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Purpose: The impact of visual deprivation on retinal structure is widely debated. Experimental models, like monocular deprivation 
through lid suture, provide insights into the consequences of lacking visual experience during development. This deprivation delays 
primary visual cortex (CV1) maturation due to improper neural connection consolidation, which remains plastic beyond the critical 
period. However, few studies have used Optical Coherence Tomography (OCT) to investigate structural alterations in the retina of 
animal models following monocular deprivation. Instead, some studies have focused on the ganglion cell layer using post-mortem 
histological techniques in amblyopia models induced by monocular deprivation.
Methods: In this study, we used Cliff test to assess stereoscopic vision and spectral domain optical coherence tomography (SD-OCT) 
to evaluate retinal changes in an in vivo model of visual deprivation treated with Transcranial Direct Current Stimulation (tDCS).
Results: The depth perception test initially revealed differences between individuals with amblyopia and the control group. However, 
after 8 tDCS sessions, amblyopic subjects matched the control group’s performance, which remained stable Additionally, significant 
changes were observed in retinal structures post-tDCS treatment. Specifically, the thickness of the Nerve Fiber Layer + Ganglion Cell 
Layer + Inner Plexiform Layer (NFL+GCL+IPL) increased significantly in amblyopic eyes (p<0.001). Moreover, significant retinal 
thickening, including the Nerve Fiber Layer + Ganglion Cell Layer + Inner Plexiform Layer (NFL+GCL+IPL) and the entire retina, 
was observed post-tDCS treatment (p<0.05), highlighting the critical role of tDCS in ameliorating amblyopia. Additionally, treated 
animals exhibited reduced thickness in the Inner Nuclear Layer (INL) and Outer Nuclear Layer (ONL).
Conclusion: tDCS treatment effectively restores amblyopic individuals’ stereoscopic vision, aligning their performance with controls, 
while impacting retinal structure, highlighting its potential in ameliorating amblyopia’s visual deficits.
Keywords: amblyopia, monocular visual deprivation model, tDCS, stereoscopic vision, OCT

Introduction
Amblyopia, often referred to as “lazy eye”, is a developmental visual disorder that arises from monocular or binocular 
visual deprivation during critical periods of visual development. This condition results from a reduction in visual acuity 
and can potentially lead to profound and permanent visual function loss if not addressed promptly. The severity of 
amblyopia-related visual deficits and the potential for recovery depend on the timing of visual deprivation. Deprivation 
during the peak critical period may lead to spontaneous recovery upon resumption of visual stimulation, whereas 
congenital or early deprivation results in profound and permanent visual function loss.1–4
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Experimental models of monocular deprivation, particularly those involving eyelid suturing, have been crucial for under-
standing how visual deprivation affects development. This includes a delay in the maturation of the contralateral primary visual 
cortex (CV1)5–22 and trigger abnormal interactions in CV1, leading to significant changes in ocular dominance.13 Postnatal 
maturation of the retina is essential for the proper development of the neural retina.23 The initial response to deprivation includes 
a reduction in functional strength in the amblyopic eye,6,11,12,24,25 followed by a gradual strengthening of the non-amblyopic 
eye.6,26,27 These changes are also associated with structural modifications, such as an increase in proteases leading to the 
breakdown of the extracellular matrix28,29 and alterations in neuronal structure and connectivity.30–37

Several molecules have been identified, including components of the extracellular matrix, trophic factors, transcrip-
tion factors, and kinases, as vital players in the plasticity of CV1 during postnatal development.38 Changes in visual 
connectivity may also occur in adulthood in response to alterations in sensory experience alterations,39 potentially 
affecting not only the contralateral visual cortex but also other sensory pathways.40–43

The retina’s critical role in the visual system has been well-studied, with extensive investigations into its structure, 
function, and significance in signal conversion.44,45 The technique of optical coherence tomography (OCT) has had 
a significant impact on retinal evaluation.46–48 While OCT is widely used in clinical settings to assess various ocular 
conditions, its application in amblyopia research remains debated.49–51 The debate centers on whether OCT can reliably 
correlate retinal structural changes with functional improvements in amblyopia. Furthermore, its use in animal models 
following monocular deprivation is still limited,22,52,53 which highlights the need for further investigation into its 
effectiveness and application in this context.

Transcranial direct current stimulation (tDCS) has shown promise as a non-invasive treatment for amblyopia. Castaño et al54 

conducted research exploring the effects of transcranial direct current stimulation (tDCS) on adult rats with amblyopia, revealing 
notable improvements in depth perception and cortical activity reorganization in the visual cortex after tDCS treatment. The 
study observed that amblyopic rats, initially exhibiting limited depth discrimination during the Cliff test, demonstrated enhanced 
depth discrimination abilities and behaviors similar to control rats following tDCS intervention. Subsequent studies conducted by 
Castaño et al54–56 further supported these findings, showing that tDCS can positively influence cortical and visual functions in 
adult amblyopic individuals.

The present study seeks to employ OCT imaging to assess retinal layer thickness in amblyopic animals and examine the 
effects of tDCS treatment. This involves exploring possible links between amblyopia, tDCS treatment, and changes in retinal 
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structure. Additionally, the study aims to determine whether the model impacts both cortical and ocular neural structures and to 
investigate potential indirect effects of tDCS on ocular structures in both healthy and amblyopic subjects.

Our study is based on the practical consideration that tDCS, commonly targeted at the visual cortex in deprivation 
amblyopia cases, might exert effects that go beyond the immediate area of application. Building on the well-documented 
ability of tDCS to induce neural changes, we explore the idea that improvements in cortical function could extend to 
positively impact retinal function. This perspective is grounded in the understanding that our neural systems are 
interconnected, and changes in one part can have ripple effects across related areas.57,58 By investigating these potential 
broader effects, our research introduces practical insights that could shape new approaches to treating amblyopia.

Methods
Animals
For this experimental series, 10 male Long Evans rats were used (n=5 per group). The groups were as follows: (1) 
amblyopic group (n=5), which underwent monocular deprivation, and (2) control group (n=5), which was not subjected 
to any deprivation. The animal facility, laboratory, and animal housing were equipped with automated temperature 
control (maintained at 22°C) and operated on a light-dark cycle with a 12-hour light period. The rats had ad libitum 
access to food and water.

All procedures were carried out in accordance with the recommendations in the Guide for the Care and Use of 
Laboratory Animals of the Association for Research in Vision and Ophthalmology and the Spanish Royal Decree 53/ 
2013; European Directive 2010/63/EU. All the protocols were previously reviewed and approved by the Bioethics 
Committee of the University of Almeria.

Experimental Procedure
Figure 1A provides a visual representation of the experimental sequence and the phases involved. Initially, monocular 
deprivation was induced by suturing the eyelid after 12 postnatal days (PN) (the unsutured eye is referred to as 
contralateral). After a period of 60 PN days, the eyelid was reopened, and the Cliff test was conducted after an additional 
30 days. Subsequently, on day 95 PN, an examination using OCT was conducted, followed by the application of tDCS 
treatment for 20 minutes daily over 8 consecutive days (from day 100 to 107). Following this, another Cliff test was 
carried out on day 115 postnatal, and OCT analysis was repeated 5 days later.

Experimental Amblyopia
The induction of experimental amblyopia followed a protocol adapted from Castaño et al.55 Rats underwent eyelid 
suturing at postnatal day 12, just before natural eye opening, to ensure retinal exposure to environmental light. 
Anesthesia was administered via an intraperitoneal injection of ketamine (80 mg/kg) and xylazine (10 mg/kg). Lid 
margins were sutured with 6–0 silk, and a post-operative health check was conducted daily until complete cicatrization. 
Control rats received anesthesia without eyelid suturing. Post-surgery, rats were returned to their mother’s cage until 

Figure 1 Experimental schedule and visual cliff test. (A) Monocular deprivation was performed by suturing the eyelid between PND 12–60. On day 90, a first Cliff test 
evaluation was performed, 5 days later the animals underwent an ocular analysis by OCT before being subjected to stimulation. Then tDCS treatment was performed on 
days 100–107. A final evaluation was made in the gully test on day 115 (8 days after the end of the tDCS session). Finally, after 120 postnatal days (13 days after the end of 
tDCS) they were again evaluated using OCT. (B) Amblyopic rat performing the visual cliff test.
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weaning at postnatal day 21, followed by group housing. Finally, eyelid reopening occurred at two months, with a one- 
month recovery period before individual housing during the behavioral testing phase.

Epicranial Electrode Implantation and Stimulation for tDCS
The procedure for implanting and stimulating epicranial electrodes in this study followed the methodology outlined in 
previous work by Castaño et al.55 Rats, anesthetized with Equithesin (0.3 mL/100 g i.p). and positioned stereotaxically, 
had a gold-plated aluminum small electrode port surgically inserted into the cranial bone, connecting to a specialized vest 
designed for rat tDCS application (produced by NeuroDigital Technologies SL, Spain). Electrodes were consistently 
placed on the side opposite the amblyopic eye, directly over the visual cortex. Control and amblyopic groups not 
undergoing stimulation did not receive surgical treatment but were administered equithesine.

After a one-week recovery, rats underwent eight consecutive days of 20 minutes with a direct current of 200 µA 
delivered by a 355 WPI stimulator (World Precision Instruments). To ensure a gradual commencement and cessation of 
the current, the stimulation intensity was manually modulated, gradually increasing from 0 to 200 µA and decreasing 
back to 0 over a 20-second period at the beginning and end of each session. The anode connected to the skull electrode, 
and the cathode was on the rat’s back, both moistened with conductive gel (Quirumed).

Cliff Test
A modification of the Cliff test, initially proposed by Booher and Walk in 1968,59 was used with the aim of measuring the 
stereoscopic vision capability of animals. This modification involved using a specially constructed wooden box 
(84×53×41 cm), with a rectangular arena (84×53 cm) enclosed by a black plexiglass fence to prevent the animal from 
escaping. The floor of the arena was a glass surface divided into two areas. Underneath one area was a checkerboard 
pattern (3×3 cm squares) called the “UP zone”. In the second area, termed the “DOWN zone”, the checkerboard was 
positioned at the bottom of the wooden box (34 cm below the glass floor). The Cliff box was positioned on a black cm 
above the floor, in a room with walls covered by black curtains. The room was lit by a 20W halogen lamp on the floor to 
provide soft ambient lighting, ensuring the animals could discriminate between the two areas without glare. The test was 
conducted by placing the rat at the midpoint of the arena for 5 minutes in a controlled, noise-free environment. Due to 
difficulties with automated video tracking, performance was recorded using a ceiling-mounted camera with infrared 
sensor. Trials were reviewed manually by a blinded researcher, and the Index of Discrimination (ID) was calculated. This 
modification was conducted similarly to the method published in the work carried out by Castaño et al.56

Depth Perception Assessment
The assessment of depth perception was carried out using the “Gully Test” at two experimental moments: pre-treatment 
moment (before being treated with tDCS) and post-treatment moment (after stimulation with tDCS) (Table 1).

The incorporation of a control group comprising rats with normal vision played a pivotal role in our study. This group, 
strategically chosen to gauge the animals’ discrimination abilities and examine eye structures before treatment initiation, 
provided crucial insights into potential morphological changes in retinal layers following epicranial tDCS) The inclusion of 
this control group furnished us with a clear reference point, facilitating a meticulous assessment of tDCS-induced effects.

Conversely, the tDCS-stimulated amblyopic group was instrumental in confirming amblyopic conditions and asses-
sing ocular differences before and after treatment. This comprehensive approach significantly enhanced our under-
standing of how tDCS affects both visual discrimination and ocular morphology.

Table 1 Different Phases of Treatment for the Evaluation of Stereopsis

Group Pre-Treatment Treatment Post- Treatment

Amblyopic 1° Cliff Evaluation tDCS 2mA/20min 2° Cliff Evaluation

Control 1° Cliff Evaluation tDCS 2mA/20min 2° Cliff Evaluation
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Opting for normal-vision rats as the control group, instead of a deprivation plus sham stimulation group, enabled 
a direct comparison of tDCS effects. This strategic design, avoiding additional variables associated with sham stimula-
tion, focused our study on differences solely attributed to the amblyopic condition and its response to tDCS treatment. 
Notably, this approach enhanced the precision of our investigation, contributing to a clearer interpretation of results and 
ensuring a more accurate assessment of tDCS’s potential impact on amblyopia.60

To assess stereoscopic vision, we employed the adapted Cliff test (Figure 1B) following the protocol detailed in 
Castaño et al.56 The test involved placing rats equidistant between two arena areas, allowing free exploration for 
5 minutes during quiet, disruption-free periods. Due to the checkerboard pattern blending with the rats’ coat color, 
automated video tracking was impractical. Instead, a Sony DSC-H9 camera, utilizing its night mode infrared sensor in 
low-light conditions, recorded the trials. Post-trial, the arena was cleaned to remove olfactory cues.

Recorded trials were manually reviewed by an unbiased researcher, unaware of group assignments and recording 
times (pre- or post-tDCS). Animals were coded numerically for objectivity. The Index of Discrimination (ID) was 
calculated as (Time Spent in Upper Area - Time Spent in Lower Area) / Total Time. Each subject underwent the test pre- 
and post-treatment, with a 23-day interval between conditions.

OCT Evaluation
The OCT images were obtained using the Heidelberg Spectralis OCT device, known for its high-resolution imaging 
capabilities, and the procedure for obtaining OCT images was following previously described methods with some 
modifications.61 High-resolution images of the retinal fundus were obtained, including circular scans focused on the 
optic nerve with a diameter of 3.3 mm and high-resolution mode set at 100 ART. A total of 20 thickness measurements were 
obtained for each retinal layer in the captured images, including the NFL+GCL+IPL (Nerve Fiber Layer + Ganglion Cell 
Layer + Inner Plexiform Layer), INL (Inner Nuclear Layer), and ONL (Outer Nuclear Layer), as well as measurements of 
the entire retina (thickness between the internal limiting membrane and Bruch’s membrane) for each eye (Figure 2).

Due to the equipment’s segmentation algorithm being optimized for human retinal layers, a manual measurement 
approach was employed. Two independent investigators, who were blinded to both experimental groups and time-points, 
performed the measurements on each OCT image acquired, in accordance with established protocols used in previous 
studies.62,63 Measurements were conducted using FIJI software (https://imagej.net/software/fiji/) with a dedicated plugin 
designed for this purpose, ensuring a detailed and accurate assessment of the retinal layers. This manual assessment 
ensured accurate segmentation and measurement of the retinal layers in our experimental analysis.

The examination of the retinal layers was conducted in both eyes of the animals. In the control group, the examination 
took place 5 days after completing the initial Cliff test. In the amblyope group, the examination was conducted on both 
the amblyopic eye and the normal eye at two distinct time points: (1) 15 days after the opening of the amblyopic eye and 
1 day after the initial pre-treatment evaluation in the Cliff test, (2) 15 days after completing the tDCS sessions and 1 day 
after the post-treatment evaluation in the Cliff test.

Figure 2 Fundus and retinal layers of an OCT scan. On the left, a circular scan centered on the optic nerve on the retinal background (the green circle indicates the position 
of the peripapillary scan where the retinal sections were taken). On the right, a section of the retina with a diagram of the layers evaluated for the study: NFL+GCL+IPL 
(optic nerve fiber layer + ganglion cell layer + inner plexiform layer), INL (inner nuclear layer), ONL (outer nuclear layer) and entire retina. Scale: 200 microns.
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Statistic
The SPSS 26.0 statistical package (IBM Corp., Armonk USA) was utilized for data analysis and graphic representations. 
The discrimination index (DI) was used as the dependent variable.56

Sample size was determined using G*Power 3.1 Calculator with an alpha level of 0.05 and a power of 80%. Data 
normality was assessed using the Kolmogorov–Smirnov test, and Levene’s test was employed to examine variance 
homogeneity. Two-group comparisons utilized the Student’s t-test under conditions of normality and homogeneity, while 
the Mann–Whitney U-test was employed when these assumptions were not met. Multiple comparisons with normal 
distribution and variance homogeneity involved One-way or two-way ANOVA, followed by post hoc tests such as 
Bonferroni or Tukey. In cases where the data did not follow a normal distribution, the Mann–Whitney or Kruskal–Wallis 
U-test was used to determine differences. A significance level of p < 0.05 (*p<0.05; ***p<0.001) was considered 
statistically significant. Data are presented as means ± SD.

Results
Depth Perception Test Results
The analysis revealed a significant main effect of treatment on the dependent variable ID; F(1,8) = 15.003, p < 0.05. 
Furthermore, a significant interaction effect between treatment and group was observed; F(1,8) = 12.760, (p < 0.05).

The results of the depth perception test showed significant differences between the amblyope group and the control group 
before tDCS stimulation (mean difference = 0.606, p < 0.001). After tDCS treatment, depth perception improved in the 
amblyopic group to the point where no significant differences were observed between the amblyopic and control groups (mean 
difference = 0.089, p > 0.05). Additionally, within the amblyopic group, a significant improvement in depth perception was 
noted from pre-treatment to post-treatment (mean difference = 0.539, p = 0.001). In contrast, the control group did not exhibit 
significant changes in depth perception between pre-treatment and post-treatment (mean difference = 0.022, p > 0.05) 
(Figure 3).

Figure 3 Effect of tDCS treatment on stereopsis (DI, Discrimination Index) in Amblyopic Rats. Significant improvement in DI observed in private rats post-treatment, 
contrasting with no improvement in the untreated amblyopic group. Data are represented as mean ± SD. Significant differences between the different groups are plotted as 
***p < 0.001.
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Morphological Changes in the Retina After Visual Deprivation
To evaluate the morphological changes in the retina following visual deprivation, we measured the combined thickness of 
the NFL+GCL+IPL layers, which encompass the nerve fiber layer (NFL), ganglion cell layer (GCL), and inner plexiform 
layer (INL) (Figure 4B–C, red bars). Figure 4 provides a visual representation of the eye fundus with a circular scan 
conducted around the optic nerve, specifically capturing the peripapillary retina (Figure 4A). Additionally, two repre-
sentative SD-OCT images of retinal sections are depicted, showcasing the amblyopic eyes before treatment with tDCS 
(Figure 4B) and after treatment with tDCS (Figure 4C). These images qualitatively and schematically demonstrate the 
noticeable increase in thickness observed in the NFL+GCL+IPL layer and the overall retina section of the amblyopic 
retina following tDCS treatment.

Effect of tDCS on Retinal Structure
Prior to comparing the treated and control amblyopic eyes, we examined whether there were any differences in the 
thicknesses of the studied retinal layers in the control eyes before and after tDCS application. Our analysis revealed no 
significant differences in the thicknesses of the analyzed layers between the control eyes pre-tDCS and post-tDCS 
(Figure 5). Subsequently, we calculated the mean value of all the data, including pre-treatment and post-treatment 
measurements, in order to compare them with the pre-tDCS and post-tDCS measurements of the amblyopic eyes, as well 
as the measurements of their contralateral eyes (Figure 5).

In relation to the NFL+GCL+IPL layer, the thickness showed a significant increase after treatment with tDCS in 
amblyopic eyes (p<0.001). This indicates that tDCS had a positive effect on the thickness of this layer, suggesting 
a potential improvement in retinal structure. Conversely, the amblyopic eyes, which experienced monocular deprivation, 
exhibited a reduction in NFL+GCL+IPL thickness compared to the control group. This difference highlights the impact 
of monocular deprivation on retinal layer thickness and underscores the significance of the observed increase following 
tDCS treatment. These findings are depicted in Figure 6A, supporting the notion that tDCS may play a role in promoting 
structural changes in the NFL+GCL+IPL layer.

Regarding the INL and ONL layers, a noteworthy finding was the significant thinning observed in amblyopic eyes 
following tDCS treatment (p<0.05). Intriguingly, prior to treatment, the control eyes exhibited lower thickness in both the 
INL and ONL layers compared to the amblyopic and contralateral eyes (p<0.01 and p<0.001, respectively). However, it 
is worth noting that after tDCS treatment, the thickness of these layers in the control eyes, amblyopic eyes with tDCS, 
and contralateral eyes with tDCS exhibited a remarkably similar pattern (Figure 6B and C). These findings suggest that 
tDCS treatment may have influenced the thinning of the INL and ONL layers in amblyopic eyes, potentially contributing 
to retinal remodeling.

Figure 4 Representative fundus images of a private eye and their corresponding cross-sectional OCT images before and after tDCS treatment. (A) The green circle 
highlights the 360° transverse circumference in the peripapillary retina adjacent to the optic nerve, which was used for analyzing the thicknesses of different layers. 
Representative images of retinal morphology extracted from the corresponding OCTs scans of amblyopic rats prior to tDCS treatment (B), and after treatment (C). The 
red bars represent the thickness of the NFL+GCL+IPL layer set. The blue bars show the thickness of the entire retina. NFL+GCL+IPL, nerve fiber layer+ganglion cell layer 
+inner plexiform layer. Scale bar in (A): 200 µm. Scale bar in (B) and (C): 100 µm.
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Lastly, when considering the total thickness of the entire retina, a significant increase was observed in amblyopic eyes 
following tDCS treatment, with values changing from 207.5 ± 6.7 μm before treatment to 213.7 ± 6.9 μm after treatment 
(p<0.05) (Figure 6D). In contrast, the total retinal thickness did not display significant differences between the control 
eyes and the contralateral eyes without and with treatment, demonstrating values of 211.5 ± 6.1 μm, 211.6 ± 5.0 μm, and 
211.7 ± 6.8 μm, respectively. These findings indicate that the increase in total retinal thickness was specific to amblyopic 
eyes after tDCS intervention, while control and contralateral eyes maintained similar thickness levels (Figure 6D).

Concerning the contralateral eyes, a similar pattern was evident, resembling that observed in eyes with amblyopia 
both before and after treatment. Specifically, there was an increase in the thickness of the NFL+GCL+IPL layer and 
a decrease in the INL and ONL layers (p<0.05). However, there were no statistically significant differences in the total 
retinal thickness before and after tDCS treatment in the contralateral eyes (Figure 6D). These findings suggest that the 
effects of tDCS on retinal layers are specific to the amblyopic eyes and do not extend to the contralateral eyes, as 
indicated by the absence of changes in the overall retinal thickness (Figure 6D).

Figure 5 Comparison of retinal layer thickness in pre-tDCS control animals and post-tDCS determined by SD-OCT. The histograms depict the thickness measurements of 
various retinal layers, including the NFL+GCL+IPL layer (A), the INL layer (B), the ONL layer (C), and the entire retina (D), in the eyes of the subjects. No significant 
differences were observed between the pre-tDCS control animals and post-tDCS conditions. Data are represented as mean ± SD. Twenty measurements were made for 
each layer and per eye (n=5).
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Discussion
The findings of our study align with previous research54–56 that has demonstrated the impact of visual acuity deprivation 
on depth perception in amblyopic rats. Consistent with these earlier studies, we observed a compromised depth 
perception in amblyopic rats, as reflected by their lower ID scores in the gully test. Notably, tDCS treatment substantially 
enhanced depth perception in amblyopic rats, suggesting its promise in mitigating amblyopia-related deficits. In contrast, 
control rats displayed consistent gully test performance, unaffected by tDCS. These findings underscore tDCS’s 
therapeutic potential for amblyopia, particularly its influence on depth perception in amblyopic individuals.

We employed optical coherence tomography (OCT) imaging for non-invasive retinal assessment, offering advantages 
over conventional histological methods. The use of this imaging technique allowed us to monitor retinal morphology in 
the same animal across multiple time points, enabling dynamic in vivo analysis. This longitudinal OCT approach 
provided valuable insights into the evolving retinal anatomy efficiently and with minimal disruption, aligning with 
prior research highlighting OCT’s benefits for non-invasive and longitudinal retinal studies.64

The understanding of retinal changes in amblyopic eyes remains a subject of ongoing investigation and debate. 
Previous studies exploring retinal alterations in human amblyopic eyes using optical coherence tomography (OCT) have 
yielded inconclusive and conflicting findings. Some studies have reported no significant retinal changes over time in 
individuals with amblyopia65,66 Conversely, other investigations have observed an increase in the inner retinal layers 

Figure 6 Changes in retinal thickness before and after tDCS treatment in control and amblyopic rats. Histograms present the thickness measurements of different retinal 
layers, including the NFL+GCL+IPL layer (A), the INL layer (B), the ONL layer (C), and the entire retina (D). The measurements were obtained from control eyes (c), 
amblyopic eyes before tDCS treatment (AB) and after treatment (AA), as well as their corresponding contralateral eyes before tDCS treatment (CB) and after treatment 
(CA). The data are represented as the mean ± SD, with a total of twenty measurements per layer and per eye. Each group consisted of five animals (n=5). Significant 
differences between the different groups and control eyes are plotted as **p < 0.01, ***p < 0.001. Specific comparisons between amblyopic eyes before and after treatment 
are shown as #p < 0.05 and ##p < 0.01. NFL+GCL+IPL, nerve fiber layer+ganglion cell layer+inner plexiform layer. INL, inner nuclear layer. ONL, outer nuclear layer. C, 
control. AB, amblyopic eye before tDCS. AA, amblyopic eye after tDCS. CB, contralateral eye before tDCS. CA, contralateral eye after tDCS.
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among amblyopic patients.67 However, there is a dearth of literature regarding retinal changes in animal models of 
amblyopia. Studies conducted on these experimental models have indicated a reduction in the thickness of the optic nerve 
fiber layer, as well as a decrease in the number and size of ganglion cells and their nucleolar volume53,68,69 Furthermore, 
our study provides a mechanistic and structural basis for understanding how tDCS can induce functional and structural 
changes in the retina and visual cortex, aligning with clinical findings in humans.70,71 Therefore, further research is 
required to comprehensively elucidate the specific retinal changes associated with amblyopia, considering both human 
and animal studies, to enhance our understanding of the underlying mechanisms and potential therapeutic approaches.

Previous studies conducted on animal models have provided valuable insights into the effects of monocular visual 
deprivation on retinal morphology. In 1977, Von Noorden and colleagues investigated the impact of unilateral eyelid 
sutures on parafoveal ganglion cells in Macaca mulatta.53 The study, spanning 24 months from birth, demonstrated 
a significant decrease in both the density and size of these cells. Similarly, studies conducted on cats subjected to 
monocular visual deprivation during the first 17 weeks after birth revealed a thinning of the inner plexiform layer and 
a decrease in the density of Müller’s fibers within this layer.72 A recent study involving rabbits and monocular 
deprivation revealed a significant decrease in cell density across the inner nuclear layer (INL), outer nuclear layer 
(ONL), and notably in the ganglion cell layer (GCL). Moreover, the extent of these changes was found to be more 
pronounced with longer durations of deprivation.52 These findings collectively emphasize the profound impact of 
monocular visual deprivation on retinal cell density and organization, shedding light on the dynamic nature of retinal 
changes in response to visual experience or deprivation.

In this study, the effects of tDCS on retinal structure in amblyopic eyes were investigated. The results indicated that 
tDCS had no impact on the retinal structure of control eyes, demonstrating the safety of this intervention. However, in 
amblyopic eyes subjected to tDCS, significant anatomical changes were primarily observed in the inner retina. This was 
reflected in a notable increase in total retinal thickness in the treated amblyopic eyes. Our analysis of retinal thickness 
using OCT showed a highly significant reduction in the thickness of NFL, GCL, and IPL in amblyopic eyes compared to 
control eyes before tDCS. Notably, these three innermost layers of the retina account for approximately 30% of the total 
retinal thickness.73 However, no significant changes in the thickness of the entire retina were observed between the 
contralateral eyes and control eyes. Interestingly, after 20 days of tDCS treatment, both the overall retinal thickness and 
the thickness of the innermost layers (NFL+GCL+IPL) increased. Conversely, INL and ONL, which had larger 
thicknesses in amblyopic eyes before treatment, decreased after tDCS. These findings suggest a potential compensatory 
mechanism, with tDCS inducing positive structural changes in the inner retina of amblyopic eyes, enhancing retinal 
integrity, and potentially improving visual function in individuals with amblyopia. This investigation aligns with previous 
research that has demonstrated tDCS, using currents as low as 2.5 µA, can induce lasting changes in isolated retinal 
ganglion cell responses.74 Our study found that tDCS induced changes in the inner retinal structure of amblyopic eyes, 
suggesting a potential compensatory mechanism. This could improve retinal integrity and visual function in amblyopia. 
Additional research is essential to uncover the mechanisms at play and the sustained effects of tDCS on retinal structure 
and visual outcomes in individuals with amblyopia.

In line with our results, Spiegel et al (2013) demonstrated the potential of non-invasive interventions in amblyopia treatment, 
highlighting how anodal transcranial direct current stimulation (a-tDCS) transiently enhances contrast sensitivity and normalizes 
visual cortex activation in individuals with amblyopia.75 This underscores the leverage of adult brain plasticity for improving 
amblyopia therapies. Levi’s et al holistic approach to amblyopia treatment, incorporating experimental strategies like perceptual 
learning and video games, aligns with the implications of our study on the efficacy of new therapeutic strategies.76

Moreover, Bocci et al’s findings on cathodal transcranial direct current stimulation (c-tDCS) enhancing visual acuity 
by reducing transcallosal inhibition suggest a valuable therapeutic tool, complementing the approaches discussed in our 
study.77 Donkor et al’s research on transcranial random noise stimulation (tRNS) in amblyopic adults provides promising 
evidence for the efficacy of non-invasive methods, indicating ongoing plasticity in the adult visual system.78 Integrating 
these findings, Moret et al’s study on high-frequency tRNS combined with perceptual training further supports the 
potential benefits of integrated therapies, offering a comprehensive perspective for advancing amblyopia treatment 
research and clinical applications.79
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A primary limitation of our study is the relatively small sample size of 5 rats per group, which may affect the 
robustness of our findings. Additionally, the use of a single animal model to study amblyopia and the effects of tDCS 
may limit the broader applicability of our results to human conditions. Future research should incorporate larger sample 
sizes and diverse animal models to validate and extend these findings.

In conclusion, our study provides strong evidence supporting tDCS as a non-invasive treatment to enhance both visual 
acuity and depth perception in amblyopia. Furthermore, we have demonstrated tDCS-induced changes in retinal 
structure, suggesting its potential impact on retinal health. These findings highlight tDCS as a promising non-invasive 
therapy for amblyopia, with the potential to enhance visual function and outcomes by targeting neural circuits and 
fostering neuroplasticity.

To translate these findings into clinical practice, future research should focus on conducting controlled clinical trials 
in amblyopic patients, developing longitudinal studies to assess long-term effects, and identifying biomarkers to predict 
treatment response. Additionally, integrating animal and human models in translational studies will help elucidate the 
mechanisms underlying tDCS-induced visual improvements and optimize the therapy for clinical applications.
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