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Abstract Recent multidisciplinary studies in the field of
visual prosthesis rely on electrically stimulating retinal tis-
sue by placing electrode array into different part of it,
bypassing the nerve cells of the visual pathway which have
lost their functionality due to various degenerative diseases.
The visual prosthesis systems could be more efficient by
mimicking physiologically natural electrical signals. In this
study, the responses of the retina to biphasic and monopha-
sic electrical stimulations were compared temporally using
in-vitro rabbit retina. The retinal tissue was electrically
stimulated with charge-balanced biphasic and monophasic
pulses. When temporal diversity was comparatively ana-
lyzed, spike activity was observed to intensify in the first
20ms after the moment of stimulation for biphasic stimu-
lation. On the other hand, the spike activity was observed
to form in a way that it can be classified into two cate-
gories, the primary one forming in the first 20ms and the
secondary delayed one forming between 80 and 100ms for
monophasic stimulation. Moreover, the effect of retina stim-
ulation amplitude was also analyzed. The spike distribution
was observed to cumulate mostly in the post-stimulation
time interval of the first 20ms as the stimulation amplitude
for biphasic stimulation increased. In monophasic stimula-
tion, secondary delayed spike activity was observed over
80µA. The obtained experimental findings suggested that
lower amplitude charge-balanced short biphasic waveforms
could better elicit the precise and proper stimulation patterns
necessary to mimic the neural activity of retinal circuitry
that resembles the natural ones when it was compared with
monophasic stimulation.
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1 Introduction

Retinitis Pigmentosa (RP) and Age-Related Macular Degen-
eration (AMD) are the most common degenerative retinal
diseases which cause blindness. Affecting more than 1.5
billion people in the world, there is no known and applied
cure [1–3]. These diseases damage the photoreceptors at the
outermost layer of the retina. The dysfunction of the pho-
toreceptors, which are responsible for converting light into
electrical signals, interrupts the progress of the electrical sig-
nals in the visual pathway, causing blindness [4]. It has been
reported that despite serious damage to the photoreceptors,
the nerve cells and retinal ganglion cells in the innermost
layer of the retina remain morphologically intact and func-
tionally viable, even in patients who have been blind for a
long time [5,6].

Recently, advances in various areas such as electronics,
miniaturization, materials and packaging made the develop-
ment of retinal prostheses possible. Retinal prostheses aim to
elicit the visual perceptionwith the help of electrical stimula-
tion of the remaining tissue in the brain, bypassing the nerve
cells of the visual pathway which have lost their functional-
ity due to various diseases [7–10]. The electrical stimulation
is performed with the delivering of stimulation patterns to
the retinal tissue via a microelectrode arrays placed on tar-
geted retina region. This emerges an important hope for blind
patients with the regaining of significant visual information.

The literature is reviewed to see what extent vision can be
restored by visual prostheses and the state of art in research.
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It is basically seen that there are two important conditions for
retinal prosthesis to be supposed as an option [11]. Firstly,
even if the photoreceptors in the outermost layer of the retina
are damaged, the remaining nerve cells must be mostly func-
tional and viable. Secondly, depending on the placement
location of the device, either a device which mimics the
function of the damaged part is placed or the damaged area
is bypassed and functional nerve cells are electrically stim-
ulated. Thus, the retinal prostheses are divided into 3 main
categories depending on the targeted retinal area to which the
microelectrode arrays are implanted [1]. Firstly, in epiretinal
approach, the electrode array is implanted on top of the retina.
The aim is to stimulate the retinal ganglion cells, nerve fibers,
which form optic disk. It has the longest follow-up data from
both animal experiments and acute or chronic trials with
human subjects [12–15]. Clinical studies performed with
human subjects showed that recognizing and distinguishing
objects, reading letters with advanced correctness are pos-
sible [16–18]. Studies conducted recently have focused on
increasing the resolution by using more electrodes which are
restricted by electrode impedance that rises as the electrode
size decreases. While some researchers have been studying
on different electrode materials to remove the impedance,
others are focused on electrode coatings for next-generation
neural interfaces instead of metal electrodes [19,20]. Sec-
ond, subretinal prostheses are implanted under the retina,
between the retinal pigment epithelium layer and the pho-
toreceptors. It has been reported that passive implants which
use the incident light in order to activate the photodiodes
on the silicon disk fail to generate the necessary stimulation
current [21–23]. A circuitry has been added to raise the pho-
todiode current to sufficient levels. Chronic and acute trials
demonstrated that reading large letters and object detection
could be successively achieved [24–27]. Although several
researchers are studied on nanorods to provide wireless elec-
tronic system, some other studies carried out recently are
based on improving indirect, network mediated, stimulation
which uses bipolar cells and photoreceptors for stimulation
[28,29]. Thus, retinal responses resemble real physiologi-
cal signal because contributions of each neuron type are
included to overall response. Moreover, different types of
neurons are physiologically investigated to determine unique
responses of each neuron type [30,31]. Determining optimal
stimulation pattern is also researched to minimize the charge
required for neuron activation by morphologically investi-
gating different retinal ganglion cell clusters [32,33].

Lastly, suprachoroidal prostheses are based on the elec-
trical stimulation of the area between the sclera and choroid.
Considering remarkable surgical and safety advantages,
some researchers aim to develop less invasive approach by
using suprachoroidal space. It is reported that this approach
show better results in terms of surgical procedure, tissue
detachment and fixation [34–36]. Additionally, phosphene

perception is also provided in clinical trials with human
patients [27].

The visual prosthesis systems developed until now offer
such low spatial resolution that the distinction of objects and
faces are impossible, which is quite far from the planned
situation. The resolution needs to be increased in order to
achieve this. The increase in resolution is possible by increas-
ing the number of electrodes and using effective stimulation
methods. Some biological and technical difficulties and limi-
tations are involvedwith increasing the number of electrodes.
The safe stimulation of the retinal tissue requires the appli-
cation of currents within certain amplitudes, which protects
the retina tissue from damage due to high charge and pre-
vents electrode corrosion. Technical difficulties consist of
important difficulties regarding camera, image andvideo pro-
cessing, electrode arrays, integrated circuits and telemetry
systems, all functions which require careful engineering and
innovative approaches [6].On the other hand, in order to stim-
ulate the retina with the most effective stimulation method,
one needs to understand the retina’s reaction to electrical
stimulation. Findings of the experimental studies to be per-
formed in related fields are quite valuable to reach this aim.
The stimulation limits of the retina, electrodes and the reti-
nal response to stimulation parameters need to be determined
based on the findings of the experimental studies for obtain-
ing a stimulation within the safe stimulation limits.

In a healthy person, seeing initiates with the light com-
ing to the eye. Light is converted into electrical signals as it
reaches the photoreceptor layer. Subjected to various spatial
and temporal processing steps in the following sections of
the retina, these signals encode the information from the out-
side world and are delivered to the visual cortex of the brain.
There are different types of neurons which are responsible
for processing the signal along visual pathway. The retinal
ganglion cells are the last processing units in the retina before
the optic disk. Reported to exist in approximately 12 differ-
ent forms, these cells form unique spiking patterns in cortical
and non-cortical areas [37,38]. When spatially distinguish-
able light points are ensured with electrical stimulation at the
size of a nerve cell, then high resolution becomes possible.
Temporal resolution presents for spike trains at different fre-
quencies which encode the contrast and depth information.
Examining the effects of stimulation patterns which have
high temporal acuity on the retina by mimicking the light
elicited spike trains in the healthy eye and analyzing the
stimulation elicited spike trains are significantly important
for designing high performance retinal prostheses.

Physiologically natural spikes which resemble the signals
delivered to the brain in a healthy eye could be formed by
better understanding temporal analysis of recorded retinal
responses to electrical stimulation. Thus, an efficient system
needs to be developed with the lowest power consump-
tion and hardware by mimicking the optimum stimulation
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Fig. 1 Microelectrode array layout and retina-electrode interfacing. a Electrode layout. bRetinal tissue placedmicroelectrode array. Estm indicates
stimulation electrode

that is closest to the real one. In addition, the ability to
increase the performance of a retinal prosthesis is depen-
dent on better understanding of the neural mechanisms of
the retina during electrical stimulation and how these mech-
anisms could be controlled in order to obtain useful vision.
In this study, we focused on the comparison of different
stimulation patterns, biphasic and monophasic, by tempo-
ral analysis of retinal responses. The temporal effects of the
biphasic and monophasic stimulation pulses with varying
pulse amplitudes were comparatively analyzed via in vitro
studies using rabbit retinas. In this context, following elec-
trical stimulation the retinal responses were analyzed based
on the post-stimulus time intervals (PSTI), which were 0–20,
20–40, 40–60, 60–80 and 80–100ms.

2 Experimental Methods

The methods of the study are the retinal preparation phase,
electrical stimulation and the analysis of the neural activity
with recording systems. The retinal preparation phase signi-
fies the extraction of retinal tissue and its carriage onto the
microelectrode array system. The electrical stimulation and
recording system represent the system components used in
the process of perceiving and recording the neural signals.
The analysis of the neural activity is consistent with the work
necessary to convert the recorded neural activity into inter-
pretable data for analyses.

2.1 Preparation of the Retina

GATA Animal Experiments Ethics Board Guidelines were
fulfilled in the use of experiment animals. White, New
Zealand type female rabbit subjects that were provided

with adaptation to dark and weighed 2–3kg were sedated
with Ketamine (40mg/kg) and Xylazine (10mg/kg) with
intramuscular injections [5–7]. They were sacrificed with
intravascular high dose sodium pentobarbital. Following the
enucleation of the eyeball, the front portion of the eye and
vitreouswere thrown away.Divided into segments of approx-
imately 4 mm x 4 mm, the eyeball was put into Ames’
medium (Sigma Chemical Co.). The time interval between
sacrificing and putting the eyeball into the Ames’ medium
is 4–9min. Ames’ medium was buffered with sodium bicar-
bonate and equilibrated with a gas mixture of 95% oxygen
and 5% carbon dioxide [5].

2.2 Retina-Electrode Interfacing

Following the extraction of the retina, sclera and the retinal
pigment epithelium and the inner limiting membrane were
isolated from the vitreous and other parts by removal with
tweezers. The retina pieces and a small amount of solution
were taken into themicroelectrode array chamber. The retinal
ganglion cellswere placed in such away that nerve cells faced
to electrodes while the solution was pulled back. Thus, com-
plete adhesion of the retina to the microelectrode arrays was
ensured. After this, the solution, adjusted between 35±1 ◦C,
was perfused with a perfusion system. These processes were
performed under dim red light. Standard perfusate (solutes in
mM: 100 NaCl, 30 NaHCO3, 50 glucose, 6 KCl, 2 MgSO4,
1 CaCl2, 1 NaHPO4) bubbled with 95% O2, 5%CO2 with a
pH of 7.5 ± 0.2 and a temperature of 33 ± 1 C. The retina
placed on the microelectrode array is shown in Fig. 1. Before
the recording process initiated, the retina tissue was quickly
enucleated, placed to the microelectrode array that facing
retinal ganglion cells and Ames solution was applied using
perfusion system to keep the tissue alive. Next, whether the
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Fig. 2 Experimental system block diagram

retina tissue was viable or not was checked using light stimu-
lation. The tissue in the microelectrode array that was placed
to the amplifier was stimulated with a typical light source.
It was checked that recording channels showed extra neural
activity related to its aliveness when the light source was on.
If the tissue was viable after this procedure, it could be used
to examine electrical stimulation effects.

2.3 Electrical Stimulation and Recording of Retinal
Responses

The recording system includes several main components.
These are microelectrode array (60HexaMEA-Ti, Multi
Channel Systems GmbH, Germany), amplifier (MEA1060-
Amplifier, Multi Channel Systems GmbH, Germany), data
acquisition computer and software, stimulation generator
(STG4002, Multi Channel Systems GmbH, Germany), tem-
perature controller and the peristaltic perfusion system. The
system block diagram is presented in Fig. 2.

The electrode array ismade up of 60 hexagonally arranged
electrodes. While electrode diameters vary between 10, 20,

30µm, inter-electrode distances vary between 30, 60, 90µm.
The amplifier of the system which stimulates and records the
retinal activity with 60 electrodes at bandwidths between 1
and 5000Hz with gain of 1000 is protected with what resem-
bles a Faraday cage and grounded. In the recording processes,
the sampling frequency is 25kHz.

Stimulation trains with different amplitudes and pulse
widthswere adjusted. The amplitudes of the spike trainswere
10, 50, 80, and 120 µA, and the pulse widths were 100 and
200 µs. Biphasic and monophasic pulses were used as stim-
ulation patterns, as shown in Fig. 3. The stimulation current
trains produced by the stimulus generator were delivered to
selected electrodes of the hexagonal microelectrode array,
and other electrodes were used as recording ones. Charge-
balanced anodic-first biphasic and monophasic pulses were
used.

There were 20 successive stimulations that were applied
for each stimulation type, including four different amplitudes
and two different pulse widths. It was taken into consider-
ation that there was a need for sufficient trials to compare
the results for each stimulation types. This procedure was
repeated to obtain comparable results until each stimulation
pattern ended. Before analysis phase, most active recording
electrodes, which showed discernible spike activity, were
selected. Some recordings were excluded because of large
amounts of signal distortion, low tissue-electrode contact,
residual layers on electrodes.Wemadepreparations to handle
these problems by cleaning the microelectrode arrays care-
fully using ultrasonic cleaners, using a poly-lysine coating
on the electrodes to elicit the adhesiveness for the retina and
a grounding process with a cage similar to Faraday’s cage.
However, all electrodes that could not successfully record
neural activity were excluded. This was a common situation
that has also been noted in the literature.

2.4 Analysis of the Neural Activity

The neural activity originating in the electrical stimulation
was recorded with microelectrode arrays. The raw neural
waveforms were taken into the MATLAB environment fol-
lowing the recording process and analyzed with custom
written codes. The datawere filtered at 500Hz high pass filter
and digitized at 25kHz sampling frequency. Neural wave-
form which was filtered and superimposed forms of isolated
spike activity relating to a part of the randomly selected neu-
ral wave forms are presented in Fig. 4.

Analysis of neural activity required identifying and
removing spontaneous activity. In this study, when the retina
was in place and recording was started, the signal was only
recorded until stability was reached, which was at least 10 s.
Then, electrical stimulations began. The stimulation process
was completed in such a way that at least 10 s were recorded
in a blank, unstimulated area, when the next stimulation
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Fig. 3 Different types of stimulation pulses applied to retinal tissue. a Biphasic pulses, b monophasic pulses

Fig. 4 Analysis of neural
activity, (top) neural waveform
which is filtered, (bottom)
overlapping isolated spikes
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amplitudes were set. In the analysis process, to eliminate
the misleading effects of spontaneous activity, the unstimu-
lated areas were examined, and average spike counts were
determined and used as the ‘background activity’. Then, the
spike counts were determined for gaps between consecutive
stimulation pulses. The spike counts and background activ-
ity were compared. If the spike count observed between two
successive stimulation pulses was greater than background
activity, it was accepted that the stimulation pulse gener-
ated spikes. This procedurewas repeated for each stimulation
trial. To prevent misleading effects that would create a dif-

ference between the beginning and the end of the recorded
signal, background analysis was performed based on the
areas unstimulated for 10 s, which were left for each stimula-
tion amplitude. In thisway,misleading effects of spontaneous
activity were eliminated.

3 Results

The activity of the retinal ganglion cell layer during the
repeatedly applied electrical stimulation was recorded and
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Fig. 5 Number of spikes from
selected recording channels
through biphasic stimulation

0
5

10
15
20
25
30
35
40

0<PSTI<20 20<PSTI<40 40<PSTI<60 60<PSTI<80 80<PSTI<100

N
um

be
r o

f S
pi

ke
s

Channel A Channel B Channel C Channel D

(PSTI: Post S�mulus Time Interval)

Fig. 6 Isolated spike
distribution percentage among
post-stimulus time intervals
following biphasic stimulation
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temporal profiles quantitatively analyzed according to differ-
ent stimulation patterns. In the analysis of the retinal tissue
response to electrical stimulation, the most active electrodes,
which showed distinguishable spike formation, were firstly
determined and selected for further steps. The electrical stim-
ulation moments applied to these electrodes were identified
to determine the spikes coinciding with the post-stimulus
time intervals (PSTI). PSTI were arranged in 5 groups with
20 ms intervals, up to 100 ms. The spikes after 100 ms were
not included in the analysis. Number of spikes at the PSTI
intervals and the spike percentages within these intervals fol-
lowing stimulations at each channel were determined for the
temporal analysis of the neural activities from the channels
with the best records. In order to eliminate the misleading
effects of spontaneous activities, the signals were recorded
and sampled for a while before electrical stimulation started.
The mean number of action potentials in the sampled signal
pieces was subtracted from the number of action potentials
in the target area. Thus, the effect of activity not related to
electrical stimulation was eliminated.

The results of identified spike numbers in relation to the
time intervals following the stimulation of the 4 most active
electrodes, determined among the neural activities due to the
application of biphasic stimulation pulses onto the retinal tis-
sue are presented in Fig. 5. An important part of the identified
spikes were observed to occur in the first 20 ms following
the stimulations of each electrode.

The temporal distribution of the identified spikes at the
designated recording electrodes following the stimulations is
shown in Fig. 6. As a result of direct stimulation of the retinal
ganglion cells and the adaptation of the applied charge-

balanced stimulation on cell physiology, the action potentials
were observed to occur in the first 20ms PSTI. The spike dis-
tributions in the first 20 ms interval and at each of the other
intervals were determined to be 31 and 17.5± 1.5%, respec-
tively.

The number of spikes obtained according to selected chan-
nels as a result of monophasic stimulation is shown in Fig. 7.
The spike distribution in the channels selected for analy-
sis showed short and long latency properties similar to each
other. The short latency spikes were observed in the 20 ms
PSTI right after electrical stimulation while the long latency
spikes were observed 75 ms later.

When the spikes obtained by monophasic stimulation
were evaluated, the same properties of the spikes observed
in the recording channels are seen again, Fig. 8. 28% of
all spikes were observed in the first 20 ms PSTI. The ratio
of spikes seen between 20 and 80 ms was approximately
16 ± 1% for each interval. The ratio representing the long
latency spikes between 80–100 ms PSTI was observed to be
25%.

The results of the comparisons of the spike activities
obtained by the application of biphasic andmonophasic elec-
trical stimulations are shown in Table 1.

In analyses performed with regards to stimulation ampli-
tudes, the neural activity results obtained from 5 recording
electrodes for both biphasic and monophasic stimulation
were used. The proportional changes in spike activity with
regards to stimulation amplitude were analyzed for bipha-
sic and monophasic stimulations. The percentages of the
spikes which correspond to their own time intervals detected
dependingonapplied stimulationpulseswith different ampli-
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Fig. 7 Distribution of spikes
according to selected channels
followed by monophasic
stimulation
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Fig. 8 Isolated spike
distribution percentage among
post-stimulus time intervals
following monophasic
stimulation
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Table 1 Comparison of
analysis results

Post-stimulus time intervals (ms) Biphasic stimulation Monophasic stimulation

Number of spikes % Number of spikes %

0 < PSTI < 20 ms 90 31 82 28

20 ms < PSTI <40 ms 51 17 44 15

40 ms < PSTI <60 ms 50 17 45 15

60 ms < PSTI <80 ms 55 19 45 15

80 ms < PSTI <100 ms 47 16 79 27

tudes are shown in Table 2. Moreover, when isolated spike
numbers were investigated for each amplitude, it was seen
that higher current amplitudes elicitedmore spikes than lower
ones.

The distribution of the spike activity obtained by bipha-
sic stimulation was mostly intensified in the first 20 ms
PSTI when low stimulation amplitudes such as 10 µA
were applied. Although the spike activity moved slightly
toward the 20–40 ms and 40–60 ms intervals with stimu-
lation amplitudes of 50 µA and above, no significant change
was observed due to increasing amplitudes and intensifica-
tion within the first 20 ms interval was observed. On the
other hand, while the spike activity obtained with monopha-
sic stimulation pulses did not show any significant change in
the first, second, third and fourth 20 ms PTSI with increas-
ing amplitudes, a significant increase was seen in the long
latency spike activity with amplitudes of and above 80 µA.

The distance between stimulation electrode and the most
active recording electrodes were varied. The effect of the

distance between electrodes on spike formation was investi-
gated and results are presented in Table 3. It indicated that
while closer electrodes generated more spikes for biphasic
stimulation, more distanced electrodes detected more spikes
for monophasic stimulation.

4 Discussion

Physiologically natural spikes which resemble the signals
conducted to the brain in a healthy eye could be evidenced by
the temporal analysis of spike trains. The performance of reti-
nal prosthesis is dependent on better understanding of retinal
responses to electrical stimulation. The dynamics and under-
lying neural mechanisms of them play a critical role to elicit
useful vision with high resolution. In the previous studies
which used temporal analysis, either voltage-focused stimu-
lations or a single type of stimulation in current-dependent
stimulations were used [37–39]. Some studies used the patch
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Table 2 Comparison of spike activity percentages according to various stimulation amplitudes

Stimulation amplitude (µA) 0 < PSTI < 20 (ms) 20 < PSTI < 40 (ms) 40 < PSTI < 60 (ms) 60 < PSTI < 80 (ms) 80 < PSTI < 100 (ms)

Biphasic stimulation 10 38 12 15 24 12

50 23 19 14 22 23

80 23 32 15 13 17

120 27 11 26 17 20

Monophasic
stimulation

10 32 15 17 15 21

50 33 12 16 20 22

80 27 17 17 18 22

120 23 15 13 12 38

Table 3 Number of spikes depending on the distance between stimu-
lation and active recording electrodes

Ch-1 Ch-2 Ch-3 Ch-4

Biphasic stimulation

Distance (µm) 135 172 220 255

Number of spikes 56 114 71 52

Monophasic stimulation

Distance (µm) 135 270 273 272

Number of spikes 25 65 58 147

clamp method instead of the microelectrode arrays with
extracellular recordings [25,26,33,39]. In this study, charge-
balanced biphasic and monophasic stimulations were used
and the records were taken extracellularly. To ensure a more
precise analysis of the temporal effects on the retina, the
experimental studies were conducted in similar conditions.
During in vitro studies, two different types of stimulations
were conducted using direct stimulation, which is epireti-
nal approach. While most of the spike activity was observed
to occur in the first 20 ms PSTI upon biphasic stimulation
pulses were used, the activity was seen to intensify between
0–20 and 80–100ms intervals in two parts and as short and
long latency activitieswith the use ofmonophasic stimulation
pulses. The temporal response latencies were observed to be
of two types. First part of them was under the 25 ms while
the other was in the interval above 80ms. The findings which
were important aiming to prove the relationship between tem-
poral response profiles and the stimulation configurations
showed that retinal ganglion cells, whose temporal response
profiles change depending on the stimulation configurations
were diverse in structure and heterogeneous in themselves.
On the other hand, upon examining the effect of the stimu-
lation amplitude on the spike activity as recorded from the
retina, it was seen that increasing amplitudes did not cause
significant changes in spike activity in biphasic stimulations,
but in monophasic stimulations, especially as the amplitude

exceeded 80 µA, a significant increase was seen in the for-
mation of long latency spike activity.

The spike activity was formed via two mechanisms at the
out of the retinal ganglion cells. The first one was the forma-
tion of spikes with the indirect stimulation of retinal ganglion
cells through the bipolar amacrine cells due to the stimula-
tion of the retinal network, which was the aim of subretinal
studies. In this pathway, the stimulation of the presynaptic
excitatory neurons such as the bipolar cells caused depo-
larization and spike was formed. The amacrine cells were
stimulated with two main mechanisms. These were direct
electrical stimulation or synaptic stimulation due to stimu-
lation of the electrically activated bipolar cells. The bipolar
cells were connected to the amacrine cells to excite. The
second method was the formation of spikes through direct
stimulation of the retinal ganglion cells. The direct stimu-
lation had some advantages. The response latencies were
shorter and fewer temporal deviations were seen. In net-
work stimulation, because the processeswere subsequent, the
latency tended to be higher. The spikes formed at direct stim-
ulation seemed to be more robust in nature. Direct activation
induced spike stimulations generated high temporal preci-
sion, however they were usually followed by low temporal
precision spikes forming due to longer pulses and network
stimulations. Selective stimulation was very difficult due to
similar threshold levels. This was why the stimulation of reti-
nal ganglion cells with stimulation currents made up of short
current pulses and stimulation parameters comprising vari-
ables such as stimulation amplitudes within certain limits,
frequencies andpulsewidths and epiretinal stimulationmight
only be an option that excited the retinal ganglion cells and
offered high temporal precision. The obtained results were
compliant with the study of Tsai et. al. In that study, Tsai
et. al claimed that the temporal characteristic of the retinal
ganglion response showed different properties which could
be classified into several categories by using short pulse sub-
retinal stimulation [39]. Margarit et al, Thoreson and Fried
et al showed that the activation of amacrine cells gave rise
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to wide inhibitory post-synaptic currents and that these cur-
rents ended after 500 ms and suppressed retinal ganglion
cell excitability [40]. Another study indicated that retinal
responses were more robust if it was stimulated directly [5].
Additionally, it was reported that the retinal ganglion cells are
more robust at high frequency stimulations when compared
to the stimulations via the retinal network [37,41].

This study showed that the temporal response profiles of
retinal ganglion cells were heterogeneous and varied accord-
ing to stimulation parameters. Moreover, these profiles could
be divided into two categories: short and long latency clus-
ters. Early phase spikes occurred due to direct electrical
stimulation of the retinal ganglion cells. Late phase spike
formation existed due to the complicated interaction of presy-
naptically connected neurons. Stimulations of short pulse
widths, 100 µs, were shown to mildly decrease the presy-
naptic excitatory effects, therefore decreasing the number
of retinal ganglion neurons activated through this way and
decreasing the late phase spike components. As the temporal
responses following the biphasic stimulation at 100 µs pulse
width were evaluated, it was seen that the primary spikes
represented the spikes occurring before 20 ms following the
stimulation. These were short latency action potentials and
occurred due to electrical stimulation rather than presynaptic
origins. Although the increasing stimulation current ampli-
tude elicited more spikes than it was compared to lower
amplitudes, it was not seen to have a significant effect on
bringing together the spikes to primary intervals. The for-
mation of long latency spikes was increased with increasing
stimulation amplitudes, especially at 80 µA and above and
these were between 80-100 ms. The reason for this increase
might be the triggering network stimulation at the deeper
units of the retinal layer under the electrodes at increasing
current amplitudes.

5 Conclusion

Developments inmicroelectronic, packaging and biomedical
engineering areas and multidisciplinary studies have made
significant improvements for the field of visual prosthesis
system enabled recently. Although successful results have
been obtained on reconstruction of visual restoration, the
targeted visual perception have significant shortcomings in
terms of resolution, color and phase-depth perceptions. An
important part of these shortcomings may be handled by
better understanding of the neural mechanisms of the retina
during electrical stimulation and how these mechanisms will
be controlled in order to mimic useful vision that could allow
the formation of physiologically natural spike forms which
resemble the electrical signals conducted to the brain. For
this, retinal responses are comparatively analyzed depending
on themost used stimulation types, charge-balanced biphasic

and monophasic, with varying amplitudes. Obtained exper-
imental findings show that the precise and right patterns of
stimulation which is necessary to mimic the neural activity
that resembles the natural ones are able to generated with
low amplitude, charge-balanced, short biphasic wave forms
instead of monophasic pulses.
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