
  

  

Abstract— Retinal microprostheses strive to evoke a sense of 

vision in individuals blinded by outer retinal degenerative 

diseases, by electrically stimulating the surviving retina. It is 

widely suspected that a stimulation strategy that can selectively 

activate different retinal ganglion cell types will improve the 

quality of evoked phosphenes. Previous efforts towards this 

goal demonstrated the potential for selective ON and OFF 

brisk-transient cell activation using high-rate (2000 pulses per 

second, PPS) stimulation. Here, we build upon this earlier work 

by testing an additional rate of stimulation and additional cell 

populations. We find considerable variability in responses both 

within and across individual cell types, but show that the 

sensitivity of a ganglion cell to repetitive stimulation is highly 

correlated to its single-pulse threshold. Consistent with this, we 

found thresholds for both stimuli to be correlated to soma size, 

and thus likely mediated by the properties of the axon initial 

segment. The ultimate efficacy of high-rate stimulation will 

likely depend on several factors, chief among which are (a) the 

residual ganglion types, and (b) the stimulation frequency. 

I. INTRODUCTION 

Over the last few decades, the idea of electrically 
stimulating retinal ganglion cells (RGCs) to restore sight to 
those blinded by outer retinal degenerative diseases, such as 
retinitis pigmentosa and age-related macular degeneration, 
has received considerable attention. Although much progress 
has been made over this time (see [1] for review), the level of 
vision granted to patients by a retinal microprosthesis is still 
somewhat rudimentary and does not allow for more involved 
visual tasks (such as facial recognition) that require higher 
levels of spatiotemporal visual detail. Somewhat surprisingly, 
higher densities of electrode arrays have not led to 
corresponding benefits in percept quality [2], [3]. These 
findings suggest that alternative strategies to generate high-
quality vision will be needed. It is likely that the substantial 
difference between the signals evoked from electrically 
stimulating the retina and the signals arising from the natural 
processing of visual information in the healthy retina 
represents a major limitation. Seeing as there are as many as 
38,000 ganglion cells/mm2 in central retina [4] and that there 
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are at least ten different types of RGC that each encode an 
input visual scene into a unique spiking pattern [5]–[7], it is 
easy to appreciate that matching the neuronal activity that 
arises physiologically is no small task. 

One of the most fundamental signaling paradigms used 
by the healthy retina is that ON- and OFF-center RGCs 
respond to light stimuli in distinct ways: increments in light 
excite ON cells while simultaneously suppressing OFF cells 
(the opposite is true for light decrements). Since ON and OFF 
cells are not activated simultaneously during physiological 
signaling, a stimulation strategy that can similarly activate 
each cell type individually is highly desirable. Previous work 
in rabbit retina found that brisk-transient (BT), direction-
selective, and local edge detector ganglion cells have 
differing sensitivity to single, brief (≤200 µs phase duration) 
electrical pulses [8]. Further investigation by the same group 
found that ON- and OFF-BT cells responded differently to 
high-rate trains (2,000 pulses per second, PPS) of short-
duration pulses, suggesting the possibility that the two cell 
types could be differentially activated by varying the pulse 
train amplitude [9]. 

Although short-duration pulses are thought to activate 
ganglion cells directly by depolarizing the dense band of 
sodium channels on the proximal axon [8], [10], [11], the 
mechanism underlying high-frequency activation is less 
clear. The goal of the present work is to further explore the 
relationship between single-pulse and high-rate ganglion cell 
activation. 

II. METHODS 

A. Retinal Preparation and Electrophysiology 

The care and use of animals followed all federal and 
institutional guidelines and all protocols were approved by 
the Institutional Animal Care and Use Committees of the 
Boston VA Healthcare System and/or the Subcommittee of 
Research Animal Care of the Massachusetts General 
Hospital. Female New Zealand White rabbits (~2 kg; n=23) 
were anesthetized and subsequently euthanized, after which 
the eyes were immediately removed. After coronal 
hemisection of the eyeball, the vitreous was eliminated and 
the eye cup was dissected to allow the retina to be flattened 
and separated from the retinal pigment epithelium. The retina 
was then mounted, photoreceptor-side down, to a 10 mm 
square piece of Millipore filter paper, which in turn was 
mounted with vacuum grease to the recording chamber (~1.0 
ml volume). The chamber was mounted onto the fixed stage 
of an upright microscope (Nikon, FN-1), fitted with a 60× 
water immersion lens. A small hole in the center of the filter 
paper allowed light stimuli to be projected from below onto 
the photoreceptor layer. 
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Patch pipettes, filled with Ames medium (Sigma Aldrich, 
A1420), were used to obtain cell-attached voltage clamp 
recordings (7-14 MΩ) of retinal ganglion cells using standard 
procedures [12]. Two Ag/AgCl wires comprised the electrical 
return, separated by ~8 mm and positioned ~15 mm away 
from the targeted cell. Over the course of the experiment, the 
retinal tissue was continuously perfused at 4 mL min-1 with 
Ames medium at ~34°C, equilibrated with 95% O2 and 5% 
CO2. Data were recorded and low-pass filtered at 2 kHz using 
an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, 
CA, USA), and digitized at 100 kHz (PCI-MIO-16E-4, 
National Instruments, Austin, TX, USA). Data acquisition 
and visual/electric stimulation were controlled by custom 
software written in LabVIEW (National Instruments, Austin, 
TX, USA) and MATLAB (Mathworks, Natick, MA, USA). 

B. Cell Stimulation and Classification 

Light stimuli were centered on the targeted soma and 
projected onto the photoreceptor outer segments from below 
using an LCD projector (InFocus, Portland, OR, USA). 
Recorded cells were subjected to stationary flashed spots 
(100-1000 μm diameter, 1 s presentation duration) presented 
on a grey background. Each stimulus was presented at least 
three times, with at least one second between consecutive 
presentations. Cells that generated a rapid burst of spikes in 
response to either bright or dark spots (but not both) were 
classified as either ON or OFF respectively [6], [7]. Other 
cell types, including those with sluggish responses [13] were 
excluded from further analysis. Cells were further classified 
as either brisk-transient (BT), or delta (Δ), according to 
previously established criteria [14]. 

Electrical stimuli were generated by an external constant 
current source (STG2004, Multi-Channel Systems, MCS 
GmbH, Reutlingen, Germany) and delivered through a 10 kΩ 
platinum-iridium electrode (MicroProbes, Gaithersburg, MD, 
USA). The exposed electrode area was conical (~125 μm 
height, ~30 μm base diameter), resulting in a surface area of 
~5900 μm2. Stimulating electrodes were positioned 10 μm 
above the retinal inner limiting membrane by raising the tip 
of the electrode with a micromanipulator after touching the 
ILM surface. An iterative process as per [8] was then used to 
position the electrode at the site of greatest electrical 
sensitivity, which was generally located 20-60 μm from the 
soma along the proximal axon. Curves of efficacy (defined as 
the proportion of stimulus pulses that evoke at least one 
action potential) were measured by delivering cathodic-
leading biphasic pulses (100 μs phase duration, zero 
interphase, 4-5 current amplitudes, 1-2 μA increments, 9-12 
repeats per train) and fitting a two-parameter logistic 
function. The stimulus amplitude corresponding to 50% 
efficacy is defined as the single-pulse threshold (SPT). Cells 
that had robust responses to these stimuli were then subjected 
to 1 kPPS trains of cathodic-leading biphasic pulses (100 μs 
phase duration, zero interphase duration) delivered using 
amplitudes of 5-40 μA for 1 s. At least three trials of each 
amplitude were collected, with 15-20 s delay between trials.  

C. Data Analysis 

Recordings were processed offline with custom software 
developed in MATLAB. The strong electrical artifacts 
generated by high-rate stimulation were removed by 
subtraction of a scaled, pre-recorded artifact train, and the 

resulting waveform was smoothed with a 5-frame sliding 
average to improve the accuracy of spike time detection. 
Spike times were defined as the depolarization peak of each 
spike. All data are presented as the mean ± one standard 
deviation, unless otherwise specified. Pearson’s correlation 
coefficient (ρ) was used to quantify the strength of linear 
relationships. Soma diameter was measured by capturing a 
snapshot of the microscope’s view of the targeted cell, 
circumscribing the soma perimeter with a concave polygon 
and computing its area (ImageJ), and computing the diameter 
of a circle of equivalent area. 

III. RESULTS 

We recorded the responses of 10 ON cells (7 ON-BT, 3 
ON-Δ) and 18 OFF cells (9 OFF-Δ, 9 OFF-BT) to visual and 
electrical stimulation. As with earlier studies that investigated 
ganglion cell responses to high-rate stimulation, it was 
possible to extract elicited spikes by removing the electrical 
artifact within the raw recorded waveform by careful signal 
processing [9], [15], [16]. Fig 1A shows the spikes extracted 
from an OFF-Δ cell (bottom trace) in response to a 10 μA, 1 
kPPS stimulus (top trace). Fig 1B shows spike raster plots of 
the same cell in response to high-rate pulse trains, with 
amplitudes ranging from 5-40 μA (three repeats at each 
amplitude). The number of elicited spikes increases with 
stimulus amplitude, but only up to a certain amplitude (in this 
case, 25 μA); we refer to this amplitude as the peak response 
amplitude (PRA). Further increases in stimulus amplitude 
beyond the PRA yield successively fewer spikes (Fig 1B, 
1C). A plot of the total number of elicited spikes versus 
stimulus amplitude (Fig 1C) shows this relationship more 
clearly, highlighting the peak response amplitude. 

 

 

Figure 1. Ganglion cell response to high-frequency pulsatile stimulation. 
(A) Top: schematic of a 10 μA biphasic pulse train delivered at 1 kPPS. 
Bottom: recorded response of an OFF-Δ cell to the stimulus, after 
subtraction of the stimulus artifact. (B) Spike raster plots in response to 1 
kPPS stimuli. Each row represents a single trial of the indicated stimulus 
amplitude. (C) The average number of spikes plotted against stimulus 
amplitude, with the grey vertical line indicating the peak response 
amplitude (PRA) at 25 μA. Error bars indicate ±1 standard error. 



  

A.  Responses to High-Rate Stimuli 

In general, all cells tested here exhibited a PRA, i.e. 
responses initially increased for increasing stimulus levels, 
but decreased for further increases (Fig. 2). Note that there 
were two delta cells for which we did not observe a reduction 
in spike count (one ON and one OFF); it is likely that their 
PRAs exceed the maximum stimulus amplitude tested here. 
When we compared the averages across the population, ON-
cell PRAs (ON-BT: 20.0±3.8 μA, ON-Δ: 28.3±10.4 μA) 
were larger than OFF (OFF-BT: 16.4±4.4 μA, OFF-Δ: 
23.3±11.8 μA) (Fig. 2B), although these differences did not 
reach significance (p>0.05 for all pairs, Welch’s t-test). Note 
that we excluded the ON-Δ population from all significance 
testing, owing to its low cell count (n=3). 

B. Relationship between SPT and PRA 

We were somewhat surprised by the level of heterogeneity 
observed within the high-rate responses of each RGC type 
and questioned whether there was a relationship between the 
sensitivity of a ganglion cell to single pulses, and its ability to 
be repetitively activated at high frequency. We determined 
the single-pulse threshold for each cell (Fig. 3A) and then 
plotted this value versus the peak response amplitude for the 
same cell (Fig. 3B). This revealed a strong linear dependence 
between the two (Pearson’s ρ=0.83, p<0.01; Fig. 3). Further, 
the relationship held within each type (ON-BT: ρ=0.88, 
p<0.01; OFF-BT: ρ=0.73, p<0.03; OFF-Δ: ρ=0.91, p<0.01). 
This correlation is interesting because it suggests the same 
factors that mediate threshold to singe pulses also influence 
the response to high-rate stimulation. 

 

Figure 2. (A) Ganglion cell responses to 1 kPPS stimulation across four cell 
types. Top row: ON-cells. Bottom row: OFF-cells. Left column: delta cells. 
Right column: brisk-transient cells. Error bars indicate ±1 standard error. 
(B) All PRAs, grouped by cell type. Filled markers represent PRAs from a 
single cell. Larger unfilled markers indicate the mean PRA for each type. 

 

Figure 3. Relationship between single-pulse threshold (SPT) and peak 
response amplitude (PRA). (A) SPTs of all cells, grouped by cell type. 
Filled markers represent SPTs from a single cell. Larger unfilled markers 
indicate the mean SPT for each type. (B) Scatterplot of PRA versus SPT, 
with linear regression fit traced by the dashed line (adjusted R2=0.67). 

 

ON RGCs tended to have higher SPTs (12.1±3.0 μA) than 
OFF RGCs (9.5±2.8 μA); differences were statistically 
significant between the ON- and OFF-BT pair (p<0.02) but 
not the delta pair. SPT thresholds in delta RGCs were higher 
(11.3±3.5 μA) than those for BT cells (9.8±2.8 μA). 

C. Relationship between SPT and Soma Diameter 

We found that the somata of OFF cells were larger (OFF-
BT: 27.7±2.5 μm, OFF-Δ: 24.5±1.9 μm) than those of ON 
cells (ON-BT: 21.5±2.1 μm, ON-Δ: 20.9±2.7 μm), with 
significant differences between all non-ON-Δ type pairs 
(p<0.02 for all types; Fig. 4A). Consistent with previous 
work [17], we found that single-pulse thresholds are 
moderately correlated with soma size when cell type is not 
considered (ρ=-0.50, p<0.01), although this does not hold 
within cell type (p>0.1 for all types). 

IV. DISCUSSION 

We observed ganglion cell responses to 1 kPPS to be 
somewhat heterogeneous, across and within cell types in our 
study, in comparison to those from previous work involving 
higher-rate stimuli (2 kPPS) [9]. One likely factor that could 
contribute to this difference is the stimulation rate. 
Simulations from single-compartment RGC models suggest 
that the difference between ON and OFF brisk-transient PRA 
varies as a function of stimulation frequency [18]. A second 
possible factor is the height of the stimulating electrode, 
which was positioned closer to the retinal surface in our 
recordings (5 μm above the inner limiting membrane), versus 



  

that used in the earlier study (10 μm). This difference may 
have led to qualitative and/or quantitative differences in the 
recruitment of excitable channels. Finally, the improved 
methods for cell-type classification used here [14] were not 
available in previous studies, raising the possibility that there 
was some contamination of cell types in the previous work. 

The relationship between single-pulse threshold and soma 
diameter is consistent with results from previous studies [8], 
[17], [19]. Raghuram and colleagues used computer 
modeling to demonstrate that within a given cell type, larger 
somata should in fact be associated with larger thresholds 
[19]. Further, anatomical measurements found that soma size 
is correlated to the length of the axon initial segment (AIS), 
the portion of the proximal axon containing dense 
expressions of sodium channels where spikes are initiated 
[19], [20]. Longer AISs have been associated with lower 
activation thresholds [21], [22] and so larger cells are likely 
to have lower thresholds, providing an explanation for the 
correlation between soma size and threshold found here. 

 

 

Figure 4. (A) Scatterplots of soma diameter, grouped by ganglion cell type. 
Filled markers represent values from a single cell. Larger markers indicate 
the mean value for each type. (B) Scatterplot of single-pulse threshold 
versus soma diameter, with linear regression fit traced by the dashed line 
(adjusted R2=0.22). 
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