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Systemic taurine treatment affords functional and morphological 
neuroprotection of photoreceptors and restores retinal pigment epithelium 
function in RCS rats☆ 
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A B S T R A C T   

The aim of our work was to study whether taurine administration has neuroprotective effects in dystrophic Royal 
College of Surgeons (RCS) rats, suffering retinal degeneration secondary to impaired retinal pigment epithelium 
phagocytosis caused by a MERTK mutation. Dystrophic RCS-p + female rats (n = 36) were divided into a non- 
treated group (n = 16) and a treated group (n = 20) that received taurine (0.2 M) in drinking water from 
postnatal day (P)21 to P45, when they were processed. Retinal function was assessed with electroretinogram. 
Retinal morphology was assessed in cross-sections using immunohistochemical techniques to label photore-
ceptors, retinal microglial and macroglial cells, active zones of conventional and ribbon synaptic connections, 
and oxidative stress. Retinal pigment epithelium function was examined using intraocular fluorogold injections. 
Our results document that taurine treatment increases taurine plasma levels and photoreceptor survival in 
dystrophic rats. The number of photoreceptor nuclei rows at P45 was 3–5 and 6–11 in untreated and treated 
animals, respectively. Electroretinograms showed increases of 70% in the rod response, 400% in the a-wave 
amplitude, 30% in the b-wave amplitude and 75% in the photopic b-wave response in treated animals. Treated 
animals also showed decreased numbers of microglial cells in the outer retinal layers, decreased glial fibrillary 
acidic protein (GFAP) expression in Müller cells, decreased oxidative stress in the outer and inner nuclear layers 
and improved maintenance of synaptic connections. Treated animals showed increased FG phagocytosis in the 
retinal pigment epithelium cells. In conclusion, systemic taurine treatment decreases photoreceptor degeneration 
and increases electroretinographic responses in dystrophic RCS rats and these effects may be mediated through 
various neuroprotective mechanisms.   

1. Introduction 

Retinal degenerative diseases comprise a large group of heteroge-
neous retinal degenerations caused by environmental and/or genetic 
factors that lead to untreatable blindness. Among them, there are two 

common diseases that initially affect the outer retina: retinitis pigmen-
tosa (RP) and age-related macular degeneration (AMD). These diseases 
are initiated by the loss of photoreceptors and/or retinal pigment 
epithelial cells and may culminate retinal remodeling that produces loss 
of the output neurons of the retina, the retinal ganglion cells [1–6]. RP 
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and AMD are currently leading causes of irreversible blindness world-
wide [7,8], affecting severely the patient’s quality of life [9]. Further-
more, increased life expectancy, among other factors, has caused a rise 
in the incidence of visual impairment and blindness in the world, mainly 
through an increase in age-related diseases such as AMD [10]. Because 
both RP and AMD are common causes of visual loss and there is 
currently no effective treatment for them, they pose a major challenge 
for retinal research [11–14]. However, the heterogeneity of these dis-
eases [14–17], further complicates the identification of a universal 
treatment for all of them [11,18]. 

Taurine is an amino sulfonic acid, considered a non-essential amino 
acid, found in high concentrations in several body tissues and, particu-
larly, in the retina [19], the body structure that contains more taurine 
[20]. Although taurine can be synthesized in the liver of most mammals, 
the main source of taurine comes from the diet, particularly from sea-
food, fish and meat [19,21]. A variety of functions have been attributed 
to taurine in the retina [20–23], however, its exact role is still unknown. 
Our group has shown that taurine is necessary for photoreceptor 
[24–26] and retinal ganglion cell [24–26] survival in the normal retina, 
and that taurine depletion increases the susceptibility of the retina to 
light damage [25,27]. Recently, we have also shown that taurine defi-
ciency increases retinal gliosis and oxidative stress and impairs the 
phagocytic capacity of the retinal pigment epithelium [27]. Other 
groups have shown that taurine deficiency causes retinal degeneration 
in animal models [28,29,30] and in humans [31,32]. On the other hand, 
taurine has shown beneficial effects in several animal models of retinal 
degeneration, such as animal models of Usher syndrome [33], diabetic 
retinopathy [34], experimental photoreceptor degeneration [35,36], 
and retinal and optic nerve damage [37,38]. Recently, a mutation of the 
taurine transporter has been found to cause retinal degeneration and 
cardiomyopathy in humans and dietary taurine supplementation has 
been found to be protective [39]. 

The Royal College of Surgeons (RCS) rat is a well-known used animal 
model for RP. These rats suffer an impairment of the phagocytic capacity 
of the retinal pigment epithelium [40–43] due to an autosomal recessive 
mutation in the MERTK gene [44]. This mutation has also been observed 
in human patients with a form of early-onset RP [45–47]. In RCS rats, it 
causes progressive photoreceptor degeneration [2,48–52], increased 
retinal gliosis [50] and alteration of the retrograde axonal transport in 
retinal ganglion cells and retinal ganglion cell loss [1,2,4,53]. A previous 
work has claimed that the first sign of retinal degeneration in the RCS rat 
is decreased taurine levels [54]. Since taurine is provided to the retina 
by the retinal pigment epithelial and Müller cells [20,55], it is tempting 
to speculate that taurine deficiency may be one of the causes of retinal 
pigment epithelium impairment and that taurine supplementation may 
be used to halt them. 

In this work, we have studied whether taurine supplementation in 
RCS rats diminishes retinal degeneration. 

2. Material & methods 

2.1. Animal handling 

Dystrophic RCS-p + female rats (n = 36) were obtained from the 
breeding colony of the University of Murcia (Murcia, Spain). The ani-
mals were divided in two groups: a non-treated group (n = 16) and a 
treated group that received taurine (0.2 M) in the drinking water [37] 
during 24 days, from postnatal day (P)21 (n = 20) just after weaning and 
up to P45 when they were processed. Only female rats were used as they 
have homogeneous sizes according to age and also to be able to compare 
with our previous studies. 

Animals were housed in light- and temperature-controlled rooms 
with a 12 h light/dark cycle (light from 08:00 to 20:00; intensity within 
the cages from 5 to 30 lux) with access to water and food ad libitum. 
Animal manipulations were previously approved by the Ethics and An-
imal Studies Committee of the University of Murcia and were carried out 

following the Spanish and European Union regulations for the use of 
animals in research (Council Directive 86/609/EEC) and the ARVO 
statement for the use of animals in ophthalmic and vision research. 

For electrophysiology and intravitreal injection procedures, general 
anesthesia was induced with an intraperitoneal injection of a mixture of 
ketamine (70 mg/kg, Ketolar, Parke-Davies, S.L., Barcelona, Spain) and 
xylazine (10 mg/kg, Rompún, Bayer, S.A., Barcelona, Spain). To prevent 
corneal desiccation in the recovery from anesthesia an ointment con-
taining tobramycin (Tobrex, Alcon S.A., Barcelona, Spain) was applied 
on the cornea. Animals were sacrificed by an intraperitoneal injection of 
an overdose of sodium pentobarbital (Dolethal Vetoquinol, Especiali-
dades Veterinarias, S.A., Alcobendas, Madrid, Spain). 

2.2. ERG 

Longitudinal electroretinographic recordings were carried out in 
untreated (n = 5) and taurine treated (n = 5) animals at P24 and P45, 
following previously described methods [56,57]. Briefly, in 
dark-adapted animals, retinal responses were recorded simultaneously 
from both eyes with bipolar Brian-Allen electrodes placed on the cor-
neas. A reference electrode was placed inside the mouth and a 30G 
needle placed subcutaneously at the base of the tail as a ground elec-
trode. Electrical signals were digitized at 20khZ using a Power Lab 
digitizer card (AD Instruments, Chalgrove, UK). In scotopic conditions, 
rod response and mixed response were recorded with a light intensity of 
− 2,5 log cd⋅s/m2 and 0.5 log cd⋅s/m2, respectively. After adapting the 
animals to light for 5 min (30 cd/m2), we registered the photopic 
b-wave was recorded with a light intensity of 0.5 log cd⋅s/m2. The 
stimulation and recording protocols were done following the recom-
mendations of the International Society for Clinical Electrophysiology of 
Vision (ISCEV). 

2.3. Retinal pigment epithelium labeling 

Intravitreal injections of Fluorogold (FG) were carried out in some 
non-treated (n = 6) and taurine treated (n = 6) animals one day prior to 
processing to label the retinal pigment epithelium following previously 
described methods developed by our group [27,43]. Briefly, intravitreal 
injections of 1.5 μL of 3% FG (Fluorochrome Inc., Engelwood, CO, USA) 
diluted in saline were done through the superotemporal sclera using a 
Hamilton microsyringe (30 G; Hamilton 701 N, Esslab, Benfleet, UK) 
[27,43,51,58]. 

2.4. Tissue processing and taurine measurement 

All animals were sacrificed at P45. Before sacrifice, animals were 
sedated with an intraperitoneal injection of sodium pentobarbital 
(Dolethal Vetoquinol, S.A., Lure, France) and were subsequently 
euthanized with a lethal dose of sodium pentobarbital. Just before 
euthanasia, blood samples were collected from the heart of each 
experimental and control animal, and then the plasma was collected by 
centrifugal separation and frozen for posterior taurine plasma levels 
analysis using an HPLC-MS system [24,25,27]. Plasma taurine levels 
were measured in 5 randomly selected control (untreated) RCS rats and 
5 randomly selected taurine-treated RCS rats. Following euthanasia, the 
animals were perfused transcardially with saline and with 4% para-
formaldehyde in 0.1 M phosphate buffer (pH 7.4). The eyes were 
enucleated and the eyecups immersed in Tissue-TEK, frozen and 
sectioned in the cryostat to obtain 15-microns-thick sagittal sections 
[49–51]. In the eyes that received an intravitreal injection of FG, the 
retinal pigment epithelium was dissected from the neural retina and 
flat-mounted following described methods [27,43]. 

2.5. Immunohistofluorescence and image analysis 

For morphological analysis, three retinal cross-sections spanning the 
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optic disc were selected per eye and animal and processed for immu-
nohistofluorescence following standard procedures [3,27,49,50,59]. 
Briefly, the sections were permeated, washed in phosphate-buffered 
saline (PBS) containing 0.5% Triton X-100 (Tx) and incubated over-
night at 4 ◦C with a mixture of primary antibodies to detect: i) Microglial 
cells using a rabbit monoclonal anti-Iba1 antibody (1:1000–500; 
ab178846: Abcam, Cambridge, UK); ii) Astrocytes and Müller cells with 
a goat monoclonal anti- Glial Fibrillary Acidic Protein (GFAP) antibody 
(1:500; 019–19741: Abcam, Cambridge, UK); iii) L-cones with a rabbit 
monoclonal anti-L/M-opsin antibody (1:1200; ab5405; 
Chemicon-Millipore Iberica, Madrid, Spain); iv) S-cones with a goat 
monoclonal anti-S-opsin antibody (1:1000; N-20; anti-OPN1SW; Santa 
Cruz Biotechnology, Heidelberg, Germany); v) rods outer segments with 
a rat monoclonal anti-rhodopsin antibody (1:1200, 1D4; Sigma-Aldrich, 
Madrid, Spain); vi) Signs of Oxidative stress with a monoclonal antibody 
against mouse α-8-hydroxy-2′-deoxyguanosine (8-OHdG; 1:1000, 
sc-66036; Santa Cruz Biotechnology, Heidelberg, Germany); vii) active 
zones of conventional and ribbon synaptic connections with a mouse 
monoclonal anti-Bassoon antibody (1:750; ADI-VAM-PS003; Enzo life 
Science, Lausen, Switzerland); viii) cone photoreceptors with a rabbit 
monoclonal anti-cone arrestin antibody (1:1000; AB15282, Merck, 
Germany). The next morning, the sections were washed in PBS and 
incubated for 2 h at room temperature with a mixture of the secondary 
antibodies: i) donkey anti-goat Alexa 594 (1:500; Molecular Probes, 
Invitrogen, ThermoFisher, Madrid, Spain) and ii) goat anti-mouse IgG1 
Alexa 488 (1:500; Molecular Probes, Invitrogen, ThermoFisher, Madrid, 
Spain) diluted in 2% Tx PBS. Finally, sections were washed in PBS and 
mounted with a mounting media containing DAPI (4′,6-dia-
midino-2-phenylindole; Vectashield Mounting Medium con DAPI, Vec-
tor Atom, Alicante, España) to counterstain all retinal nuclei. Some 
additional sections of some animals were also processed for 
TdT-mediated dUTP nick-end labeling (TUNEL) to label apoptotic nuclei 
[50,60,61]. 

The sections were examined and photographed under a fluorescence 
microscope Leica DM6 B (Leica) microscope equipped with various fil-
ters and magnifications (20X, 40X or 63X, Leica Microsytems, Wetzlar, 
Germany) and with a confocal microscope Leica SP8 (Leica Micro-
sytems, Wetzlar, Germany) as previously described in detail [27,49–51, 
62,63]. When needed, images were further processed using Adobe 
Photoshop CS 6 (Adobe Systems, Inc., San Jose, CA, USA). The 
flat-mounted retinal pigment epitheliums were photographed using a 
confocal microscope Leica SP8 (20 × , 40 × or 63 × , Leica Micro-
systems, Wetzlar, Germany). 

2.6. Retinal cell quantification 

In each selected retinal section four photomicrographs were taken 
both in the dorsal and the ventral retina at distances representing 25, 50, 
75 and 95% of the length between the optic disc and the retinal pe-
riphery. The number of nuclei rows in the outer nuclear layer (ONL) was 
quantified in three representative regions of each of these photomicro-
graphs and averaged, obtaining a mean number or nuclei rows per 
picture, per retinal region analyzed and per animal [3,27,49–51,60,61]. 
Therefore, a total of 24 microphotographs (8 photos x 3 sections) were 
analyzed per animal [27,50]. The same photomicrographs used to 
measure ONL thickness were used to quantify the numbers of microglial 
cells in the different retinal layers [27] and the photoreceptor outer 
segment (OS) . The numbers of 8-OHdG and TUNEL positive cells were 
quantified in different photomicrographs from the same retinal area. 

For GFAP fluorescence quantification, additional pictures of the 
same retinal regions (24 per animal) were photographed again but with 
fixed gain and exposure times that corresponded to the mean automatic 
exposure time necessary to take the same retinal regions in control an-
imals. In these pictures, the Relative Fluorescence Units (RFU) of the 
photographs were quantified as a measure of GFAP expression by using 
the tool “Histogram Analysis” of the Image Pro Plus software (IPP 5.1 for 

Windows; Media Cybernetics, Silver Spring, MD, USA) following pre-
viously described methods [27,49]. This tool provides for each picture a 
plot of the various GFAP RFU and their average and area under the curve 
(AUC), which indicates the total amount of fluorescence in the eight 
regions analyzed per retina. 

2.7. Statistical analysis 

Statistical analysis was performed by using the GraphPad Prism® 
program (GraphPad Prism 6, GraphPad Software, LaJolla, CA, USA). All 
quantitative data obtained is presented as the mean ± standard devia-
tion (SD). For comparisons of quantitative variables between two sub-
groups, we used the Student’s t-test and Two Way-ANOVA. Differences 
were considered statistically significant when p ≤ 0.05. 

3. Results 

3.1. Taurine plasma levels 

Taurine treatment in drinking water increased significantly the 
plasma taurine levels (Fig. 1; t-test p < 0.001). Approximately, a 
threefold increase was found in plasma taurine levels in treated animals 
when compared to non-treated animals (Fig. 1). 

3.2. Effect of systemic taurine treatment in photoreceptor survival and 
function 

The thickness of the ONL in non-treated RCS rats ranged from 3 to 5 
nuclei rows, depending on the retinal area analyzed at P45 (Fig. 2 A, B), 
and this thickness decreased from the optic nerve to the retinal pe-
riphery. However, at P45 in the taurine-treated group, the thickness of 
the ONL ranged from 6 to 11 nuclei rows (Fig. 2 A, C). Taurine treatment 
increased significantly the thickness of the ONL in all the regions 
analyzed (p < 0.0001; t-test). 

The photoreceptor OS layer was significantly thinner at P45 in un-
treated RCS rats when compared to taurine-treated RCS rats (Fig. 2D), 
and both rods and L/M − and S- cones outer segments were longer in the 
taurine-treated rats (Fig. 2 B, C, E, F). 

Quantification of the TUNEL-positive nuclei showed that the retinas 
of untreated RCS rats contain significantly higher numbers of apoptotic 
nuclei in the ONL than the taurine-treated RCS rats (Fig. 2G–I), indi-
cating that taurine treatment inhibited partially photoreceptor 
apoptosis. 

Electroretinographic recordings did not show significant differences 
between untreated and taurine treated RCS rats at the first postnatal age 

Fig. 1. Taurine plasma levels in untreated (n = 5) and taurine treated (n = 5) 
RCS rats just before processing at P45. Twenty-four days of taurine treatment 
achieves a significant increase of the taurine plasma levels. ** = Statistically 
significant difference when compared to untreated animals (t-test, p < 0.001). 
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analyzed, P24, four days after initiation of the treatment. However, 
significant differences were observed between them at P45, 24 days 
after systemic taurine treatment. 

At P24, the rod response, the mixed response (formed by the a-wave 
and b-wave) and the photopic b-wave were similar between both groups 
(p > 0.05 Mann-Whitney test; Fig. 3A, C-F). However, at P45, the rod 
response was approximately 70% greater in taurine treated than in 
untreated RCS rats (p < 0.001 Mann-Whitney test; Fig. 3B and C). At this 
age, the amplitude of the a-wave was approximately 400% greater in 
taurine treated RCS rats, compared to an almost null response in un-
treated RCS rats (p < 0.001 Mann-Whitney test; Fig. 3B, D) and the 
amplitude of the b-wave was 30% greater in taurine treated RCS rats (p 
< 0.001 Mann-Whitney test; Fig. 3B, E). The photopic b-wave response 
was also approximately 75% higher in taurine treated than in untreated 
RCS rats (p < 0.001 Mann-Whitney test; Fig. 3B, F). 

3.3. Effects of taurine treatment on retinal microglial activation 

In untreated RCS rats, at P45 the mean total number of Iba-1+ cells 
per retina in the 24 regions analyzed was 394 ± 7.0 (Fig. 4) and in the 
taurine treated RCS rats there were only 223.6 ± 4.0 Iba-1+ cells per 
retina and this difference was significant (t-test; p < 0.0001 Fig. 4A). 

In untreated RCS rats at P45, the mean number of Iba-1+ cells per 
retinal layer was: 5.6 ± 3.0 in the ganglion cell layer (GCL), 5.8 ± 3.2 in 
the inner plexiform layer (IPL), 0.9 ± 0.8 in the inner nuclear layer (INL) 
and 3.8 ± 2.8 in the outer plexiform layer (OPL), 11.9 ± 6.5 in the ONL 
and 15.9 ± 8.5 in the photoreceptor outer segments layer (OSL) (Fig. 4B 
and C). 

The mean number of Iba-1+ cells in taurine-treated RCS rats at P45 
was: 5.6 ± 3.3 in the GCL, 5.8 ± 3.1 in the IPL, 0.7 ± 1.1 in the INL and 
2.5 ± 2.6 in the OPL, 3.9 ± 4.0 in the ONL and 6.3 ± 5.2 in the 
photoreceptor OSL (Fig. 4B, D). 

When we compared the numbers of Iba-1+ cells in the different 
layers between the untreated and the taurine treated RCS rats (Fig. 4A), 
we found that taurine treatment decreased significantly the numbers of 
Iba-1+ cells in the ONL (p < 0.05; Two Way ANOVA) and in the OSL (p 
< 0.05; Two Way ANOVA), but not in the GCL (p = 0.9928; Two Way 

ANOVA), the IPL (p = 0.9893; Two Way ANOVA), the INL (p = 0.7828; 
Two Way ANOVA) and the OPL (p = 0.4790; Two Way ANOVA). 

3.4. Effects of taurine treatment on retinal macroglial activation 

The mean RFU of GFAP immunoreactivity was 18,230.56 ±

1,180.26 in untreated RCS rats (n = 11) and 4,729.72 ± 535.17 in 
taurine-treated RCS rats (n = 8) and this difference was highly signifi-
cant (p = 0.0001, t-test; Fig. 4E). Therefore, taurine treatment decreases 
significantly GFAP immunoreactivity in RCS rats. 

Qualitatively, the macroglial cell reaction was different in the treated 
and untreated groups at P45. In untreated RCS rats, the GFAP signal was 
observed not only in astrocytes of the GCL and nerve fiber layer but also 
in the inner processes of Müller cells (Fig. 4F). In the taurine-treated RCS 
rats, the GFAP signal was restricted to the astrocytes of the GCL and 
nerve fiber layer (Fig. 4G). 

3.5. Effect of taurine treatment on retinal pigment epithelium function 
and morphology 

The retinal pigment epithelium of the untreated RCS rats showed at 
P45 an inverted FG-labeling at P45, namely we found FG labeling mostly 
in the membrane of the retinal pigment epithelial cells (Fig. 5A). We 
have shown previously that FG labeling accumulates in the cytoplasm in 
non-dystrophic animals and in the plasma membrane in dystrophic RCS 
rats [43]. In P45 taurine treated RCS rats, FG accumulated mostly in the 
cytoplasm of the retinal pigment epithelial cells (Fig. 5B), as in 
non-dystrophic animals. However, FG fluorescence in P45 taurine 
treated dystrophic RCS rats was different from that found in control non 
dystrophic animals [43] because it was obscured by melanin granules. 
No FG fluorescence was observed in the cell membrane in taurine 
treated RCS rats. 

3.6. Effect of taurine treatment on oxidative stress 

In the retinas of untreated RCS rats, at P45, there were 4.7 ± 2.5 8- 
OHdG + cells in the ONL and 6.3 ± 3.0 INL (Fig. 6 A, B). However, in the 

Fig. 2. Photoreceptor outer segment morphology and 
apoptosis in the ONL. Graphs showing the mean ± SD 
number of nuclei rows in the ONL of the dorsal and 
ventral areas analyzed in the two subgroups (A), the 
mean photoreceptor outer segment length (D) and the 
number of TUNEL positive cells (G). Photomicro-
graphs of retinal cross-sections from representative 
retinas of the untreated (B, E, H) and taurine treated 
(C, F, I) RCS rats showing S- (red, C, D) and L/M −
(green, C, D) opsin immunoreactivity, rhodopsin (red, 
E, F), TUNEL positive cells in the ONL (red, H, I) and 
nuclear DAPI counterstaining (blue). Rod and cone 
outer segments (OS) show reduced length in un-
treated rats. n = 10 per subgroup. Scale bar: 50 μm. 
GCL: Ganglion cell layer. INL: Inner nuclear layer. 
ONL: Outer nuclear layer. OSL: Outer segments layer. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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retinas of taurine-treated RCS rats, at P45, we did not find 8-OHdG +
cells in most retinal sections (Fig. 6 A, C), although we found some 
isolated 8-OHdG + cells in a few sections, 0.1 ± 0.3 in the ONL and 0.4 
± 0.5 in the INL. These results document that retinal degeneration in the 
RCS rat courses with oxidative damage that is alleviated by taurine 
treatment. 

3.7. Effect of taurine treatment on synaptic connections 

The typical appearance of the bassoon immunoreactivity in the rat 
retina (Fig. 7A, A′, A′′), i.e., punctated and homogeneous immunofluo-
rescence in the OPL and several immunofluorescent sublayers in the IPL 

[27], was lost in untreated RCS rats at P45, particularly in the OPL 
(Fig. 7B, B′, B′′), where only some spots of fluorescence could be seen. In 
the IPL, at P45, both the immunofluorescent sublayers and the homo-
geneous fluorescence decreased, and as a consequence, some sublayers 
could not be clearly defined (Fig. 7B, B′, B′′). However, in the retinas of 
taurine-treated RCS rats, at P45, bassoon immunoreactivity had a close 
to normal appearance (Fig. 7A, A′, A′′) both in the OPL and the IPL. 
Specifically, bassoon staining in the OPL showed a punctate and some-
what homogeneous immunofluorescence (Fig. 7C, C′, C′′) and in the IPL 
the immunofluorescent sublayers were well defined (Fig. 7C, C′, C′′), 
resembling the immunoreactivity found in healthy retinas [27]. 

4. Discussion 

In this work, we have studied the neuroprotective effect of systemic 
taurine treatment in the RCS rat, an animal model of inherited photo-
receptor degeneration due to a mutation in the MERTK gene. This defect 
impairs the phagocytic capacity of the retinal pigment epithelium and 
causes rapid and progressive photoreceptor loss. 

We have distinguished two groups of animals: untreated and taurine- 
treated animals. The treated group received taurine (0.2 M) in the 
drinking water from P21 to P45, when they were processed. We have 
chosen these study ages because previous works from our lab have 
showed that at P21, coinciding with weaning, retinal degeneration has 
not yet started in the RCS rat [50] and is, therefore, an appropriate time 
point to start neuroprotection [49–51], and that between P33 and P45 
photoreceptor loss is maximal in the RCS rat [49–51]. 

In treated animals, we have used a 0.2 M concentration in the 
drinking water, the same concentration of taurine used in a previous 
work that showed a two-fold increase of the taurine plasma concentra-
tion and neuroprotective effects in the rat retina [37]. However, in this 
study we find that the administration of taurine during 24 days increases 
three-fold the taurine plasma levels. Other studies have also shown two 
to threefold increases in plasma taurine levels after oral administration 
in rodents. A study found that administration of a smaller concentration 
(0.1 M) of taurine to mice for 25 days produced a three-fold increase of 
taurine plasma levels [30], whereas another study performed also in 
mice showed that four months of taurine supplementation at the same 
dose increased the taurine levels by only two-fold [37]. A three-fold 
increase in taurine plasma concentration has been found in humans 
treated with taurine at a daily dose of 1.5 g divided into two capsules of 
each 0.75 g during 8 weeks [64]. We think that these differences may be 
due to a peak in taurine plasma levels at the beginning of the treatment. 

We document here, by quantifying the thickness of the ONL and 
qualitatively analyzing photoreceptor apoptosis that taurine treatment 
diminishes significantly photoreceptor death in RCS rats. We also 
document that taurine treatment has a preservation effect on the outer 
segments of both rods and cones. We thus conclude that taurine has 
photoreceptor neuroprotective effects in dystrophic RCS rats. Our re-
sults are thus in accordance with other studies documenting neuro-
protective effects of taurine in animal models of induced photoreceptor 
degeneration [36], diabetic retinopathy [34], Usher syndrome type 1 
[33], in endothelin-induced retinal and optic nerve damage [38], and 
also in human retinal degeneration due to taurine transporter deficiency 
[39] or vigabatrin therapy [31]. In the rat model of diabetic retinopathy 
[34] and in the mice model of Usher syndrome type 1 [33], taurine has 
also been shown to reduce apoptosis of retinal cells [33,34]. Thus, 
taurine may alleviate photoreceptor degeneration due to its 
anti-apoptotic properties [20,21,23] and thus it may be neuroprotective 
in retinal degenerations coursing with apoptosis, regardless of their 
etiology. 

We also document in this work that taurine treatment improves 
retinal function in dystrophic RCS rats because we show that various 
ERG parameters ameliorate with taurine treatment. Specifically, we 
show augmented rod response, a-wave and b wave amplitude, and 
photopic b-wave in the RCS rats that received taurine treatment. Other 

Fig. 3. (A, B) Electroretinographic recordings. Representative traces of the rod 
response (upper row), mixed response (a-wave and b-wave; middle row) and 
photopic b wave (lower row) recorded in RCS rats at P24 (A) and P45 (B). The 
black trace corresponds to the untreated animals and the red trace to the 
taurine treated RCS animals. (C–F) Bar histograms showing the amplitude of 
the rod response (C), a wave (D), b wave (E), and photopic b wave (F). The 
black bar corresponds to the untreated animals and the red bar to the taurine 
treated animals. n.s.: not significant differences between groups. *significant 
differences between groups (p < 0.05; Mann-Whitney test). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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authors have also shown improvement of retinal function with taurine 
treatment in various animal models of retinal degeneration. In a mice 
model of Usher syndrome type 1 taurine treatment augmented ERG 
amplitudes under dark-adapted, photopic and flicker conditions [33]. 
Also, in a rat model of induced photoreceptor degeneration it achieved 
larger scotopic and photopic a- and b-waves [36]. Finally, in a rat model 
of induced diabetic retinopathy, taurine prevented the reduction of the 
amplitude of the photopic b-wave [34]. 

We have also studied the influence of the taurine treatment on the 
retinal glial cells and we document, for the first time, that taurine 
treatment decreases the microglial and macroglial cell reaction in 
dystrophic RCS rats. We document that taurine treatment decreases 
significantly the total numbers of IBA-1+ microglial cells in the retina, 
and the numbers of microglial cells in ONL and OSL. We also document 
that taurine treatment decreases the macroglial cell reaction in the RCS 
rat retina because in the taurine treated animals the Müller cells did not 
show GFAP immunoreactivity. Microglial cell activation, migration and 
proliferation [27,50,65], increased expression of GFAP by Müller cells 
[65,67,68] and hypertrophy of Müller cells [65,67–70], are usually 
found in photoreceptor degenerative diseases and have been related to 
secondary retinal remodeling [1,2,5,65] and subsequent retinal 

ganglion cell death [2–4,53,60]. Taurine treatment has been previously 
documented to reduce the microglia-dependent inflammation in a 
mouse model of Parkinson’s Disease [71] and to decrease the accumu-
lation of GFAP in the brain in a rat model of traumatic brain injury [72]. 
In the retina, taurine has been shown to reduce reactive gliosis and GFAP 
overexpression in a rat model of diabetic retinopathy [34]. Thus, taurine 
could be useful as a therapeutic agent in inflammatory central nervous 
system diseases. 

An interesting finding of this study is the documentation of an 
improvement of the phagocytosis of the retinal pigment epithelium with 
taurine administration in dystrophic RCS rats, demonstrated with 
intravitreal administration of FG [43]. In untreated RCS rats, FG was 
observed to accumulate in the plasma membrane, while in 
taurine-treated RCS rats, FG accumulated in the cytoplasm through 
phagocytosis, as shown previously in control animals [43]. A previous 
study has documented that taurine stimulates retinal pigment epithe-
lium phagocytosis in cultured chick embryo retinal pigment epithelial 
cell explants [73]. Furthermore, a relationship between taurine defi-
ciency and retinal degeneration was documented in dystrophic RCS rats 
[54]. A recent work has suggested that taurine may be a potential 
candidate to treat the damaged retinal pigment epithelium [74]. Finally, 

Fig. 4. Microglial cell quantification and GFAP immunoreactivity. Bar graphs showing the mean ± SD numbers of microglial cells per retina (A) and per retinal layer 
(B) in untreated (black bars) and taurine treated (grey bars) RCS. Microglial cells were more abundant in the outer retinal layers in untreated animals. Photomi-
crographs from cross-sections of representative retinas from the untreated (C) and taurine treated (D) RCS rats at P45 showing Iba-1+ immunoreactive cells (green) 
and DAPI nuclear counterstaining (blue). Bar graphs showing mean ± SD RFU of GFAP immunoreactivity (AUC) in untreated (black) and taurine treated (grey) RCS 
rats (E) n = 10 per subgroup. Photomicrographs from cross-sections of representative retinas from the untreated (F) and taurine treated (G) RCS rats at P45 showing 
GFAP immunoreactivity (red) and DAPI nuclear counterstaining (blue). Scale bar: 50 μm * Statiscally significant differences with untreated group in the same retinal 
layer (p ≤ 0.05; t-test). GCL: Ganglion cell layer. INL: Inner nuclear layer. ONL: Outer nuclear layer. OSL: Outer segments layer. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Confocal fluorescence photomicrographs from representative regions of the flat mounted retinal pigment epithelium in untreated (A) and taurine treated (B) 
P45 RCS rats showing FG-labelling. Untreated RCS rats show an inverted pattern of labelling (FG more abundant in the plasma membrane) and taurine treated rats 
showed FG accumulations mostly within the cytoplasm. 
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it has been shown in human age-related macular degeneration that 
taurine together with cone opsin accumulates between the photore-
ceptors and the retinal pigment epithelium and this may reflect the 
inability of the epithelial cells to process taurine and other molecules 
originating from cone photoreceptor phagocytosis [70]. Our results 
showing increased fluorogold labeling of the retinal pigment epithelial 
cells with taurine treatment demonstrate that this amino acid amelio-
rates the defective phagocytosis of these cells in the dystrophic RCS rats. 
Thus, taurine processing by the retinal pigment epithelium may influ-
ence its ability to phagocytose photoreceptor. 

We also document using immunohistochemistry to 8-OHdG that 
taurine treatment decreases oxidative damage in the ONL and INL of the 
RCS rat retina. Oxidative stress has an important pathogenic potential in 
neurodegenerative diseases such as RP [66], being one of the main 
contributors to photoreceptor death [66,75]. Taurine is a well-known 
antioxidant [20,33] and its neuroprotective effects may be mediated 
through its antioxidant effects [20,33,38]. However, to the best of our 
knowledge, this is the first study analyzing the presence of 8-OHdG 
positive cells in the degenerating retina following taurine treatment. 

Lastly, we document using bassoon, one of the ubiquitously 
expressed proteins at active zones of conventional and ribbon-type 
synapses [76,77] that labels synaptic ribbons in the OPL and conven-
tional synapses in the IPL [27,78], immunohistochemistry that taurine 
treatment decreases the synaptic deterioration in RCS rats. This is in 
accordance with a previous work showing that taurine treatment ach-
ieves restoration of synaptic integrity of bipolar cell terminals in the OPL 
using metabotropic glutamate receptor subtype 6 (mGluR6) in an 
induced rat model of diabetic retinopathy [34]. Importantly, in this 
work, we show for the first time that taurine treatment improves ribbon 
synapses in both the OPL and the IPL of the RCS rat retina. The reported 
neuroprotection to the synaptic ribbons of the photoreceptors indicates 
rescued connections to second-order neurons [76,79], that would 

prevent degenerative changes (sprouting) in bipolar and horizontal cells 
[76,80,81]. This fact could be key for preventing retinal remodeling and, 
therefore, secondary cell loss in the inner retina [1–6,60]. Moreover, a 
recent work has proposed that taurine plays an important role in syn-
aptogenesis, neurite outgrowth, and synaptic transmission during the 
early stages of neuronal development [82]. Indeed, taurine is very 
abundant in mammalian milk [83–85]. and in human milk, it accounts 
for approximately 50% of the total free amino acid content [84]. Thus, 
taurine may be necessary for healthy neurodevelopment, including 
retinal development [85]. Moreover, neonatal screening of taurine 
plasma levels has been proposed for the identification of children at risk 
of retinal degeneration [86] and decreased taurine plasmatic levels have 
been related to certain retinal degenerations such as central serous 
chorioretinopathy [87] and Leber hereditary optic neuropathy [88]. 

5. Conclusion 

In summary, our study provides strong evidence that systemic 
taurine treatment decreases retinal degeneration in dystrophic RCS rats. 
Taurine treatment decreases photoreceptor loss, oxidative damage in 
the outer and inner nuclear layers and glial cell activation, and improves 
the synaptic structure, retinal function and retinal pigment epithelium 
phagocytosis. Thus, we document that taurine shows various neuro-
protective effects in dystrophic RCS rats. Although these rats suffer 
retinal degeneration due to retinal pigment epithelium dysfunction, it is 
possible that the neuroprotective properties of taurine may also be 
employed successfully in retinal diseases coursing with apoptosis, 
oxidative damage, inflammation or synaptic impairment. 
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Fig. 6. Oxidative stress. Graph showing the mean 
number of 8-OHdG positive cells per retinal layer in 
untreated (black bars) and taurine treated (grey bars) 
RCS rats (A). Photomicrographs of retinal cross sec-
tions from representative retinas of untreated (B) and 
taurine treated (C) P45 RCS rats, showing 8-OHdG +
cells (red), and DAPI nuclear counterstaining (blue). 
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in the INL and ONL (A) in untreated RCS rats. ** 
Statiscally significant differences between groups in 
this layer (p ≤ 0.0001; Two Way ANOVA). GCL: 
Ganglion cell layer. IPL: Inner Plexiform Layer. INL: 
Inner nuclear layer. OPL: Outer Plexiform Layer. 
ONL: Outer nuclear layer. OSL: Outer segments layer. 
Scale Bar: 50 μm. (For interpretation of the references 
to colour in this figure legend, the reader is referred 
to the Web version of this article.)   
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M. Villegas-Pérez, Retinal remodeling following photoreceptor degeneration causes 
retinal ganglion cell death, Neural Regen. Res. 13 (2018) 1885–1886, https://doi. 
org/10.4103/1673-5374.239436. 

[2] D. García-Ayuso, J. Di Pierdomenico, M. Vidal-Sanz, M.P. Villegas-Pérez, Retinal 
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X. Sánchez-Sáez, C. Sánchez-Castillo, P. Lax, N. Cuenca, Inherited retinal 
dystrophies: role of oxidative stress and inflammation in their physiopathology and 
therapeutic implications, Antioxidants 11 (2022) 1086, https://doi.org/10.3390/ 
antiox11061086. 

[76] O. Dick, S. Tom Dieck, W.D. Altrock, J. Ammermüller, R. Weiler, C.C. Garner, E. 
D. Gundelfinger, J.H. Brandstätter, The presynaptic active zone protein bassoon is 
essential for photoreceptor ribbon synapse formation in the retina, Neuron 37 
(2003) 775–786, https://doi.org/10.1016/S0896-6273(03)00086-2. 

[77] M. Ryl, A. Urbasik, K. Gierke, N. Babai, A. Joachimsthaler, A. Feigenspan, 
R. Frischknecht, N. Stallwitz, A. Fejtová, J. Kremers, J. von Wittgenstein, J. 
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