removed. The retina was carefully detached 
from the eyecup, separated by a cut through the optic nerve, and completely freed from the vitreous body using 
forceps. The retina was cut into a square, placed on a nitrocellulose frame with the RGCs facing up, and then 
placed upside down on the electrode field of a MEA.

Multielectrode Array (MEA) Setup
The MEA2100 system from Multi Channel Systems (Reutlingen, Germany) was used for electrophysiological 
recordings on the mouse retina. It consists of a headstage with an integrated preamplifier for recording and 
stimulation, and an interface board that serves as a digital-to-analog converter for real-time data transfer. The 
MEA was inserted into the headstage, which was connected to the interface board, which was connected to 
a personal computer (PC). The MEA setup was placed on an air-suspended table in a Faraday cage (Ametek, 
Berwyn, PA) to minimize noise from vibrations and surrounding electronic equipment.

MEAs of the type 60MEA200/30iR-Ti-pr-T (Multi Channel Systems) with 60 titanium nitride (TiN) 
electrodes surrounded by a plastic ring were used. The electrodes, 30 µm in diameter and 200 µm apart, were 
arranged in a grid of 8 × 8 electrodes, with four electrodes missing at the corners. One electrode served as an 
internal reference, and the other 59 electrodes were used for recording and stimulation. Before each experiment, 
the MEAs were hydrophilized with oxygen plasma at 0.5 mbar for 2 min in a plasma cleaner (Diener Electronic, 
Ebhausen, Germany) to improve contact between the tissue and the electrodes. Throughout the experiment, the 
retina was perfused with fresh, continuously carbogenized Ames’ medium at a flow rate of 2.5 mL/min at RT 
using a gravity-based perfusion system (VC3, ALA Scientific Instruments, Farmingdale, NY).

Experimental protocol
Perfusion experiments with taurine, betaxolol, and brimonidine were performed according to a standardized 
protocol. Each experiment started with a 40-min lead time to establish constant experimental conditions, 
i.e., to allow the retina to recover from the preparation stress and to achieve stabilized electrical activity. 
Fresh, continuously carbogenized Ames’ medium plus taurine, betaxolol, or brimonidine (at the appropriate 
concentrations) was then applied to the retina for 40 min via the perfusion system. This application was repeated 
after an intermediate washing step for 40  min with Ames’ medium. A final wash with Ames’ medium was 
performed for another 40 min (Supplementary Fig. S4).

During the different perfusion steps, the electrical activity of the RGCs was recorded at specific times using 
the Multi Channel Experimenter software (Multi Channel Systems) at a sampling rate of 25 kHz (Supplementary 
Fig. S4). The raw data were filtered with a second-order Butterworth high-pass (cut-off at 200 Hz) and low-pass 
filter (cut-off at 2 kHz; (Supplementary Fig. S4)). For analyzing the LFPs, a 50 Hz low pass filter was applied. A 
spike detection threshold of -20 µV was then set to detect action potentials (APs), except for noisy channels where 
the threshold was manually adjusted. Measurements of 70 s each were performed to record the spontaneous 
firing frequency of the cells or their response to an electrical stimulation pulse.

For each recording, one or two electrodes were selected as stimulation electrodes, but stimulation was always 
applied to only one electrode at a time. A biphasic current pulse (± 40–100 µA, 500 µs per phase) was used, with 
the cathodic phase preceding the anodic phase81,82. Seven pulses were delivered per 70-s measurement with an 
interstimulus interval of 10 s, starting with the first pulse at 5 s. The eight adjacent electrodes were selected as 
recording electrodes for further analysis.

Data analysis
Detected APs were assigned to individual RGCs using Offline Sorter software 4 (Plexon Inc, Dallas, TX) by 
sorting and clustering spikes according to their distinct waveforms using principal component analysis (PCA). 
Clearly separated waveforms were combined and labeled as units representing individual cells. Spikes that could 
not be clearly identified were not classified, and spikes at the origin of the PCA coordinate system were not 
sorted because they do not clearly represent a single cell (Supplementary Fig. S4). The following settings were 
selected by default: at least 40 waveforms were required to define a unit; for spontaneous recordings, all channels 
were sorted except for high background noise; for stimulation recordings, only the eight channels adjacent to the 
stimulation electrode were sorted.

Data were further processed using NeuroExplorer software 5 (Nex Technologies, Colorado Springs, CO) 
to assess spontaneous firing frequency, excitability following electrical stimulation, bursting behavior, and 
oscillations (Supplementary Fig. S4). Data were exported to Excel and a custom written Python script56 was 
used to partially automate data analysis. The spike response rate to an electrical stimulus was calculated as the 
coefficient of the firing rate 3 s before the stimulus and the firing rate 0.5 s after the stimulus and was defined 
as the stimulation efficiency (spike response coefficient). A burst analysis identified spikes in bursts with the 
following interval algorithm parameters: maximum interval of 0.01  s for the start of a burst and 0.03  s for 
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the end of a burst, minimum interval of 0.02 s between bursts, minimum duration of a burst of 0.01 s, and a 
minimum number of three spikes within a burst56. A power spectral density calculation including a fast Fourier 
transform was used to calculate the main oscillation frequency in the LFPs for each channel. Channels showing 
no spontaneous activity and no oscillations during all perfusion steps were excluded from the analysis. Analysis 
of spontaneous activity was performed on cell level and on channel level according to previous studies55,56. Spike 
sorting precedes cell level analysis to analyze the behavior of a single cell over time. Due to spike sorting, many 
spikes remained unsorted and, thus, a lot of information would not have been considered. Therefore, analysis on 
channel level was performed as well without spike sorting procedure to include almost all measured data. The 
frequency at channel level represents spikes of more than one cell.

Experimental design
For each drug, 4–5 rd10 retinas were used (for 1.0 mM taurine, n = 4 retinas; for 1.5 mM taurine, brimonidine 
and betaxolol, n = 5 retinas each). To minimize the total number of animals, separate control retinas were not 
used; instead, the first perfusion step with Ames’ medium (A.1st), lasting 40 min in each experiment, served as 
control. All groups included both male and female animals. Five retinas were discarded because they did not 
meet the experimental criteria. A total of 19 rd10 mice (8 male, 11 female) were used for MEA recordings.

Statistical analysis
GraphPad Prism software 10.4.1 (GraphPad Software, Boston, MA) was used for graph generation and 
statistical analysis. A one-way ANOVA with Tukey’s multiple comparisons test was performed on all data sets 
presented, except for the comparison of the two taurine concentrations, for which a two-tailed t-test was used. 
A p value < 0.05 was considered significant. In the figures, the different levels of significance are indicated by 
asterisks: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Unless otherwise stated, data are presented as 
mean ± standard deviation. When presenting the data as box-and-whisker plot, Tukey method was used to 
display the whiskers and outliers, with the mean values are marked with a + .

Data availability
The datasets generated and/or analysed during the current study are not publicly available due to further analy-
ses within the institution but are available from the corresponding author on reasonable request.
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