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ABSTRACT 

To study the effect of taurine depletion induced by � -alanine supplementation in the 

retinal nerve fiber layer (RNFL), and retinal ganglion cell (RGC) survival and axonal 

transport. Albino Sprague-Dawley rats were divided into two groups: one group 

received � -alanine supplementation (3%) in the drinking water during 2 months to 

induce taurine depletion, and the other group received regular water. After one month, 

half of the rats from each group were exposed to light. Retinas were analyzed in-vivo 

using Spectral-Domain Optical Coherence Tomography (SD-OCT). Prior to processing, 

RGCs were retrogradely traced with fluorogold (FG) applied to both superior colliculi, 

to assess the state of their retrograde axonal transport. Retinas were dissected as 

wholemounts, surviving RGCs were immunoidentified with Brn3a, and the RFNL with 

phosphorylated high-molecular-weight subunit of the neurofilament triplet (pNFH) 

antibodies. � -alanine supplementation decreases significantly taurine plasma levels and 

causes a significant reduction of the RNFL thickness that is increased after light 

exposure. An abnormal pNFH immunoreactivity in some RGC bodies, their proximal 

dendrites and axons, and a further diminution of the mean number of FG-traced RGCs 

compared with Brn3a+RGCs, indicate that their retrograde axonal transport is affected. 

In conclusion, taurine depletion causes RGC loss and axonal transport impairment. 

Finally, our results suggest that care should be taken when ingesting � -alanine 

supplements due to the limited understanding of their potential adverse effects. 



1. INTRODUCTION 

Preclinical studies have documented that taurine, a nonessential amino acid is necessary 

for cell survival in the retina (Hadj-Said et al., 2016; García-Ayuso et al., 2018a). 

Taurine is mostly obtained from the diet and its uptake can be competitively inhibited 

by structural analogues such as � -alanine (Froger et al., 2014). � -alanine is naturally 

synthesized within the humans and mammals central nervous system (Tiedje et al., 

2010; Froger et al., 2014) and its structure is intermediate between alpha-amino acids 

and gamma-amino acids (GABA; Tiedje et al., 2010). Recently, it has been suggested 

that � -alanine supplementation may have a positive effect on exercise (Saunders et al., 

2017; Everaert et al., 2012; Horvath DM et al., 2016) and thus, it is commonly used as a 

sport supplement (Saunders et al, 2017; Dolan et al., 2019). 

Vigabatrin, an analogue of GABA used as an anti-epileptic drug and also for the 

treatment of infantile spasm (Walters et al., 2019), may cause taurine depletion 

(Jammoul et al., 2009; Horvath GA et al., 2016) by inhibiting its uptake (Rasmunssen et 

al., 2016), and also irreversible electro-retinographic and visual field defects (Mackay et 

al., 2004; Pellock et al., 2010; Kjellström et al., 2014). It was thought that vigabatrine 

retinal toxicity was due to a toxic effect on photoreceptors and glial cells, but recently, it 

has been shown to diminish the thickness of the retinal nerve fiber layer (RNFL), as 

measured by optical coherence tomography (OCT) (Frisén and Malmgren, 2003; Buncic 

et al., 2004; Wild et al., 2006; Kjellström et al., 2014; Peng et al., 2017; Moseng et al., 

2011; Ekinci et al., 2014) and therefore it is probably toxic for retinal ganglion cells.  

The decrease in thickness of the RNFL in vigabatrin treated patients is dose-dependent 

(Clayton et al. 2012; Peng et al., 2017) and light dependent (Tao et al., 2016). Indeed, 

several authors have suggested that it is the conjunction of taurine deficiency and light 

exposure the cause of the retinal damage in vigabatrin treated patients (Jammoul et al., 



2009; Horvath GA et al., 2016; Tao et al., 2016). This is further supported by 

experiments in animal models of vigabatrin-induced retinal toxicity, where taurine 

supplementation has a retinal neuroprotective effect (Jammoul et al., 2009; Tao et al., 

2016). 

We have recently documented in rats that taurine depletion induced by � -alanine 

supplementation increases light-induced retinal damage (García-Ayuso et al., 2018a). 

We have also shown that in taurine-depleted animals, cone and retinal ganglion cell 

(RGC) degeneration occurs in parallel (Hadj-Said et al., 2016; García-Ayuso et al., 

2018a). This suggests that taurine depletion affects each of these populations 

independently. A previous study has shown that in taurine-depleted rats there is loss of 

optic nerve axons, suggesting that RGC loss may be a consequence of their axonal 

damage in the optic nerve (Lake et al., 1988). Thus, the question arises whether RGC 

axonal damage occurs prior to and is the cause of the death of RGCs. To answer this 

question, we have examined RGC survival and axonal transport in normal and taurine-

depleted rats. To label the entire RGC population we have used two different methods: 

i) Fluorogold (FG), a retrogradely transported tracer, applied to the RGC target 

territories in the brain (Salinas-Navarro et al., 2009) and ii) antibodies against the 

transcription factor Brn3a that is expressed in viable RGCs (Nadal-Nicolas et al., 2009). 

We have previously demonstrated that these methods are reliable and reproducible and 

that allow us to accurately label 98% and 96%, respectively, of the population of RGCs 

in the adult rat retina (Salinas-Navarro et al., 2009; Vidal-Sanz et al., 2012; Nadal-

Nicolas et al., 2009, 2012). By comparing RGC identification by these two methods, we 

pretend to elucidate whether RGC loss in taurine-depleted rats is due to axonal transport 

impairment. In addition, to correlate these findings with the possible degeneration of the 



intra-retinal RGC axons, we have explored the RNFL in vivo using OCT and ex-vivo 

using neurofilament immunodetection.  



2. MATERIALS AND METHODS 

 

2.1. Animals and experimental procedures  

Two months old albino Sprague-Dawley (SD) rats (n=16) were obtained from the 

breeding colony of the University of Murcia. Half of them (n=8) were treated with b-

alanine (3%) in the drinking water to induce taurine depletion (García-Ayuso et al., 

2018a), while the rest (non-treated group; n=8) served as controls. One month after the 

beginning of the treatment half of the animals in each group (n=4 in each group) were 

exposed to diffuse light following previously described methods (García-Ayuso et al., 

2011, 2017, 2018a). Briefly, animals were placed in individual cages and exposed to 

3,000 lux of cold fluorescent white light continuously for 48 hours. All the animals 

were processed two months after the initiation of the experiment.  

Animals were housed in an environmentally controlled room with a 12-hour:12-hour 

light-dark cycle (light from 8 AM to 8 PM) and had food and water ad libitum. Light 

intensity inside the cages ranged from 5 to 30 lux. 

All the experiments were carried out in accordance with the Spanish and the European 

Community Council Directives (86/609/EEC), and with the ARVO Statement for the 

Use of Animals in Ophthalmic and Vision Research, and were previously approved by 

the Ethics and Animal Studies Committee of the University of Murcia. 

 

2.2. Spectral-Domain Optical Coherence Tomography 

Retinas were analyzed using Spectral-Domain Optical Coherence Tomography (SD-

OCT; Spectralis, Heidelberg Engineering, Heidelberg, Germany) that allowed us to 

analyze the RNFL at the initiation (before the treatments; baseline) and at the end of the 

study before processing. 



For SD-OCT or Fluoro-gold application (see below), animals were anesthetized with an 

intraperitoneal injection of a mixture of xylazine (10 mg/kg body weight, Rompun; 

Bayer, Kiel, Germany) and ketamine (60 mg/kg body weight, Ketolar; Pfizer, 

Alcobendas, Madrid, Spain). For SD-OCT, a drop of 1% tropicamide (colirio de 

tropicamida 1%; Alcon-Cusí, El Masnou, Spain) was instilled in both eyes to induce 

mydriasis. A custom-made rigid gas permeable contact lens (3.5-mm posterior radius of 

curvature and 5.0-mm optical zone diameter, +5.0-diopter [D] back vertex power) was 

placed onto the cornea to maintain corneal hydration and clarity. Steril ophthalmic 

saline solution was also used to irrigate the cornea. A 78-D double aspheric fundus lens 

(Volk Optical, Inc., Mentor, OH, USA) was mounted in front of the OCT unit to adapt it 

for the rat’s eye. Retinal imaging was performed and analyzed using the software 

provided by the device (Eye Explorer, version 3.2.1.0; Heidelberg Engineering) as 

previously described in detail (Ortín-Martínez et al., 2014; Rovere et al., 2015). To 

explore the RNFL thickness, we used the circular (peripapillary) B-scan (1.5mm 

diameter (Fig. 1) centered on the optic nerve head (Rovere et al., 2015). The RNFL 

thickness was automatically segmented, but all the images were inspected for 

segmentation errors and manual delineation of the RNFL was performed when required. 

For SD-OCT, the anesthesized animals were placed on a platform lying flat in prone 

position with their heads upright and turned to the opposite side of the eye examined. 

We tried to keep the head position similar for all animals and exams, and the follow up 

tool from the OCT program was used for the second examination, so that the same 

regions were compared in consecutive exams. 

 

2.3. Retrograde tracing of RGCs from the superior Colliculi 



RGCs were retrogradely traced by the application of Fluorogold (FG) to both superior 

colliculi (SCi; the largest retinorecipient area in rats; Salinas-Navarro et al., 2009), 1 

week before animal processing. FG is retrogradely transported from the axonal 

terminals to the RGC somas as described in detail in previous works from our 

laboratory (Villegas-Pérez et al., 1998; Salinas-Navarro et al., 2009; García-Ayuso et 

al., 2010, 2011, 2014; Vidal-Sanz et al., 2012). 

 

2.4. Tissue Processing and taurine measurement 

Rats were first sedated with an intraperitoneal injection of sodium pentobarbital 

(Dolethal Vetoquinol, S.A., Lure, France) and then euthanized with a lethal dose of 

sodium pentobarbital. The animals were then perfused transcardially first with saline 

and later with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Blood samples 

were collected just before euthanasia, and the plasma was collected by centrifugal 

separation and frozen at -20ºC. Taurine plasma levels were later analyzed using an 

HPLC-MS system following previously described methods (García-Ayuso et al., 

2018a). After perfusion, the eyes were enucleated and the retinas were dissected as 

whole mounts maintaining their orientation following previously described methods 

(García-Ayuso et al., 2010, 2018a). 

 

2.5. Immunohistofluorescence 

All the retinas were subjected to a double immunohistofluorescence procedure (García-

Ayuso et al., 2010, 2011, 2014, 2018a; Nadal-Nicolás et al., 2009). Briefly, the retinas 

were permeated, washed in phosphate-buffered saline (PBS) containing 0.5% Triton X-

100 (Tx) and incubated overnight at 4ºC with a mixture of primary antibodies against i) 

Brn3a (1:750; C-20; goat anti-Brn3a; Santa Cruz Biotechnology) and ii) the 



phosphorylated high-molecular-weight subunit of the neurofilament triplet (pNFH; 

1:200; RT-97 mouse anti-pNFH, Hybridoma Bank, University of Iowa, Iowa, USA) 

diluted in blocking buffer (2% normal donkey serum and 2% Tx in PBS). In the 

morning, the retinas were washed in PBS and incubated for 2 hours 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, retinas were washed in PBS, mounted on subbed slides, 

and covered with antifading mounting media (Vectashield mounting medium; Vector 

Laboratories, Palex Medical, Barcelona, Spain). 

 

2.6. Automated quantification, and topografical distribution of RGCs 

Whole-mounted retinas were photographed using a raster scan with a X10 objective 

(Plan-Neofluar, 10X/0.30; Zeiss) in an epifluorescence microscope (Axioscop 2 Plus; 

Zeiss, Jena Germany) equipped with a digital high-resolution camera (ProgRes C10; 

Jenoptik, Jena, Germany), and a computer driven motorized stage (ProScan H128 

Series; Prior Scientific Instruments, Cambridge, UK) controlled by the program Image-

Pro Plus (IPP 5.1 for Windows; Media Cybernetics, Silver Spring, MD, USA) as 

previously described (Salinas-Navarro et al., 2009; García-Ayuso et al., 2010, 2011, 

2014, 2018a; Nadal-Nicolás et al. 2009; Vidal-Sanz et al., 2012).  

After acquisition of the retinal images, retinal photomontages were constructed by 

tilling every individual frame (Salinas-Navarro et al., 2009; Nadal-Nicolás et al. 2009; 

García-Ayuso et al., 2010, 2011, 2014, 2018a; Vidal-Sanz et al., 2012). In the retinal 

photomontages, the FG+ and Brn3a+RGCs were quantified using automatic methods 

that have been previously developed in our laboratory (Nadal-Nicolás et al. 2009; 



Salinas-Navarro et al., 2009; García-Ayuso et al., 2010, 2011, 2014, 2018a; Vidal-Sanz 

et al., 2012) and their topographical distribution was plotted in isodensity maps 

(Salinas-Navarro et al., 2009; Nadal-Nicolás et al. 2009; García-Ayuso et al., 2010, 

2011, 2014, 2018a; Vidal-Sanz et al., 2012) constructed using Sigmaplot (SigmaPlot 9.0 

for Windows; Systat Software, Inc., Richmond, CA, USA). 

 

2.7. Statistical Analysis 

For statistical analysis, we used the software SigmaStat 3.1 for Windows (SigmaStat for 

Windows TM version 3.11; Systat Software, Inc.). When comparing more than two 

groups, the ANOVA test followed by Tukey’s post hoc test was used, and when 

comparing only two groups, the t-test (Mann-Whitney test) was used. Parametric tests 

were used when the data was normally distributed and non-parametric tests were used 

when the data was not normally distributed. Differences were considered significant 

when p < 0.05. Data was always expressed as mean ± Standard deviation (SD). 



3. RESULTS 

 

3.1. Taurine plasma levels 

Two months of b-alanine treatment in the drinking water decreased significantly taurine 

plasma levels (p < 0.001; Fig. 1), in accordance with our previously published results 

(García-Ayuso et al., 2018a). 

 

3.2. RNFL thickness: in vivo Analysis 

Figure 2 shows representative SD-OCT images of the peripapillary circular scans from 

the control and the three experimentals groups. Global RNFL thickness at the initiation 

of the study (baseline thickness) was similar in both eyes from all groups (Table 1) and 

also to those previously published for control animals by our group (Rovere et al. 2015). 

Thus, the baseline values of all the groups were pooled and used as control values for all 

groups (Figure 3). 

The comparison of baseline and final pre-processing RNFL thickness differed between 

groups. In the control intact group (not � -alanine treated and not light exposed) there 

was no difference between the baseline RNFL thickness and the final pre-processing 

thickness (Table 1). Similarly, light-exposure did not cause a significant decrease in the 

RNFL thickness (Figure 3A). However, � -alanine treatment and � -alanine treatment 

combined with light-exposure caused significant reductions of the RNFL thickness, that 

amounted 8% and 15% respectively of the mean control values (Two way Anova, 

Tukey test, p<0.01 and p<0.001, respectively; Figure 3A). These results suggest that � -

alanine treatment causes a significant reduction of the RNFL thickness that is increased 

after light exposure (ALE). 



RNFL thickness was also analyzed in the different peripapillary sectors, and we found 

that � -alanine treatment caused a significant decrease of the RNFL thickness in the 

dorsal, ventral and nasal sectors (Two way Anova, Tukey test, p<0.01, p<0.05 and 

p<0.01 respectively; Figure 3B). Interestingly, the combination of b-alanine treatment 

and light-exposure caused a significant reduction of the RNFL in all the sectors (Two 

way Anova, Tukey test; p<0.001, p<0.01, p<0.001 and p<0.01 respectively; Figure 3B). 

 

3.3. Intraretinal RGC axons: ex vivo analysis 

In control retinas the pNFH+ axons showed a linear and divergent trajectory from the 

optic disc to the periphery of the retina (Figure 4A). The pNFH+ labelled axons in the 

retinas of the four experimental groups looked similar when examined the retinas at low 

magnifications (Figure 4 A-D). However, at higher magnifications we observed that in 

b-alanine treated non-light exposed animals, some retinal axons showed an aberrant 

pNFH+ signal at the periphery of the retina (Figure 4B, I): there were more labelled 

axons at the peripheral retina and also because some RGC bodies, corresponding to the 

labelled axons, and their proximal dendrites became also pNFH+ (Figure 4J, M). In b-

alanine treated and light-exposed animals we had similar findings (Figure 4D). When 

we analyzed the b-alanine-treated retinas in detail, we observed also beads along the 

pNFH+ axons (Figure 4I, L), and sometimes, the most peripheral end of the axon 

showed a bulb (Figure 4H, K). These qualitative observations of pNFH+ axons indicate 

that although such morphological alterations are present in all the � -alanine-treated 

animals, they seem to be more abundant in � -alanine treated and light-exposed animals. 

However, quantitative analyses would be necessary to demonstrate it. Finally, most of 

these pNFH+RGCs expressed Brn3a but were not traced with FG (Figure 4 N-Q), which 

could mean that the cell is still alive but the retrograde transport is not working properly 



(see below). Thus, our data showed that taurine depletion results in abnormal pNFH 

immunoreactivity in some RGC bodies and their proximal dendrites and axons, 

following a pattern that we have previously observed after optic nerve axotomy 

(Parrilla-Reverter et al., 2009) and long-term after photoreceptor degeneration (García-

Ayuso et al., 2010, 2011), and these alterations are more marked when taurine depletion 

is combined with light-exposure. This abnormal pattern of pNFH immunoreactivity has 

been proposed as a hallmark of axonal injury and RGC degeneration (Parrilla-Reverter 

et al., 2009; Sanchez-Migallón et al., 2018). 

 

3.4. Analysis of FG+RGC and Brn3a+RGC Populations  

RGCs were double-labelled to distinguish between the retrogradely traced RGCs 

(FG+RGCs) and the surviving RGCs (Brn3a+RGCs). In control animals, no difference 

was found between the mean number (±SD) of FG+RGCs (81,297±3,472; n=8 retinas) 

and the mean numbers of Brn3a+RGCs (86,146±3,292; n=8 retinas) and their numbers 

were similar to those published in previous works (Salinas-Navarro et al., 2009, Nadal-

Nicolas et al., 2009, García-Ayuso et al., 2010, 2011) (Figure 5). 

In non-treated light-exposed animals, the populations of both FG+RGCs (81,823±3,180; 

n=8) and Brn3a+RGCs (83,143±3,615; n=8) were also similar to those found in control 

animals, and in previous studies in light-exposed animals analyzed one month ALE 

(García-Ayuso et al., 2010, 2018a), suggesting that light exposure did not affect RCGs 

or their axonal transport at this time point (Figures 5, 6). 

In b-alanine treated but not light-exposed animals, we observed a significant reduction 

of both the FG+ (64,762±6,186; n=8) and Brn3a+ RGCs (72,273±6,712; n=8) when 

compared to control animals (One-way ANOVA; p<0.001 and p=0.002, respectively). 

In these animals we also found that the mean number of FG+ RGCs was significantly 



lower than the mean number of Brn3a+ RGCs (t-test; p<0.05), suggesting that the 

retrograde axonal transport was also affected (Figures 5, 6). 

Finally, in b-alanine treated and light-exposed animals, we also found a significant 

decrease of the mean number of FG+ (61,375±6,164; n=8) and Brn3a+ RGCs 

(68,332±5,410; n=8) when compared to control animals (One-way ANOVA; p<0.001 

both). In this group, the mean number of FG+RGCs was also significantly lower than 

the mean number of Brn3a+RGCs (t-test; p<0.05), suggesting again an alteration of the 

axonal transport (Figures 5, 6). 

The number of FG+ and Brn3a+ RGCs were lower in � alanine treated and light exposed 

rats than in � -alanine treated but not light-exposed rats. However, when we compared 

the number of FG+ and Brn3a+ RGCs between these experimental groups, we did not 

find significant differences, suggesting that � -alanine treatment is the most noxious 

insult and that the combination of � -alanine and light does not augment significantly 

RGC death (Figures 5, 6). The RGC isodensity maps revealed that cell loss, both for the 

FG+ and Brn3a+ RGCs, was diffuse and more or less evenly distributed all throughout 

the retina (Figure 6). 



4. DISCUSSION 

Previous works of our group have shown that taurine depletion causes RGC loss in rats 

and mice (Hadj-Said et al., 2016; García-Ayuso et al., 2018a). Here we have 

investigated the effect of taurine depletion and light exposure on rat RGCs using two 

different labelling methods: the retrogradely transported tracer FG and immunolabeling 

with antibodies against Brn3a (Nadal-Nicolas et al., 2009; Salinas-Navarro et al., 2009; 

García-Ayuso et al., 2010, 2011, 2014) and we have evaluated their axonal transport 

and axonal integrity in vivo using SD-OCT and ex vivo using pNFH 

immunohistochemistry.  

 

Beta-alanine and guanidoethane sulfonate (GES) are competitive inhibitors of the 

taurine transporter (Froger et al., 2014) that when administered to experimental animals 

in the drinking water cause a significant decrease in taurine plasma levels (Parildar-

Karpuzo� lu et al., 2007; Gaucher et al., 2012; Khimsuksri et al., 2013; Roysommuti., et 

al 2017; García-Ayuso et al., 2018a) and loss of retinal neurons (Gaucher et al., 2012; 

Hadj-Said et al., 2016; García-Ayuso et al., 2018a). Interestingly, � -alanine 

supplementation is one of the most commonly used sport supplements, since it has been 

suggested to improve exercise capacity by enhancing fatigue resistance (Saunders et al., 

2017; Everaert et al., 2012; Horvath DM et al., 2016; Dolan et al., 2019). This effect 

might be independent of induced changes in taurine levels (Horvath DM et al., 2016). 

However, the potential adverse effects of � -alanine supplementation (i.e. retinal 

degeneration due to taurine depletion) might be dose-dependent (Dolan et al., 2019) and 

should be studied in detail. Although taurine is synthesized in the liver of most 

mammals, it is mainly obtained from the diet and therefore, although is not an essential 

amino acid, it should be included in the diet for their actions to be accomplished. 



Curiously, taurine is the second most abundant amino acid in human breast milk 

(Agostoni et al. 2000; Baldeón et al., 2014), and one of the most abundant amino acids 

in the milk of most mammals (Rassin et al., 1978) suggesting a role for this amino acid 

during development (Tochitani et al., 2017; Li et al., 2017). 

 

Vigabatrin is a GABA analog that is used at present in combination to treat resistant 

epilepsy and in monotherapy to treat infantile spasm (Pellock et al., 2010; Walters et al., 

2019). However, its use has been associated with visual field loss, RNFL atrophy and 

retinal ganglion cell damage (Frisén and Malmgren, 2003; Buncic et al., 2004; Mackay 

et al., 2004; Pellock et al., 2010; Kjellström et al., 2014). Vigabatrin induced visual 

impairments have been linked to taurine deficiency and light exposure (Jammoul et al., 

2009; Horvath GA et al., 2016; Tao et al., 2016). Recently, it has been suggested to also 

influence � -alanine levels in tissues (Walters et al., 2019). Furthermore, dietary taurine 

supplementation has been shown to prevent retinal degeneration when taurine depletion 

is induced by vigabatrin treatment (Jammoul et al., 2010; Tao et al., 2016;). 

 

4.1. Retinal Nerve Fiber Layer alterations caused by taurine depletion 

Because in vigabatrin-induced visual impairment there is a reduction in the RNFL 

thickness (Frisén and Malmgren, 2003; Buncic et al., 2004; Peng et al 2017; Kjellström 

et al., 2014; Tu� cu et al., 2017), monitoring RNFL thickness is considered of clinical 

importance for the surveillance of vigabatrin-treated patients (Moseng et al., 2011; 

Clayton et al., 2011; Kjellström et al., 2014; Peng et al., 2017). Here, we show for the 

first time in vivo, that experimentally induced taurine depletion causes a reduction in the 

RNFL thickness. 

 



We also show that when we combine taurine depletion with light exposure, there is a 

higher but not significant reduction in RNFL thickness, suggesting that the combination 

of both factors could worsen the axonal degeneration, as we have previously described 

for cones (García-Ayuso et al., 2018a). Despite the fact that we have not observed a 

clear loss of pNFH labelled intraretinal axons, our results showed abnormal pNFH 

expression in taurine-depleted animals. Specially, we have observed pNFH abnormal 

expression in some RGC somas and dendrites and beads and club- or bulb-like shaped 

bodies at the distal end of the axons. We have observed similar findings in experimental 

animals after optic nerve damage and long-term ALE (Parrilla-Reverter et al., 2009; 

García-Ayuso et al., 2010, 2011, 2014; Sanchez-Migallón et al. 2018) and we proposed 

that the abnormal expression of pNFH occurs in RGCs undergoing a pathological 

process associated with axonal injury (Parrilla-Reverter et al., 2009; Sánchez-Migallón 

et al., 2018) and RGC stress (Sanchez-Migallón et al. 2018). Interestingly, while RGCs 

in our previous reports are injured at the axonal level, their somas are lost before their 

pNFH+ intraretinal axons (Parrilla-Reverter et al., 2009; Sánchez-Migallón et al., 2018). 

Thus, in our opinion, pNFH+RGCs represent degenerating but still present RGCs, that 

will be probably lost before their intraretinal axons. 

 

4.2. Axonal transport impairment caused by taurine depletion 

The results of this study agree with previous works that have shown in experimental 

animals that taurine depletion results in loss of RGC axons (Lake et al., 1988) and 

somas (Gaucher et al., 2012; Hadj-Said et al. 2016; García-Ayuso et al., 2018a). In this 

study, we have documented that in taurine depleted animals the mean number of 

FG+RGCs was lower than the mean number of Brn3a+RGCs in the same retinas. 

Because the presence of FG in the RGCs implies a functional active retrograde axonal 



transport from the brain to the retina, the lower number of FG+RGCs are likely due to 

an impairment of axonal transport, and this is supported also by the alterations found in 

the neurofilament content of the RGC axons (see above), that our group has previously 

described as early signs of axotomy-induced RGC degeneration (Parrilla-Reverter et al., 

2009). Thus, a novel finding of this study is that taurine depletion leads to an alteration 

of axonal transport. The mechanism by which taurine alters axonal transport it is not 

known, although it has been shown that taurine is the most abundant amino acid in the 

retina, it is retrogradely transported by the optic nerve axons and is necessary for 

regeneration of the goldfish retina (Lima, 1999).   

Using this double-labelling technique, we have previously documented in animal 

models of photoreceptor degeneration, inherited or induced, that there is a secondary 

loss of RGCs which is the result of RGC death rather than RGC axonal transport 

impairment (García-Ayuso et al., 2010, 2011, 2014, 2018b). However, we have also 

shown in these models that RGC death is preceded by mechanical impairment of the 

axonal transport (Sposato et al., 2008) caused by axonal intra-retinal strangulations 

(García-Ayuso et al., 2010, 2011, 2014) that appear long term after photoreceptor 

degeneration and are caused by the displacement of the inner retinal vessels during 

retinal remodeling (Villegas-Pérez et al., 1996, 1998; García-Ayuso et al., 2010, 2011, 

2014, 2018b). In this study in taurine depleted rats, we have not found axonal 

strangulations and therefore the mechanism by wich there is a disturbance of the axonal 

transport may not be the same. However, it is also possible that we have failed to 

document them because this is a short term study (2 months after taurine depletion) and 

we have examined the retinas when some photoreceptors remains still alive (García-

Ayuso et al., 2018a). In our earlier work we showed axonal transport disturbance long 

term (4 months or more) after retinal degeneration, when almost all photoreceptors are 



lost (García-Ayuso et al., 2018b), and thus we cannot discard that long-term in taurine 

depleted rats we might find retinal remodeling with axonal strangulations. However, 

this would be a secondary event for photoreceptor loss as it happens in other retinal 

degenerations (Villegas-Pérez et al., 1996; García-Ayuso et al., 2010, 2011, 2014, 

2018b). Therefore, our results do not permit us to elucidate whether in our model RGC 

loss is a primary event of taurine deficiency or it is secondary to the loss of other retinal 

cells as it happens in inherited and induced photoreceptor degenerations (García-Ayuso 

et al., 2010, 2011, 2014, 2018b). But as we have recently shown that RGC and 

photoreceptor loss proceed in parallel under taurine depletion (Hadj-Said et al., 2016; 

García-Ayuso et al., 2018a), we suggest that RGC and photoreceptor loss could be 

independent and the primary results of taurine depletion. 

In addition, our results showing RGC loss and axonal transport defects in taurine 

depleted rats suggest that the reduction observed in the RNFL thickness in vigabatrin 

treated patients (Frisén and Malmgren, 2003; Buncic et al., 2004) is probably due to 

RGC loss caused by taurine depletion. RGC loss has been shown post-mortem in 

vigabatrin-treated patients (Ravindran et al. 2001). However, a recent study has failed to 

show reductions of the thickness of the macular RGC layer in vigabatrin-treated patients 

(Tu� cu et al., 2017). 

 

5. CONCLUSIONS 

In summary, our results show, for the first time, that taurine depletion causes RGC 

axonal transport impairment and confirm that taurine is essential for RGCs survival. 

Finally, our results suggest that care should be taken when using � -alanine 

supplementation due to the limited understanding of its potential adverse effects. 
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FIGURE LEGENDS 

Figure 1: Plasma taurine concentration. Plasma taurine and � -alanine concentration 

(mean±SD) in control (black bars; n=8) and experimental rats (white bars; n=8) 2 

months after � -alanine treatment in the drinking water. Differences were statistically 

significant t-test *=P<0.0001. 

 

Figure 2: Protocol for measuring the RNFL thickness analysis using OCT. (A) Eye 

fundus from a normal SD rat showing the peripapillary circular scan used (green circle, 

diameter 500 µ). Representative SD-OCT circular scans obtained at baseline (left 

column) and pre-processing (right column) showing automatic RNFL segmentation (the 

inner limiting membrane is outlined in red and the outer border of the RNFL is outlined 

in blue) in control (B, B’), � -alanine treated (C, C’), light-exposed (D, D’) and � -alanine 

treated and light exposed (E, E’) animals. 

 

Figure 3: RNFL thickness in experimental animals expressed as proportions of the 

controls. (A) Mean RNFL thickness (±SD) is shown as percentages of the values 

obtained in control retinas (horizontal interrupted line, 100%) in �  -alanine treated (� -

alanine), light exposed (LE) or � -alanine treated and light exposed (� -alanine+LE) 

animals before and after treatments. (B) Mean RNFL thickness (±SD) shown as 

percentages of the values found in control retinas (horizontal interrupted line, 100%) in 

the four different retinal quadrants (dorsal, ventral, nasal and temporal). Two-way 

ANOVA test *p<0.05 **p<0.01 ***p<0.001. Two-way ANOVA test: for the global 

RNFL thickness, Interaction: F (3, 56) = 6.667, P = 0.0006, time factor (comparison of 

baseline and final pre-processing) F (3, 56) = 6.404, P = 0.0008, treatment factor 

(comparison between the different groups) F (1, 56) = 21.57, P < 0.0001; for the dorsal 



RNFL thickness, Interaction: F (3, 56) = 0.9920, P = 0.4033, time factor F (3, 56) = 

5.983, P = 0.0013, treatment factor F (1, 56) = 15.41, P < 0.0002; for the ventral RNFL 

thickness, Interaction: F (3, 56) = 3.508, P = 0.0210, time factor F (3, 56) = 1.944, P = 

0.1330, treatment factor F (1, 56) = 9.164, P = 0.0037; for the nasal RNFL thickness, 

Interaction: F (3, 56) = 6.234, P = 0.0010, time factor F (3, 56) = 2.249, P = 0.0926, 

treatment factor F (1, 56) = 7.483, P = 0.0083; for the temporal RNFL thickness, F (3, 

56) = 1.466, P = 0.2337, time factor F (3, 56) = 4.564, P = 0.0063, treatment factor F (1, 

56) = 13.46, P = 0.0005. 

 

Figure 4: pNFH+ immunohistochemistry.  

Representative magnifications of retinal quadrants of a control (A), a � -alanine treated 

(B), a light exposed (C) and a � -alanine treated and light exposed (D) animal. Higher 

power photographs showing normal pNFH immunoreactivity in control (E) and light 

exposed animals (F, G) and abnormal pNFH immunoreactivity in � -alanine treated 

animals (H-J) and � -alanine treated and light exposed animals (K-M): axonal end-bulbs 

(H, K), rosary-like beads (I, L) and immunoreactive RGCs bodies and dendrites (J, M). 

In the last row (N-Q), a pNFH+RGC (N) that is labeled with Brn3a (O, Q) but not traced 

with FG (P, Q). 

 

Figure 5: Numbers of Brn3a+ and Fluoro-gold+ RGCs. Mean numbers ± SD of 

Brn3a+ (black bars) and Fluoro-gold+ (FG+; white bars) RGCs in control and 

experimental retinas. In animals treated with � -alanine alone or treated with � -alanine 

and light exposure (� -alanine+LE) there were significantly fewer numbers of FG+ than 

of Brn3a+ labelled RGCs (A). In � -alanine treated rats (with or without light exposure) 

there were fewer numbers of Brn3a+ (B) and FG+ RGCs (C) than in control non-treated 



animals. Light exposure alone did not cause any significant change in these populations. 

T-test *=P<0.05 when comparing Brn3a+ and FG+RGCs in the same group (A) and one 

way-ANOVA, followed by a Tukey post-hoc test: for Brn3a+RGCs, F(2, 23)=16.156, 

P<0.001; for FG+RGCs, F(2, 23)= 33.367, P<0.001; #=P<0.001 when comparing 

Brn3a+ or FG+RGCs between treated and non-treated groups (B, C). 

 

Figure 6: Brn3a+ and FG+ RGC densities. (A,A’) Photomontage of a retinal quadrant 

of a control animal showing the Brn3a+ (left column) and Fluoro-gold+ (FG+; right 

column) RGCs. Isodensity maps showing the topography of Brn3a+ and FG+ RGCs in a 

representative control retina (B,B’) and in representative experimental retinas: 2 months 

after treatment with  � -alanine treated animals (C,C’),  1 month after light exposure  and 

2 months after � -alanine treatment (D,D’) and 1 month after light exposure (E,E’). 

Color scale: from 0 RGCs/mm2 (purple) to � 3500 RGCs/mm2 (red). Scale bar: 1 mm. 

 

Table 1. OCT measurements 

Baseline and pre-processing RNFL thickness in microns (global and in the dorsal, 

ventral, nasal and temporal sectors) in the control and three experimental groups. 

Statistically significant differences: *p<0.05 when compared to pooled control RNFL 

values of all groups and †<0.05 when compared to baseline thickness of the same group 

(Two-way ANOVA test). 



TABLE 1 

 

  Control � -alanine Light Exposure  � -alanine+LE 

Global 

Baseline 
42,2±1,5 41,6±1,1 41,1±3,2 42,5±3,7 

41.4 ± 2.1 

Pre-
processing 42±1,8  38±1,2 *† 40,3±1,6  36,7±1,9*† 

Dorsal 
Baseline 

42±1,1 40,6±5  42,5±7 44,1±8,5 

42.3 ± 4.5 

Pre-
processing 42,5±1,7 35,9±3,9 *† 40±2 36±5,6 *† 

Ventral 
Baseline 

40±2,5 42,2±3,9 40,6±2,3 42,6±5,9 

40.9 ± 4.5 

Pre-
processing 

42,25±2,3 38,8±4,7 *† 38,1±2,2 * 36,2±5,5 *† 

Nasal 
Baseline 

40,7±2 39,5±3,2 42,6±6,6  42,8±5,9 

41.9 ± 5.5 

Pre-
processing 41,5±1,7 37,8±2,6 *† 39,8±2,7 37,8±2,9 *† 

Temporal  

Baseline 
42±5,3 43,1±6,3 42±3,2 41,5±4,2 

42.7 ±4.7 

Pre-
processing 41±4 39,8±6,5 40,7±3,7  35,6±3,2 *† 















Highlights 
�

� -alanine supplementation induces taurine depletion and RGC death. 

The loss of traced-RGCs is higher than of Brn3a+RGCs, suggesting an axonal transport 
impairment. 

OCT analysis revealed a reduction of the RNFL thickness induced by taurine depletion. 

� -alanine supplementation should be used with care. 

�


