
  

 

Abstract— Retinal prostheses have the potential to restore 

vision to blind patients that have retinitis pigmentosa or similar 

hereditary degenerative disorders, by electrically stimulating 

surviving retinal neurons through implanted electrode arrays. 

Current retinal prostheses provide limited visual acuity and one 

challenge is to spatially control neural activation following 

electrical stimulation. Most of the retinal prostheses are either 

epi-retinal - in front of the retinal ganglion cell layer, or sub-

retinal - behind photoreceptor layer. In this study, we performed 

calcium imaging of ganglion cells from whole mounted retinas 

and compared the spread of neural activation between epi-

retinal stimulation with a fiber electrode and sub-retinal 

stimulation with a disk electrode. We investigated the effects of 

phase durations on the spatial resolution of biphasic stimulation. 

Our results suggest that with fiber electrode epi-retinal 

stimulation, the axon bundles activation can lead to significant 

spread of stimulation, and cannot be avoided simply by changing 

the phase durations. However, sub-retinal stimulation with very 

short pulses (phase duration 0.033ms) can effectively confine the 

activation of retinal ganglion cells. 

I. INTRODUCTION 

Retinal prostheses are implantable devices designed to 

restore sight to patients blinded by significant retinal diseases 

such as retinitis pigmentosa[1]. In these retinal degenerative 

diseases, light-sensitive photoreceptors are gradually lost, 

while inner retinal layers including retinal ganglion cells 

(RGCs) partially survive. Typically, an external camera will 

be used to capture a visual scene. The digitized image is 

conveyed via radio frequency or laser pulses to a device 

placed on or behind the retina. The device transmits 

information about the visual scene to the remaining inner 

retinal layers in the form of electrical pulses via implanted 

electrode arrays.  

Designs for retinal prostheses can be generally categorized 

based on where the device is placed in the eye. Most devices 

are placed either epi-retinally (on the retinal surface and 

adjoining the RGC layer), or sub-retinally (outside the retina 

adjoining or in place of the remnants of the retinal pigment 

epithelial and photoreceptor layers). Compared with sub-

retinal designs, epi-retinal devices benefit from being easier 

for surgical implantation and less likely to damage the retina. 

However, after implantation, sub-retinal devices can be held 

in place by pressure, without the need of a tack as is used for 

epi-retinal prostheses, although sub-retinal implants may use 

a silicone oil tamponade[2]. 

The investigation of retinal prostheses has been conducted 

for decades with the first human trial in 2002, but the success 
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so far remains limited. With visual acuity of 20/20 considered 

normal vision and 20/200 defined as legally blind, the best 

reported clinical trial has been 20/546[2]. One possible reason 

for low visual acuity is that the electrodes excite larger 

numbers of retinal cells than expected[3]. In epi-retinal 

stimulation, stimulus parameters have been previously shown 

to influence the spatial distribution of the RGCs stimulated[4-

6]. For example, very long pulse stimulation (25ms biphasic 

phase duration or 20Hz sinusoidal stimulation) led to more 

localized responses of RGCs due to indirect activation of 

RGCs through the retinal network, including presynaptic 

bipolar cells[5]. However, continuous indirect network 

stimulation has been found to be related to desensitization of 

RGC responses, in which the sensitivity of RGCs to electrical 

stimulation gradually decreases with repeated stimulation[7] 

and could lead to phosphine fading[8]. Therefore, very short 

pulses have been proposed for direct stimulation of RGCs[4]. 

However, the spatial responses at the population level of 

RGCs to sub-retinal stimulation have never been reported. A 

comparison between the spatial resolution of sub-retinal and 

epi-retinal stimulation is important for informing the design 

of retinal prostheses. 

In the present work, the effect of electrode location as well 

as different pulse parameters on the spatial responses of RGCs 

to electrical stimulation were investigated. We loaded Ca2+ 

signal sensitive indicators into adult rat RGCs by injecting 

indicators into the optic nerve. Imaging was then performed 

to record the responses of RGCs in whole mounted retinas to 

either sub-retinal or epi-retinal stimulation. In this study, 

experimental results with very short pulses (phase duration 

0.033ms), medium length pulses (0.5ms) and very long pulses 

(24ms) of stimulation are reported. 

II. METHODS 

A. Animal Ethics 

 All procedures performed in this study were in accordance 

with the ethical standards of the Animal Care and Ethics 

Committee of The University of Melbourne (#1814462.3) 

B. Retinal Preparation 

Data came from adult pigmented Long Evans rats of either 

gender and older than 3 months. Animals were anaesthetized 

with an intraperitoneal injection of a mixture of ketamine 

(75mg/kg) and xylazine (10mg/kg). After enucleation, 0.5µL 

of 20mM Oregon Green 488 BAPTA-1 solution (OGB-1, 

Hexapottassium salt, Thermo Fisher Scientific, dissolved in 
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DI water) was injected into each eye from the cut end of its 

optic nerve. The lens and cornea were then carefully removed 

and the retina was kept in an eyecup overnight in a dish filled 

with carbogenated Ames’ solution at room temperature. The 

overnight incubation was found essential for uniform staining 

of retinal ganglion cells. Animals were finally sacrificed by 

intracardiac injection of 1ml Lethabarb.  

On the second day, the whole mounted retina was prepared 

by removing eye cup and cleaning away the vitreous. In each 

experiment, half or one third of the retina was mounted with 

the ganglion cell side up on a microelectrode array (Figure 1). 

The retina was held in place using a homemade stainless steel 

harp fitted with Lycra threads. For epi-retinal stimulation, due 

to the limitation of our experimental set-up (an upright 

microscope) and the non-transparency of diamond electrodes, 

a fiber electrode was used. The electrode was placed above 

and in contact with the retina. During the experiment, the 

retina was continuously perfused with carbogenated Ames’ 

solution at a rate of 3 to 8ml/min at room temperature.  

C. Calcium Imaging  

 The calcium transients of RGCs were monitored using an 

upright confocal microscope (Olympus, FluoView FV1200) 

with either a x10 or x20 water immersion objective lens 

(Figure 1). The excitation source was a 473nm laser and 

images were captured at a frequency of about 7.7Hz. 

 

D. Electrical Stimulation 

 Electrical stimulation was delivered either through a sub-

retinal electrode or an epi-retinal fiber electrode. The sub-

retinal electrode was one from an electrode array composed 

of conductive nitrogen included ultrananocrystalline diamond 

(N-UNCD) and insulating polycrystalline diamond (PCD), 

fabricated as previously described[9]. The array was flip-chip 

bonded onto a custom designed PCB for stimulator 

connection. The final array was composed of 5x5 round disk 

electrodes with a diameter of 100µm and pitch of 150µm. The 

fiber electrodes were fabricated using N-UNCD coated 

carbon fibers (fabrication method unpublished). Single fibers 

were fixed onto copper wires using silver epoxy and 

encapsulated in glass pipettes. The end of fibers were exposed 

to a length of 100µm. With a diameter of about 12µm, the 

total exposed surface area of a fiber electrode is similar to a 

70µm diameter disk electrode. An Ag/AgCl wire placed in the 

chamber about 2cm away from the stimulating electrodes 

served as the return electrode.  

Electrical stimuli composed of symmetric biphasic current 

pulse waveforms (Figure 2b,c) were generated from a Ripple 

Neuron Grapevine system. Depending on the electrode 

location, the stimuli were either cathodic phase first (sub-

retinal) or anodic phase first (epi-retinal). The polarity was 

chosen due to the different responses of RGCs which has been 

confirmed many times experimentally: cathodic first pulses 

have lower stimulation threshold for epi-retinal stimulation 

due to higher concentration of Na channels over the region of 

RGCs facing the inner limiting membrane, near the axonal 

hillock, and vice versa.[1] The experiments were conducted 

with three different biphasic phase durations (Figure 2b

, 

 
Figure 1. Experimental Set-up for Calcium Imaging. Whole 

mounted retina was placed with RGC side up in a perfusion 

chamber and imaged through an upright confocal microscope with 

a 473nm excitation laser. Stimuli was delivered through a sub-

retinal disk electrode or epi-retinal fiber electrode in contact with 

either side of the retina.   

Figure 2. Calcium transients to electrical stimulation. (a) Shows 

a recorded area of RGCs in response to epi-retinal stimulation. As 

shown in (b) and (c), during each recording, 10 groups of 

symmetric biphasic stimuli were delivered with the same current 

amplitudes at an interval of 2s. Depending on the electrode 

location, the polarity of the first phase is different. Each group 

was composed of 10 (phase duration 0.033ms and 0.5) or 3 (phase 

duration 24ms) pulses with a frequency of 60Hz ((phase duration 

0.033ms and 0.5) or 20Hz (phase duration 24ms). The number of 

responses was counted after filtering the normalized fluorescent 

transients. Thresholding was at the RMS noise level. The 

electrically evoked response was determined by its temporal 

correlation with the stimulus. Cell 1 to 5 shows examples of cells 

with different numbers of responses to the same stimuli. 
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∆t=0.033ms, 0.5ms or 24ms) and multiple current amplitudes. 

The Interphase gap was kept at 0.033ms for all experiments. 

In each experiment, 10 groups of stimuli at an interval of 2s 

were delivered with the same current amplitude. Each group 

had 10 (0.033ms and 0.5ms phase duration) or 3 (24ms phase 

duration) biphasic pulses repeated at a frequency of 60Hz 

(0.033ms and 0.5ms phase duration) or 20Hz (24ms phase 

duration) to evoke robust and detectable calcium transients.  

E. Calcium Imaging Data Analysis  

To fully capture the whole stimulated area, images were 

taken at multiple areas in the retina and then stitched together 

using ImageJ MosaicJ plugin[10]. The soma was manually 

identified and the fluorescent transient for each cell was 

obtained using the ImageJ ROI tool. Electrically evoked 

responses were then detected by filtering the fluorescence 

intensity of each cell and identifying it temporally with the 

stimuli. The response percentage (number of responses per 10 

groups) was calculated. 

To calculate the stimulating threshold, stimulation was 

repeated with at least five different current amplitudes. A 

sigmoidal function was used to fit the curve of response 

percentage to current amplitude. The amplitude that yielded a 

50% response was defined as the threshold.  

Spatial threshold maps were generated as previously 

described[5]. The cells were binned into a grid according to 

their location relative to the stimulating electrode. Each grid 

bin is 30 µm x 30 µm and the thresholds were averaged within 

each bin. Each map was combined and averaged with results 

from three retinas. The maps were also rotated and shifted so 

that the optic disc was left of the electrode.  

All data processing was performed in ImageJ (National 

Institutes of Health) and MATLAB (MathWorks). 

F. Electric Field Mapping 

To estimate the percentage of direct RGC activation, we 

measured the potential in saline solution when injecting a 

current of 20µA from the stimulating electrodes (Figure 5a,b). 

With sub-retinal stimulation, the potential was read out 

through a tungsten electrode with a tip diameter of about 

10µm scanning in the lateral direction (x axis) in a plane 

200µm above the array. The value of 200µm was chosen 

according to the average rat retinal thickness[11] to mimic the 

response of RGCs in a sub-retinal set-up. With epi-retinal 

stimulation, the recording electrode was scanned in the 

vertical direction (y axis) at a plane 5µm below the fiber 

electrode tip. The potential 𝑉 was recorded using a 10µm step 

size and plotted against the lateral (x) or vertical length (y). 

The curves were then fitted with a Lorentz distribution 

function: 

𝑉(𝑥) = 𝑉0 +
𝐴𝑤

2𝜋

(𝑥−𝑥0)
2+(

𝑤

2
)2

.   

in which 𝑉0, 𝐴, 𝑤  and 𝑥0  were fitted using programs 

written in MATLAB. The second-derivative of the potential 

𝑑2𝑉(𝑥)/𝑑𝑥2 , which is proportional to the activating 

function[12-14], was used to estimate the diameter of the 

direct RGC activation.  

Figure 3. The responses of retinal ganglion cells to epi-retinal and sub-retinal stimulation using the maximum current applied to each phase 

duration. (a) Imaging was captured in multiple areas covering from the optic disk to the edge of the retina. The epi-retinal electrode could 

be observed during imaging and the location of the sub-retinal electrode was confirmed through bright field mode. Some RGCs were 

covered by the harp fitted with Lycra threads, which is used to fix the retina during perfusion. The image was rotated so that the optic disk 

is on the left. The neurons that showed more than 50% response were plotted red in (b) while the ones that recorded less than 50% response 

were plotted as open circles. Stimulating electrodes were drawn blue in each map. 
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III. RESULTS 

A.  Calcium Imaging 

Overnight calcium indicator loading was found essential 
for uniform staining of both RGC somas and axons across the 
retina. Examples of five RGCs in response to electrical 
stimulation are shown in Figure 2. Cathodic-first for sub-
retinal or anodic-first for epi-retinal biphasic stimulation 
(Figure 2b) was chosen due to the different responses of RGCs 
to pulse polarity: for epi-retinal stimulation of RGCs, cathodic 
first pulses have lower stimulation threshold, and vice 
versa[1]. Such difference is due to the higher concentration of 
Na channels over the region of RGCs facing the inner limiting 
membrane, near the axonal hillock. The number of responses 
to 10 repeated groups of stimuli varied among RGCs (Figure 
2c) and the normalized fluorescence traces were filtered and 
thresholded at the RMS noise level to detect possible calcium 
responses.    

B. Whole Retina Stimulation 

Previous studies have indicated that phase durations can 

influence the spatial response of RGCs to epi-retinal 

stimulation.[4-6] Here we investigated the effect of three 

different phase durations, 0.033ms, 0.5ms, and 24ms on the 

spatial response of RGCs to both epi-retinal and sub-retinal 

stimulation. Figure 3 shows a summary of the RGC response 

from the same retina to the largest current applied in each 

stimulation set-up.  The RGCs that showed more than 50% 

response were plotted red in (b) and the others as open circles, 

and the stimulating electrodes were drawn as a blue rectangles 

or circles in each map. The maps have been oriented such that 

the optic disk is on the left sides of all maps.  

For epi-retinal stimulation, all phase durations resulted in 

activation spreads that extended to the edge of the retina, 

likely due to the activation of axon bundles. For sub-retinal 

stimulation, when using 0.5ms phase duration, there was also 

an extensive spread of activation. However, when using either 

very short pulses (0.033ms) or very long pulses (24ms), the 

spread was significantly reduced and no significant axon 

bundle activation was observed.  

 

C. Threshold Mapping 

 The threshold maps in an area of 750µm x 1100µm were 
plotted for different phase durations and electrode locations 
(Figure 4). The maps were averaged from three experiments 
with the same stimuli but different retinas, and were rotated so 
that the optic disk is on the left hand of the maps. The size of 
circles is proportional to the number of neurons recorded in 
each 30µm x 30µm bin and the colors indicate the average 
threshold charge in a logarithm scale. Open circles represent 
the areas where no RGC stimulation was detected. The 
electrodes were drawn black in each map. For both epi-retinal 
and sub-retinal stimulation, threshold charge increased with 
phase duration. The activated areas were largest for 0.5ms 
stimulation in both the epi-retinal and sub-retinal set-ups. 
Compared with 0.033ms, 24ms normally lead to the activation 
being sparser on the retinas.  

 

D. Selectivity Estimation 

The RGCs could be activated both directly from electrical 
stimulation, or indirectly via axon bundle stimulation or 
through the retinal network[3]. Previous work has 
demonstrated that for direct RGC stimulation, neurons are 
mostly activated via stimulation of the axon initial segments 
and the stimulation depends on the second spatial derivative of 
the extracellular potential in the direction of the neurites, 
known as the activating function.[12-14] Therefore, to 
estimate the area of direct RGC stimulation, we measured 
extracellular potentials in saline solution when injecting 
current into stimulating electrodes. (Figure 5a,b) For sub-
retinal stimulation, RGCs are estimated to be 200µm above the 
array according to the rat retinal thickness[11] and for epi-
retinal stimulation, RGCs are approximately 5µm below the 
electrode tip. The potential was recorded in the plane at the 
desired distance from the stimulating electrode with a tungsten 
electrode at a scanning step of 10µm. To simplify the 
estimation, here we assume that the direct RGC estimation 
areas are circles for both electrode configurations. 

Figure 4. Threshold maps of RGCs to different types of 

electrical stimulation. Each map was averaged from three 

different retinas. The size of the circle in each bin represents 

the number of neurons recorded and the color is a logarithm 

scale with the threshold charge. Electrodes were drawn as 

black rectangles or circles. The red dashed circles indicate 

the area of direct RGC stimulation according to the 

estimation from Figure 5. 
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The potential-length curve could be fitted with equation 

(1). From the second spatial derivative of the fitted results, the 

maximum direct RGC activated area diameter is estimated to 

be 240µm for epi-retinal stimulation and 440µm for sub-

retinal stimulation (Figure 5c,d). Note that the current 

amplitude injected from the stimulating electrodes was found 

to only influence the slope of d2V(x)/dx2 , but not the 

diameter of the activation. The edge of the areas is plotted in 

the form of red circles in Figure 3.  

After defining the direct RGC activation area, we estimated 

the percentage of direct and indirect RGC activation for all 

experimental conditions when stimulated at their average 

thresholds (Figure 6). Epi-retinal stimulation was found to 

result in more indirect stimulation while sub-retinal electrodes 

mainly stimulated RGCs directly. Among all stimuli, 0.033ms 

sub-retinal stimulation led to the highest percentage of direct 

activation, with all the RGC stimulation within a diameter of 

440um from the center of the stimulating electrode. 

 

 

 

IV. DISCUSSION AND CONCLUSION 

Both very short (0.04ms) and very long pulses (25ms) have 

been previously shown to confine the stimulation of RGCs for 

epi-retinal stimulation[4, 5]. However, no result has ever been 

reported for sub-retinal stimulation and neither has the 

comparison been done between the spatial resolution of epi- 

and sub-retinal stimulation. Here, we applied three different 

phase durations. The medium length stimulation has a phase 

duration (0.5ms) in the same order as that applied 

clinically[15, 16]; the ultrafast stimulation has a phase 

duration (0.033ms) shorter than the pulses used in [4], while 

the longest phase duration (24ms) is similar to the best results 

reported in [5]. Here we also focus on the comparison 

between epi-retinal and sub-retinal stimulation. Due to the 

limitation of our experimental set-up (an upright microscope) 

and the non-transparency of diamond electrodes, we used an 

array with disk electrodes for sub-retinal stimulation but fiber 

electrodes for epi-retinal stimulation. The disk electrodes 

have a diameter of 100 µm while the fiber electrodes have a 

total surface area similar to a 70µm diameter disk electrode. 

The fiber electrodes were chosen to reveal most of the RGCs 

during imaging. However, here we cannot exclude the effects 

of electrode shapes on the different results observed between 

epi- and sub-retinal stimulation. Further experiments using 

electrodes of the same geometries are necessary. 

Many experiments have confirmed that RGCs respond 

differently to different phase durations. Generally, shorter 

pulses (<0.1ms) excite RGCs preferentially, and longer pulses 

(>10ms) excite mainly presynaptic bipolar cells, whereas 

medium length pulses excite RGCs, axon bundles and bipolar 

cells.[3] Therefore, very short and very long pulses are 

expected to avoid axon bundle stimulation. However, in our 

experiments, we found fiber electrode epi-retinal stimulation 

could lead to axon activation regardless of phase durations 

(Figure 3,4). One possible reason that may account for the 

Figure 5. Estimation of direct RGC stimulation area. The direct 

RGC stimulation area is proportional to the activating function, 

e.g. second spatial derivative of extracellular potential generated 

by the stimulating electrodes. Therefore, the extracellular 

potential was measured using a tungsten electrode in saline 

solution when injecting current from the stimulating electrodes. 

For the epi-retinal set-up, the tungsten electrode scanned at a 

plane 5µm below the electrode tip in the vertical direction (axis 

y) (a), while the electrode scanned in the lateral direction (axis 

x) for sub-retinal stimulation at a plane 200µm above (b). In (c) 

and (d), the potential-length curves were then fitted with 

Equation (1) and from their second spatial derivative, the 

diameters of the activation were estimated to be 240 µm epi-

retinally and 440 µm sub-retinally. 

Figure 6. The percentage of direct and indirect RGC activation 

with different stimulation conditions at their average thresholds. 

Sub-retinal stimulation could result in more direct RGC 

activation than epi-retinal stimulation. When using 0.033ms with 

sub-retinal stimulation, no indirect RGC activation was 

observed. 
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difference between our results and previous reports[4, 5] is 

the difference in the shapes of the stimulating electrodes. The 

fiber structure of the electrode may lead to a lower threshold 

for axon bundle activation when compared with the large disk 

electrodes (200µm diameter) used in the literatures[2, 15].  

When comparing the threshold maps between 0.033ms and 

24ms for sub-retinal stimulation, long pulses were found to 

activate neurons sparsely on the retinal surface (Figure 4). 

This is possibly due to the indirect activation from the retinal 

network. Since RGCs in rats have dendrite fields as large as 

400-500µm[17], the stimulation could be spread through the 

dendrites.  

Here we introduced a method for estimating the area of 

direct RGC activation through the measurement of 

extracellular potentials in saline solution while injecting 

current from the stimulating electrodes. We conducted 

measurements at planes with similar distances to those 

experienced by real RGCs in relation to stimulating electrodes 

(200µm above the array and 5 µm below the fiber electrode 

tip). The direct RGC activated areas were assumed to be 

circles and their diameters were then estimated using the 

activating function (the second spatial derivative of 

potential)[12-14].  

We then measured the percentage of direct and indirect 

RGC stimulation when stimulated at the average thresholds, 

which further confirmed the conclusion that in our 

experiments, sub-retinal stimulation preferentially avoid 

stimulation of RGC axon bundles. Among all the 

experimental conditions, sub-retinal stimulation using very 

short pulses (0.033ms) could spatially control the activation 

to the greatest extent. 

In conclusion, sub-retinal stimulation with very short 

pulses is the most effective for reducing the spread of 

electrical stimulation through the retina. With fiber electrode 

epi-retinal stimulation, axon bundle stimulation could not be 

avoided simply by changing the biphasic phase durations. 

Other smart stimulating strategies could possibly help to 

refine the stimulation from such electrode configuration. For 

example, Esler suggested simultaneously stimulating multiple 

electrodes along the direction of axon bundles to avoid axon 

bundle stimulation[18] and Rattay and Restz also proposed 

using rectangular electrodes for reducing axon bundle 

stimulation[19]. Further experiments will be conducted to 

study the effect of different angles between the fiber and axon 

bundles on the spatial distribution of RGC activation. 
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