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1. Introduction

Mammalian retinas consist of several cell types: photorecep-
tors, amacrines, bipolar cells, horizontal cells, and retinal gan-
glion cells (RGCs). In total, there are more than 60 subtypes 

of cells within these groups, which form a complex network 
that receives, processes, and transmits light to the brain 
through the axons of RGCs. The information travels through 
the optic nerve in the form of action potentials or spikes [1]. 
Bipolar cells form the main pathway between photorecep-
tors and RGCs, mostly acting as excitatory inputs. Amacrine 
cells provide integration in the network with cell types from 
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Abstract
Objective. Retinal prostheses aim to provide visual percepts to blind people affected by diseases 
caused by photoreceptor degeneration. One of the main challenges presented by current 
devices is neural adaptation in the retina, which is believed to be the cause of fading—an effect 
where artificially produced percepts disappear over a short period of time, despite continuous 
stimulation of the retina. We aim to understand the neural adaptation generated in retinal 
ganglion cells (RGCs) during electrical stimulation. Approach. Current visual prostheses use 
electrical pulses with fixed frequencies and amplitudes modulated over hundreds of milliseconds 
to stimulate the retina. However, in nature, neuronal spiking occurs with stochastic timing, hence 
the information received naturally from other neurons by RGCs is irregularly timed. We used 
a single epiretinal electrode to stimulate and compare rat RGC responses to stimulus trains of 
biphasic pulses delivered at regular and random inter-pulse intervals (IPI), the latter taken from 
an exponential distribution. Main results. Our observations suggest that stimulation with random 
IPIs result in lower adaptation rates than stimulation with constant IPIs at frequencies of 50 Hz 
and 200 Hz. We also found a high proportion of lower amplitude action potentials, or spikelets. 
The spikelets were more prominent at high stimulation frequencies (50 Hz and 200 Hz) and 
were less susceptible to adaptation, but it was not clear if they propagated along the axon. 
Significance. Using random IPI stimulation in retinal prostheses reduces the decay of RGCs and 
this could potentially reduce fading of electrically induced visual perception.

Keywords: adaptation, electrical stimulation, inter-pulse interval, irregular stimulation, 
perceptual fading, rat, retinal ganglion cells
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different levels, such as feedback to bipolar cells, inhibition 
or modulation of RGC activity, and connectivity with other 
amacrine cells [1–4]. Electrical stimulation of the retina can 
generate action potentials and modulate the membrane poten-
tials of RGCs and inner retinal neurons [5, 6].

Degeneration of retinal photoreceptors in diseases such as 
retinitis pigmentosa (RP) and age-related macular degenera-
tion (AMD) is the major cause of adult blindness in developed 
countries [7, 8]. RP refers to a set of hereditary retinal dis-
eases that cause blindness due to a progressive loss of rod and 
cone photoreceptor cells [9]. AMD results from degeneration 
of the macular (central) region of the retina, and also results 
in progressive loss of photoreceptors [10–12]. There is cur-
rently no medical treatment capable of reversing the effects of 
RP or AMD, but various groups around the world have been 
working to replace the function of the photoreceptors with 
prosthetic retinal implants. The idea behind retinal implants is 
to stimulate surviving retinal neurons with electrical impulses 
via a grid of stimulating electrodes [13–15]. The electrical 
impulses generate responses in RGCs, providing the patient 
with an artificial perception of vision in the form of small 
spots of light called phosphenes.

Retinal prostheses have been successfully tested in patients 
[16–20], with results showing that some participants were 
able to perform simple daily life tasks (e.g. recognise nearby 
objects, detect if lights were on or off in a room, etc). However, 
there remain many challenges that need improvement before 
retinal implants can allow the users to rely on retinal pros-
theses for independent living [14, 20–23]. Among these 
challenges is image fading, characterized by the inability to 
perceive a static image for prolonged periods [24, 25]. Due to 
image fading, the phosphenes induced by electrical stimula-
tion begin to fade within a fraction of a second or up to several 
seconds, which leads to the loss of visual perception [24–29]. 
Neural adaptation in the retina and visual cortex are thought to 
drive this fading [29, 30]. Although it is still not fully under-
stood how much influence retinal adaptation has on the phe-
nomena of fading, there is evidence suggesting that adaptation 
of the RGCs could contribute to perceptual fading, and that 
adaptation of RGCs and image fading could be reduced by 
using dynamic stimuli that change their patterns frequently 
[17, 30–32].

Adaptation provides a natural way for a neuron to avoid 
transmitting predictable and therefore redundant information 
[33, 34]. It has also been suggested that non-periodic stimu-
lation pulses affect the relation between the level of adapta-
tion and the temporal properties of the output spikes [33]. 
Moreover, natural spikes in cortical and retinal neurons have 
stochastic intervals, rather than periodic [35–38], but current 
visual prostheses generally use fixed frequency electrical 
pulses, with amplitudes modulated over hundreds of milli-
seconds, to stimulate the retina [15, 17, 19, 20, 24, 39]. Our 
hypothesis is that stimulating RGCs with biphasic electrical 
pulses that are irregularly distributed in time (with random 
inter-pulse intervals (IPIs)) will reduce the effect of adapta-
tion in the retina. To test the hypothesis, RGCs were recorded 
in vitro using patch clamp methods while stimulating the 
retina with a platinum epiretinal electrode. The electrode was 

used to electrically stimulate RGCs of rat retina with trains of 
biphasic pulses delivered with periodic or random IPIs, where 
the intervals were sampled from an exponential distribution. 
We examined the RGC spike rates in response to trains of 
electrical pulses at a mean rate of 10 Hz, 50 Hz, and 200 Hz 
with random IPIs and compared them with the responses to 
constant IPIs at the same rates. Our observations suggest that 
stimulation with random IPIs leads to lower adaptation rates 
than stimulation with constant IPIs.

2. Methods

2.1. Animal preparation

Female pigmented Long–Evans rats between 10 and 18 
weeks of age and with an average weight of 0.2 kg were used. 
The rats were anaesthetised with 1 ml kg−1 of ketamine and 
injected with 0.5 ml kg−1 of xylazine for muscle relaxation. 
One eye was then enucleated and an incision was made in 
the cornea prior to placing the eye in a petri dish filled with 
carbogenated Ames’ solution (Sigma-Aldrich, St. Louis, MO 
USA). This process was repeated on the second eye. All pro-
cedures performed in this study were in accordance with the 
ethical standards of the Animal Care and Ethics Committee 
of The University of Melbourne. All rats were sacrificed by 
intracardiac injection of 1 ml of Lethabarb immediately after 
enucleation of both eyes. All institutional guidelines for the 
care and use of animals were followed.

Next, the cornea was cut out of the eye and the lens sepa-
rated from the ciliary body using medical forceps; the lens 
was then removed from the eye cup to give direct access to 
the posterior chamber. As much vitreous humour as possible 
was removed from the eye cup, taking care not to harm the 
retina. Subsequently, the eye cup was inverted and the retina 
separated, and kept in the carbogenated Ames’ solution. Using 
a razor blade, the retina was cut in four equal pieces. A single 
piece of tissue was mounted, ganglion cell layer up, on a cover 
slip and held in place with a stainless steel harp. The cover 
slip formed the bottom of a perfusion chamber (RC-26GLP, 
Warner Instruments, Hamden, CT USA), which was then 
placed under an upright microscope for visualisation and 
manipulation. The chamber was continuously perfused with 
carbogenated Ames’ solution at a rate of 3 to 8 ml min−1 at 
room temperature (∼24°C), as explained in detail previously 
[40–43].

2.2. Whole cell recordings

The current-clamp technique was used to record membrane 
potentials using methods described previously [40–44]. A 
small hole in the inner limiting membrane was made with a 
sharp glass pipette to expose RGCs for recording (figure 1). 
A recording pipette filled with 7 μl of internal solution was 
mounted on a pipette holder controlled by a motorised micro-
manipulator (Sutter Instrument, Novato, CA USA). The initial 
pipette resistance in the bath was 5–10 MΩ. Prior to recording, 
the pipette resistance was compensated with a bridge bal-
ancing circuit on the amplifier. Neural signals were amplified 
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(NPI instruments SEC-05X), digitised (National Instruments) 
and stored for offline analysis. The internal solution was made 
of 90% potassium gluconate (KG), 5% energy cache (in mM: 
KCl 5, EGTA 5, HEPES 10, ATP-Na 2, GTP-Na 0.25), 2.5% 
biocytin and 2.5% Alexa Fluor (Thermo Fisher Scientific 
Inc.).

2.3. Light response

To distinguish ON, OFF and ON–OFF ganglion cells, the 
patch-clamped cells were stimulated with full-field light for  
3 s. Figure 2 shows the responses of example ON and OFF 
cells in response to light stimulation. RGCs that responded 
with a burst of spikes to the full-field light exposure were clas-
sified as ON cells. The burst generally lasted approximately 
500 ms after the beginning of the light stimulus. Cells classi-
fied as OFF RGCs were those that triggered a spike burst after 
the 3 s of stimulation, when the light was turned off. ON–OFF 
cells were RGCs that spiked to both, light on and light off 
transitions.

2.4. Blocking action potentials

In some experiments the sodium channel blocker tetrodotoxin 
(TTX) was used at a concentration of 1 μM to block sodium 

channels without affecting the membrane potential of the cells 
[45]. TTX was dissolved in a bottle of Ames’ solution, which 
replaced the regular Ames’ solution.

2.5. Electrical stimulation

A single platinum stimulating electrode was placed on the 
inner limiting membrane approximately 40 μm away from 
the target RGC’s soma prior to patching the cell. The RGC 
was then patched for whole cell recording. To get a consis-
tent stimulation amplitude (As) for the whole experiment, we 
conducted a stimulus calibration. The calibration consisted of 
stimulating the cell with constant IPI trains of biphasic pulses 
at 10 Hz, 50 Hz, and 200 Hz. A value for As was chosen as 
the lowest current amplitude that resulted in the maximum 
spike rate during stimulation with constant IPIs (figure 3(a)). 
During this stimulus calibration, the amplitude of each train 
was initially set to 50 μA and was increased or decreased in 
steps of 10 μA until As was identified. This amplitude was 
then used in the main experiment for both regular and irreg-
ular pulse trains.

The stimulation trains consisted of biphasic, charge bal-
anced, anodic-first pulses. Each pulse had an amplitude of As 
and a duration of 200c per phase, with a 20 μs gap between 
phases. Each train was 3 s long and contained either 10, 50, 

Figure 1. Stimulation and recording set-up. (a) Retinal tissue is mounted, RGC side up under the lens. A single extracellular, platinum 
stimulating electrode and an intracellular recording pipette are shown prior to insertion. (b) A RGC during whole cell intracellular 
recording. At the center of the image is the RGC being recorded, the pipette can be seen in contact with the RGC’s soma.

Figure 2. Response to full-field light stimulation of (a) three example ON cells, and (b) three example OFF cells.

J. Neural Eng. 15 (2018) 056017
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Figure 3. Stimulation amplitude and artifact removal. (a) Stimulus calibration of an example OFF cell at 10 Hz. Circles represent the spike 
rate at each stimulation amplitude. As was the amplitude that maximized the spike rate when stimulating with constant IPI stimulation.  
(b) A recording of a spike with artifact (solid line) and without artifact (dashed line).

Figure 4. Response of an OFF cell to (a) 10 Hz constant IPI stimulation and (b) 10 Hz random IPI stimulation. Stimulation train with (c) 
constant IPI at 10 Hz and (d) random IPI at 10 Hz. The number and shape of the biphasic pulses are the same in both trains (c) and (d). 
Insert in (c) shows one pulse from the stimulation train. (e) Membrane potential of an example ON–OFF cell during 50 Hz constant IPI 
stimulation. The recording presents 7 spikes and 66 spikelets in response to the stimulus. Stimulus artifacts have been removed from the 
recordings.

J. Neural Eng. 15 (2018) 056017
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or 200 pulses per second. Anodic-first pulses facilitated data 
analysis because action potentials did not overlap with the 
positive peak of the stimulus artifact, hence making it easier 
to remove artifacts and detect spikes.

The trains were constructed according to one of the fol-
lowing two paradigms:

 Constant inter-pulse intervals: The inter-pulse interval 
was set equally for all pulses according to the stimulation 
frequency. An example constant IPI stimulus train at 10 
Hz is presented in figure 4(c).

 Random inter-pulse intervals: The inter-pulse interval 
had a distribution set by a homogeneous Poisson process 
with the desired mean rate. In a homogeneous Poisson 
process, the number of pulses in a fixed interval of time 
has a Poisson distribution, and the time between con-
secutive pulses (IPI  =  x) is chosen from an exponential 
distribution. Its probability density function is given by:

P(x;µ) =
1
µ

e−
x
µ ∀x � 0, (1)

  where μ is the mean of the distribution (µ = 1
f ). Random 

IPIs for each train were calculated using the exponential 
distribution from equation (1), with μ being the mean IPI 
for each rate (10, 50, or 200 pulses per second), e.g. for 
10 pulses per second, µ = 0.1s. To avoid pulses overlap-
ping, a minimum IPI was set to be the total length of each 
pulse (420 μs). Each sequence of random IPI biphasic 
pulses is used only once, generated in MATLAB from 

an exponential distribution. To ensure truly random and 
unique sequences are used, the seed of MATLAB’s 
random number generator is randomized at the startup. 
An example random IPI stimulus train at 10 Hz is pre-
sented in figure 4(d).

Each cell was stimulated with 30 trains of random and con-
stant IPI pulses at each frequency (10 Hz, 50 Hz, and 200 Hz). 
In total, every cell was stimulated with 180 trains lasting 3 s 
each. Rest periods consisted of 5 s of no stimulation between 
trains. The type (random or constant IPI) and frequency of 
train stimulation were randomised over the experiment.

2.6. Data analysis

To detect spikes and analyse the membrane potential, stimulus 
artifacts, which lasted up to 1.2 ms from stimulus onset, were 
removed from the recordings. All artifacts from a recording 
were aligned in time and their average waveform was cal-
culated. Then, the average waveform was aligned with each 
individual artifact and scaled until the minimum difference 
between averaged artifact and actual artifact was achieved. 
This was repeated for all artifacts. Figure  3(b) shows an 
example of recording with and without artifact removal. After 
artifact removal, a default threshold for spike detection was set 
as  −20 mV (each recording was visually inspected to valid ate 
the threshold). Any peak above threshold within 5 ms from a 
biphasic pulse onset was counted as a spike.

A moving average of the spike rate during the 3 s of each 
train was calculated using equation  (2). That is, a moving 

Figure 5. Raster plot of the response of a representative ON cell to (a) 10 Hz, (b) 50 Hz, and (c) 200 Hz electrical stimulation. Red raster 
represents full spikes in response to random IPI stimulation. Blue raster represents full spikes in response to constant IPI stimulation. (d) 
Moving average of the spike rate of this cell in response to constant and random IPI stimulation at 50 Hz.

J. Neural Eng. 15 (2018) 056017
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window of 300 ms, shifted 50 ms at each iteration was used to 
analyse the data.

r(ti) =
1
Y

∫ ti+Y

ti
〈ρ(τ)〉 dτ , (2)

where r(ti) is the average spike count for all trials during a 
period Y  =  300 ms, ti  =  (i  −  1)50, i = 1, 2, ..., 55, ρ(τ) repre-
sents the spike sequence for a single trial, and 〈ρ(τ)〉 is the 
average over all trials. Due to the nature of the stimulus with 
random IPIs, the moving average spike rate declines steeply 

during the last 300 ms of recording. This is an effect of the 
sliding window and does not relate to the adaptation of the 
cell. Therefore, our results omit the last 300 s of stimulation 
when presenting the moving average data.

To quantify the amount of adaptation we looked at two 
measures based on the spike rate from equation  (2). Firstly, 
we fitted the spike rate to a first order exponential curve 
f (t) = ke−

rt
τ , where r represents the spike rate and k is a 

constant. The exponential decay rate can be quantified with 
the time constant (τ), where a smaller τ means a faster decay 

Figure 6. Average spike rate for all cells in response to constant IPI and random IPI stimulation during (a) the whole stimulation duration, 
and (b) the first 300 ms of stimulation. Spike rate is averaged over n cells depending on the frequency; error bars represent the s.e.m. A star 
(�) represents p  <  0.05.

Figure 7. Moving average of spike rate over all cells for the duration of the stimulus train at (a) 10 Hz, (c) 50 Hz, and (e) 200 Hz. Red: 
random IPIs, blue: constant IPIs. Average spike rate of all ON (N = 12) and all OFF (N = 8) RGCs in response to stimulation at (b) 10 
Hz, (d) 50 Hz, and (f) 200 Hz. The shaded areas represent the s.e.m.

J. Neural Eng. 15 (2018) 056017
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rate, indicating more rapid adaptation. τC  represents the decay 
rate of a response to constant IPI stimulation, while τR repre-
sents the decay rate of a response to random IPI stimulation. 
Secondly, equation  (3) provides a quantitative measurement 
of the adaptation. Adaptation rate (RA) is the ratio of the differ-
ence in spike rate measured at T  =  2 s from stimulus onset and 
the initial spike rate, where R(t) is the spike rate at time t. All 

significance tests are two sample one tailed t-tests, calculated 
using MATLAB’s function ttest2 (MATLAB R2014b, The 
MathWorks). Outliers were identified using the interquartile 
range rule.

RA =
R(T)− R(0)
R(T) + R(0)

. (3)

Figure 8. Adaptation. (a) Time constant of the exponential fit in response to random IPI stimulation (τR) and constant IPI stimulation 
(τC). Each marker represents one cell: note that the time constants are most often larger for random IPIs, especially at 50 Hz and 200 Hz 
stimulation. (b) Spike rates during the steady state in response to stimulation with random IPIs versus constant IPIs. (c) Average time 
constant in response to random IPI stimulation (τR) and constant IPI stimulation (τC). A star (�) represents p  <  0.05. (d) Average spike rate 
during the steady state in response to random IPI stimulation and constant IPI stimulation. (e) Ratio of the difference in spike rate measured 
at 2 s from stimulus onset and the initial spike rate (equation (3)). (f) Example exponential fit of the recordings in figure 5(d). Error bars 
represent s.e.m.

J. Neural Eng. 15 (2018) 056017
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3. Results

Stimulation and recording were conducted on 27 RGCs. 
Limitations in holding the patch clamp on cells meant that 
some of the cells were not stimulated at all frequencies. 
Seventeen cells were stimulated with biphasic electrical 
pulses at 10 Hz, 23 cells at 50 Hz, and 25 cells at 200 Hz. 12 
cells were classified as ON, 8 were classified as OFF, 4 were 
classified as ON–OFF, and 3 were unclassified due to a lack of 
response to light. The lack of light response may have resulted 
from damage to the photoreceptors during dissection.

An example of the response to constant (blue) and random 
IPI (red) stimulation of an OFF cell is shown in figures 4(a)–
(d). A common observation throughout the recordings was 
the presence of spikelets, or low amplitude action potentials 
(generally less than half the amplitude of normal spikes, see 
figure 4(e) and the section below titled Spikelets). It is not the 
purpose of this paper to present spikelets as a contribution to 
reducing adaptation of RGCs or visual fading. However, in the 
pursuit of thoroughness, we believe that it is essential to report 
their regular occurrence. Analysis of only the large amplitude 
spikes will be presented initially as the main focus of our 
study and the bulk of the relevant results, then we include an 
analysis with both, spikes and spikelets.

Figure 5 illustrates a raster plot for a representative cell 
responding to 10 Hz, 50 Hz, and 200 Hz stimulation. When 
observing the rasters, there is only a small difference in the 
number of spikes between the 10 Hz constant IPI stimula-
tion and the random IPI stimulation. This cell’s spike rate is 
reduced in response to constant IPI stimulation at 50 Hz and 
200 Hz (blue) after a few hundred milliseconds. A decay is 
also observed in the responses to random IPI stimulation at 50 
Hz and 200 Hz (red) but it is less pronounced.

Figure 6 compares the spike rate averaged over all cells 
in the population for regular and Poisson distributed pulses 
for each of the three stimulation frequencies (10 Hz, 50 Hz,  
and 200 Hz). Figure  6(a) shows the mean spike rate over  
3 s in response to stimulation with constant IPI and random 
IPI for each frequency (10 Hz, 50 Hz, and 200 Hz). The 
number of spikes per train with constant IPI stimula-
tion at high frequencies (50 and 200 Hz) was shown to be 
significantly lower than with random IPI stimulation at 
the same frequencies (t(1378) = 1.7924, p = 0.037 and 
t(1538) = 6.3623, p = 1.3 × 10−10, respectively). However, 
the number of spikes is not significantly different in 
response to constant IPI and random IPI stimulation at 10 Hz 
(t(1018) = 0.712, p = 0.238).

As illustrated in figure  5, the spike rate is higher during 
the first 300 ms for all frequencies and protocols. Figure 6(b) 
shows the spike rate during this initial period, where only 
the response to 200 Hz stimulation is significantly different 
between IPI protocols (t(1538) = 2.6024, p = 0.005). A com-
parison between figures 6(a) and (b) translates into a greater 
reduction in the number of spikes after the first 300 ms of 
stimulation at 50 Hz and 200 Hz (higher adaptation with con-
stant IPIs).

Figures 7(a)–(c) shows the moving average of the spike rate 
for all cells during stimulation. All cells showed a reduction 
in the spike rate during the stimulation period. For stimulation 
at 50 Hz and 200 Hz, the reduction in the spike rate was more 
pronounced. Moreover, the spike rate in response to constant 
IPIs decayed faster (τC(50 Hz) = 2.34 s, τR(50 Hz) = 3.42 
s, τC(200 Hz) = 1.24 s and τR(200 Hz) = 1.75 s) than in 
response to random IPI stimulation at 50 Hz and 200 Hz (blue 
versus red lines, figures 7(b) and (c)). This difference in the 
rate of adaptation did not occur for 10 Hz stimulation where 

Figure 9. Cathodic first stimulation. Spike rate over time in response to stimulation at (a) 10 Hz, (b) 50 Hz, and (c) 200 Hz. (d) Mean spike 
rate during stimulation. Time constant of the exponential fit in response to stimulus at (e) 10 Hz, (f) 50 Hz, and 200 Hz. Error bars represent 
s.e.m. A star (�) represents p  <  0.05.
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the adaptation to random IPI stimulation and constant IPI 
stimulation was very similar (figure 7(a)).

Figures 7(d)–(f) illustrates the response of all ON and 
OFF cells (averaged across cells) to constant and random 
IPI stimuli at 10 Hz, 50 Hz, and 200 Hz. The subplots in 
 figures 7(d)–(f) depict a clear difference between spike rates 
in the responses of ON and OFF cells to stimulation with dif-
ferent frequencies. There is no significant difference in the 
spike rate between random IPI and constant IPI stimulation at 
10 pulses per second. A slower rate of adaptation to random 
IPIs than to constant IPIs was observed for the 50 Hz and 200 
Hz stimuli, regardless of the cell type (ON or OFF). At 50 Hz, 
the difference in spike rate between responses to random and 
constant IPIs is higher for ON cells. At 200 Hz, the adaptation 
in OFF cells follows an exponential decay for both protocols, 
however, it occurs faster with constant IPI stimulation.

Almost every cell showed a slower decay rate with random 
IPI (τR) stimulation than with constant IPI stimulation (τC) 
at 50 Hz and 200 Hz (figure 8). At 10 Hz, the results suggest 
no difference between random IPIs and constant IPIs. Every 
marker in figure 8(a) represents the decay rate of the response 
of a single cell to random IPI stimulation (τR) against con-
stant IPI stimulation (τC). Markers that fall on the diagonal 
line indicate a cell whose decay rate is the same for constant 
IPI and random IPI stimulation, τC = τR. A marker below 
the diagonal indicates a cell that has a faster decay rate when 
stimulated with constant IPIs, i.e. less adaptation to random 
IPI stimulation. The average τR and τC  over all cells are shown 
in figure 8(c), and subplot f shows an example of the exponen-
tial fit from which τR and τC  are taken. This is the exponential 
fit of the recordings in figure 5(d). Figure 8(b) shows more 
rapid adaptation for random IPI stimulation at 10 Hz, but a 

Figure 10. Membrane potential of an OFF cell in response to constant IPI electrical stimulation at 10 Hz. (a) Segment of 250 ms of 
recording with a spike (circle), a spikelet (cross), and no response. Black triangles indicate the time of stimulation. Artifacts were not 
removed in this recording. (b) The superimposed response of the same cell as in (a) to every biphasic pulse within 3 s of stimulation: 
stimulus onset is at 0 ms (asterisk). (c)–(e) Distribution of the amplitudes of spikes and spikelets of an example OFF cell. Action potentials 
in response to constant IPI stimulation (blue), and random IPI stimulation (red) at (c) 10 Hz, (d) 50 Hz, and (e) 200 Hz. Action potentials 
with the highest peak were considered to be spikes, while action potentials in the lower distribution were classified as spikelets. The black 
dotted line is the resting membrane potential.
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lower adaptation ratio at 50 Hz and 200 Hz when stimulating 
with random IPIs. The adaptation ratio (figure 8(e)) using the 
unitless difference over sum calculation of equation (3) is con-
sistent with the calculations of τC  and τR. It shows a faster 
adaptation to constant IPI than to random IPI stimulation at 
50 Hz and 200 Hz. Figures 8(b) and (d) suggest that the spike 
rate after adaptation was higher in response to random IPIs at 
50 Hz, and 200 Hz. Outliers have been identified and removed 
from the data presented in subplots (a)–(d).

This study was done with anodic-first biphasic pulses, 
however, we have also explored the performance of irregular 
IPI stimulation with cathodic-first biphasic pulses. We have 
stimulated 5 different cells with cathodic-first pulses. The 
results show consistency with the response to anodic-first 

stimulation. Figures  9(a)–(c) show the spike rate over the 
recorded cells during stimulation. The spike rate at 50 Hz and 
200 Hz is higher when the cells are stimulated with random 
IPI stimulation. The time constant is also significantly higher 
for random IPI stimulation at 50 Hz and 200 Hz, indicating 
that the decay is slower.

4. Spikelets

Two types of spikes with different amplitudes were observed 
in 18 of 27 cells (figure 10). When the peak membrane poten-
tial of a spike was lower than  −20 mV (upon visual validation 
of the distribution, figures  10(c)–(e)), it was classified as a 
spikelet. Spikelets were not considered in the data presented 

Figure 11. Number of spikelets (a) Average number of spikelets per second for all cells in response to constant IPI and random IPI 
stimulation during the duration of the stimulus. A star (�) represents t(1378) = 5.2275, p = 9.9 × 10−8, two stars (��) represent 
t(1538) = 5.2338, p = 9.4 × 10−8. (b) Proportion of spikelets per spike in response to constant IPI and random IPI stimulation at 10 Hz,  
50 Hz, and 200 Hz, three stars (� � �) represent p  <  0.01. Error bars represent s.e.m.

Figure 12. Moving average of spike rate (spikes and spikelets) for all cells for the duration of the stimulus train at (a) 10 Hz, (b) 50 Hz, 
and (c) 200 Hz. Red: random IPI, blue: constant IPI. The shaded areas represent the s.e.m. (d) Average number of spikelets and spikes 
per second for all cells in response to constant IPI and random IPI stimulation during the duration of the stimulus. A star (�) represents 
t(1378) = 3.8277, p = 6.8 × 10−5, two stars (� �) represent t(1538) = 4.0219, p = 3.0 × 10−5. (e) Ratio of the difference in spike rate 
(spikes and spikelets) measured at 2 s from stimulus onset and the initial spike rate (equation (3)). Error bars represent s.e.m.
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in figures 5–8. However, they were observed in our recordings 
(e.g. the recording in figure 4(d) presents 66 spikelets and only 
7 spikes). It is not clear whether these spikelets transmit along 
the axon but we decided to analyse their characteristics to give 
a full description of the data collected.

Figures 10(a) and (b) illustrates the response of an OFF 
cell with both spikes (peak at  ∼35 mV) and spikelets (peak 
at  ∼−20 mV). Figure 10(a) contains a segment of the recording 
where a cell was stimulated consecutively 3 times. The first 
biphasic pulse elicited a spike (circle), the second biphasic 
pulse resulted in a spikelet (cross) and the third biphasic 
pulse did not generate any response from the cell. Artifacts 
of the 3 biphasic pulses are marked with a black triangle. The 
response to every biphasic pulse was aligned at stimulus onset 
and superimposed in figure 10(b). The figure shows the pres-
ence of spikes (black lines), spikelets (purple lines), and no 
response (gray lines) within the same stimulus train. It also 
illustrates that the latency of the spikes and spikelets was sim-
ilar. The distribution of spike amplitudes for an example OFF 
cell is shown in figures 10(c)–(e). In this example, full spikes 
had an amplitude of  ∼−10 mV, while spikelets presented a 
peak amplitude at  ∼−40 mV. Note that the recordings in fig-
ures 10(a) and (b) were taken from a different cell to those 
in figures 10(c)–(e). The proportion of spikelets versus spikes 
tended to increase with higher stimulation frequencies.

Figure 11(a) shows the number of spikelets per second 
for both regular and Poisson distributed pulses at each 

stimulation frequency. While the number of spikelets per 
second in response to 10 Hz is comparatively small, higher 
frequencies have a greater spikelet rate, particularly in 
response to constant IPI stimulation. Moreover, figure 11(b) 
shows that the proportion is less than 1 spikelet per spike 
in response to stimulation at 10 Hz, but it is significantly 
higher in response to 50 Hz (t(166) = 2.4625, p = 0.007), 
and 200 Hz (t(166) = 2.5477, p = 0.006). This is reflected 
in figure  12, in which we repeat the analysis presented in 
 figures 6(b), 7 and 8(b) but this time taking into account both 
the spikes and the spikelets. Results show that the response 
decay is much smaller for 50 Hz and 200 Hz when spikes 
and spikelets are counted together than when only spikes are 
considered, regardless of the stimulation protocol (compare 
figures  7 and 12(a)–(c) and (e)). Figure  12(d) presents the 
number of spikes and spikelets per second for the 3 different 
stimulation frequencies.

The use of the sodium channel blocker TTX in the bath 
solution helped us explore the nature of spikelets and the effect 
of sodium channels on the presence of spikelets. Application 
of TTX abolished normal spike responses to light stimula-
tion. Figures 13(a) and (b) shows the response to light of an 
ON cell before and after TTX was applied, respectively. Four 
cells were stimulated with the usual protocol of random and 
regular electrical stimulation before and after the application 
of TTX (figures 13(c)–(d)). Both spikes and spikelets were 
abolished in all four cells as a result of blocking the sodium 

Figure 13. Membrane potential of an ON RGC in response to full-field light stimulation for 2 s (a) before application of TTX and (b) after 
application of TTX. Response of a RGC to constant IPI stimulation at 10 Hz (c) before application of TTX and (d) after application of 
TTX. Artifacts were not removed from these recordings.
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channels. The insert in figure 13(c) provides a closer look at 
the response to two biphasic pulses: the first pulse elicited a 
full action potential, the second pulse evoked a spikelet. There 
was no presence of spikes or spikelets in response to electrical 
stimulation when the TTX was present (figure 13(d)), indi-
cating that the spikelets require sodium channel activation.

5. Discussion and conclusion

We observed higher mean spike rates for full action poten-
tials in the responses of RGCs to high stimulation frequencies 
(50 Hz and 200 Hz) with random IPIs compared to constant 
IPIs (t(1378) = 1.7924, p = 0.037). No significant difference 
was observed with stimulation at 10 Hz between random IPIs 
and constant IPIs. The results also show a higher decay rate 
soon after stimulus onset in response to constant IPI stimula-
tion, compared to the response to random IPI stimulation at 
50 Hz and 200 Hz. Conversely, stimulation at 10 Hz shows a 
higher decay rate with random IPIs than with constant IPIs. 
We also observed the presence of spikelets, which when taken 
into account, result in a higher spike rate for 50 Hz and 200 
Hz stimulation when using constant IPIs compared to random 
IPIs. Stimulation with brief bursts of pulses, alternating with 
periods of inactivity, also shows a reduction in spikelets at 50 
and 200 Hz.

When considering full action potentials, it is evident that 
stimulation at higher rates (50 and 200 pulses per second) 
generates significantly faster adaptation when equally spaced 
IPIs are used, than it does when pulses are Poisson distributed 
(figures 5, 7 and 8). Such differences in the rate of adaptation 
translate into a higher spike rate when stimulating with random 
IPIs (figure 6(a)). This is not true for stimulation frequencies 
of 10 Hz. Although no other study has explored stimulation 
with random IPIs in the retina, some studies have explored 
random, or pseudo-random IPIs in electro-myostimulation 
[46, 47] and deep brain stimulation [48–50]. In addition, 
there has been previous work in the retina with random stim-
ulus amplitudes (white noise) [43, 51, 52], and time varying 
stimuli [53], showing that regular stimulation of RGCs, as is 
the case with constant IPIs, might drive RGCs to lower spike 
rates and more rapid adaptation than with irregular stimula-
tion. Previous retinal studies have reported a reduction in the 
responses to continuous stimulation (constant IPI pulse trains) 
at frequencies ranging from 1.5 Hz to 200 Hz [28, 53–55].  
Such response decay is magnified at higher frequencies, gen-
erally above 50 Hz [54, 56–58]. Our results support these find-
ings, and provide a way of reducing the decay in spike rate 
for stimulation frequencies of 50 Hz and 200 Hz. Note that 
although the difference in τ  was not significant at 200 Hz, τR 
was higher than τC  in all but one cases (figure 8(a)). Another 
interesting finding was that the spike rate was higher in OFF 
RGCs than in ON cells at 50 Hz and 200 Hz stimulation fre-
quencies. In contrast, the spike rate at 10 Hz was higher in ON 
cells (figures 7(d)–(f)). This is interesting because both cell 
types preserved the difference in adaptation between constant 
IPIs and random IPIs at 50 Hz and 200 Hz, but presented a 
different response at 10 Hz, i.e. the spike rate in response to 

stimulation at 10 Hz is higher in ON cells than in OFF cells, 
but at 50 Hz and 200 Hz, the spike rate is lower in ON cells. 
This could suggest that the responses of OFF cells to higher 
frequency stimulation have a higher spike rate than ON cells, 
and faster adaptation, while ON cells have a relatively higher 
spike rate in response to lower frequencies.

We have explored different methods to quantify adapta-
tion. The time constant τR and τC  (figures 8(a) and (c)) of the 
response to random IPIs and constant IPIs, respectively, was 
taken from an exponential fit of the spike rate (figure 8(f)). 
These τ values combined with the spike rate after adapta-
tion (steady state, figures 8(b) and (d)) show that adaptation 
is reduced when the stimulus has random IPIs, instead of 
constant IPIs at 50 Hz and 200 Hz. The adaptation rate AR 
provides an index of the difference in spike rate between two 
different times in the stimulation sequence. Our calculations 
of AR also suggest a higher rate of adaptation in response to 
constant IPIs at higher frequencies.

The presence of small amplitude spikes, or spikelets, 
in RGCs and other neurons has been previously explored  
[58–60]. These studies suggest that the possible cause for 
spikelets is a lack of sodium channel activation during high 
frequency stimulation, which subsequently accounts for the 
neuron’s failure to produce a full size action potential (soma-
todendritic) when repeatedly stimulated with more than 50 
pulses per second. However, other studies have emphasized 
the existence of electrical currents in the retina, like axo-
axonal gap junctions, which could cause an inhibition in the 
neuron, thus preventing it from firing a full action potential 
[61]. Hu et  al [59] argue that the action potential initiation 
occurs in the distal axon initial segment (AIS) while the 
sodium channels in the proximal AIS promote backpropaga-
tion to the soma, which translates into a full action potential. 
High frequency stimulation leads to a decrease in the number 
of open sodium channels, which might account for the failure 
to elicit full action potentials while allowing the presence of 
spikelets (figure 11(a)), and could also be a cause of adapta-
tion in some RGCs. Stimulating with brief bursts of pulses, 
interleaved by longer periods of inactivity could prevent the 
inactivation of sodium channel currents, thus minimizing 
adaptation of RGCs [57–59], as suggested by figure  11(a), 
which shows a reduction in spikelets at 50 Hz and 200 Hz 
with random IPIs. Random IPIs would have some brief bursts 
alternating with periods of inactivity.

Because of the similar shapes and latencies of spikes and 
spikelets (figure 10), our results agree with the concept of 
spikelets being the result of action potential initiation and sub-
sequent failure. In any case, we can conclude that both have 
the same origin. Through blockage of sodium channels we also 
show that spikelets and spikes result from direct activation of 
the neuron and depend on the activation of sodium channels. 
Moreover, spikelets do not appear exclusively in response to 
high frequency stimulation, as suggested previously [57, 59]: 
we report spikelets in response to 10 Hz, 50 Hz and 200 Hz 
stimulation. Figure 11(b) suggests that the increased number 
of spikelets is in proportion with the number of spikes pro-
duced at higher frequencies. More than half of spikes do 
not reach the amplitude of full action potentials instead they 
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remain as (or are converted into) spikelets, leading to a mas-
sive loss of information at high frequencies if spikelets are 
not transmitted through the RGC’s axon. If this were the case, 
only 1/16 potential spikes would be transmitted at 200 Hz, 
and about 1/7 at 50 Hz. Such information loss could be one 
of the explanations for the perceptual fading patients experi-
ence with retinal prostheses. On the other hand, if spikelets 
do transmit, then perhaps adaptation does not occur in the 
RGC, but instead at higher levels of the visual pathways (e.g. 
the lateral geniculate nucleus, or the visual cortex). A future 
study determining if the spikelets propagate or not, could tell 
if spikelets should be ignored, or counted as part of the RGC 
response to electrical stimulation. However, this is a non-
trivial experiment as it requires simultaneous recording from 
the axon and the soma. A recent modelling study from Meng 
et al [62] suggests that the spikelets do not propagate.

Figure 12 illustrates that adaptation to electrical stimula-
tion in RGCs was mainly caused by the inability of the neuron 
to elicit full spikes, rather than a lack of general responsive-
ness (compare figure 6(a) with figure 12(d) for 200 Hz). It is 
important to note that when taking spikelets into account the 
adaptation of neurons to random IPIs at 200 Hz was less pro-
nounced than the adaptation to constant IPI stimulation at the 
same frequency (compare figure 7 with figures 12(a)–(c)). At 
50 Hz, the decay rate was similar for both protocols. At 10 Hz, 
spikelets did not have much influence on the adaptation of the 
RGCs. The frequency dependency of spikelets is consistent 
with Cai et al’s findings [60], which suggest that RGCs could 
respond to stimulation frequencies up to 600 Hz if spikelets 
are included in the spike count. The benefit of using random 
IPIs for avoiding adaptation is abolished if spikelets are con-
sidered, and in fact, the overall spike rate is lower for random 
IPIs than for constant IPIs. While spikelets could be generated 
in the dendrites [63], or in the axon [59, 61, 64] of RGCs, it 
could also be a result of activity (or lack of it) in the inner 
retinal networks that generate inhibition of RGCs.

Fading of visual perception is a phenomenon observed in 
the human visual system under normal conditions, even when 
the visual perception is due to light, and not to electrical stim-
ulation. The natural mechanism to overcome visual fading 
to a fixed visual stimulus consists of small eye movements 
(microsaccades), which continuously update the stimulus 
received by the eye [27, 65, 66]. This principle is adopted by 
the developers of alpha-IMS, whose implant is attached to 
the eye, hence the natural eye movement updates the image 
and could potentially help prevent the fading of visual per-
cepts. However, some subjects still reported perceptual fading 
of electrically evoked phosphenes [20]. This same principle 
has been recently implemented in Argus II clinical trials to 
improve the localization of evoked percepts, however, no 
mention of reduced perceptual fading has been reported [67].

While response decay to visual stimulation has been found 
in the retina and visual cortex [68], adaptation to electrical 
stimulation has only been shown in the retina [54, 69–73]. 
Hence, exploration of the effect in the visual cortex and lat-
eral geniculate nucleus of irregular stimulation of RGCs could 
help demonstrate the hypothesis that reducing adaptation in 
the early visual pathways has an effect on the perceptual 

fading generated by the higher visual pathways. Inner retinal 
neurons and RGCs have been successfully stimulated with 
subretinal and epiretinal stimulation, therefore the stimulus 
presented here could be easily applied to clinical trials and 
eventually translate to real life applications such as retinal 
prostheses [74, 75]. Furthermore, stimulation with epiretinal 
prostheses using irregular temporal patterns, such as random 
IPI stimulation, could evoke spikes in RGCs that resemble the 
natural responses to visual stimuli [38]. Overcoming percep-
tual fading is one of the necessary improvements in the devel-
opment of retinal prostheses [24, 25]. It has been proposed 
previously that a pseudorandom temporal pattern between 
biphasic pulses could reduce the desensitization of the retina, 
or ‘restore the retinal sensitivity’ in retinal prostheses [76]. 
The present work demonstrates the assumption at a cellular 
level.

Current retinal prostheses generally use cathodic-first 
biphasic pulses with a duration of 0.46 ms per phase, and a 
varying gap between phases from 0 to 1 ms. Nevertheless, 
while the presence of an inter-phase gap improves the efficacy 
of the electrical pulses, any gap larger than 0.4 ms has been 
suggested to have only marginal effects on the efficacy of the 
stimulus [24, 25, 77]. We have chosen anodic-first stimulation 
to facilitate artifact removal and data analysis. However, we 
have also repeated the experiment as a proof of concept with 
cathodic-first biphasic stimulation on 5 different cells and our 
results hold under the inverted polarity condition (figure 9). 
Furthermore, a previous experiment has shown no significant 
differences in latency or amplitude of electrically elicited 
evoked potentials in human patients with anodic-first pulses in 
comparison with cathodic-first [25]. The pulse width (0.2 ms 
per phase) and inter-phase gap (20 μs) used in our experi-
ments are within the optimal parameter values for direct acti-
vation of rat RGCs,as reported previously [15]. Adjusting the 
phase width and inter-phase gap duration will have an effect 
on the activation threshold and the charge required to stimu-
late the RGCs, and should be adjusted accordingly for testing 
with human patients, but it will not affect the performance of 
the irregular IPI protocol presented here.

It is clear that when measuring only full spikes there is 
a significant difference in the response to the two different 
protocols used (constant and random frequency stimula-
tion). Although the reason for these differences are not fully 
understood, our results indicate that using stimulation with 
an exponential distribution of IPIs may limit adaptation and 
could lead to better efficacy in future generations of retinal 
prostheses.
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