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Abstract
Objective. Retinal prostheses have had limited success in vision restoration through electrical
stimulation of surviving retinal ganglion cells (RGCs) in the degenerated retina. This is partly due
to non-preferential stimulation of all RGCs near a single stimulating electrode, which include cells
that conflict in their response properties and their contribution to visiual processing. Our study
proposes a stimulation strategy to preferentially stimulate individual RGCs based on their temporal
electrical receptive fields (tERFs). Approach.We recorded the responses of RGCs using whole-cell
patch clamping and demonstrated the stimulation strategy, first using intracellular stimulation,
then via extracellular stimulation.Main results. We successfully reconstructed the tERFs according
to the RGC response to Gaussian white noise current stimulation. The characteristics of the tERFs
were extracted and compared based on the morphological and light response types of the cells. By
re-delivering stimulation trains that were composed of the tERFs obtained from different cells, we
could preferentially stimulate individual RGCs as the cells showed lower activation thresholds to
their own tERFs. Significance. This proposed stimulation strategy implemented in the next
generation of recording and stimulating retinal prostheses may improve the quality of artificial
vision.

1. Introduction

Retinitis pigmentosa (RP) is an inherited and pro-
gressive retinal dystrophy with a prevalence of
approximately 1 in 4000 that causes visual impair-
ment and eventual blindness due to loss of photore-
ceptors [1]. Presently, the most developed clinically
available vision restoring treatment for RP is a ret-
inal prosthesis that aims to restore vision via elec-
trical stimulation of surviving retinal neurons [1, 2].
Stimulation is delivered by an electrode array which

can be implanted in one of three different locations:
on the retinal ganglion cell (RGC) side of the retinal
surface (epiretinal), between the photoreceptor layer
and the retinal pigment epithelium (subretinal), and
between the sclera and the choroid (suprachoroidal).

RGCs are routinely targeted by retinal prostheses.
This is because (a) their axons form the optic nerve—
natural pathway for the visual stimulus to travel
from eye to brain, (b) most RGCs survive after
photoreceptor loss [3], and (c) electrical stimulation
can activate the RGCs directly or indirectly via other
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retinal interneurons [1]. Recent research indicates
that there may be more than 30 types of RGCs, each
responsible for different aspects of visual informa-
tion processing [4]. Therefore, selective stimulation
of individual RGCs is desired for full restoration of
vision [2]. To increase the selectivity of RGC stimu-
lation, researchers have made great advances in fab-
ricating stimulating electrodes with smaller dimen-
sions. However, due to electric field spread, even with
electrodes at cellular dimensions <30 µm, simultan-
eous stimulation of a patch of RGCs will most likely
occur. As a result, stimulation strategies for prefer-
ential stimulation of RGCs are under development,
but most of them only have very limited targeting
capacity, e.g. they may try to preferentially stimulate
cells responding to brightness increments (ON-cells),
while not stimulating OFF-cells [5–10]. The problem
is, there are many different types of ON-cells, with
radically different morphologies and functions. It is,
therefore, necessary to develop stimulation strategies
that can preferentially stimulate a subset of the cells
nearby an electrode [11].

White noise stimulation has been previously
used as a successful approach for understanding
the response of neurons in retina and visual cor-
tex [7, 8, 12–17]. By presenting a series of luminance
values obtained randomly from a Gaussian distribu-
tion (white noise stimuli) [18], the visual receptive
fields can be extracted using spike-triggered average
(STA) and spike-triggered covariance (STC) ana-
lysis [18]. These visual receptive fields describe the
spatial, temporal, or chromatic illumination pattern
to which the neurons are most sensitive. In recent
years, the same analysis has been adapted to under-
stand the response of neurons to electrical stimu-
lation [7, 8, 12–17]. By delivering electrical stim-
ulation with amplitudes sampled randomly from
a Gaussian distribution, both spatial and temporal
electrical receptive fields (tERFs) of RGCs have been
investigated [7, 8, 12–17].

Previous research, using both epiretinal electrical
stimulation [7, 8] and subretinal photovoltaic stim-
ulation [15], has reported the recovery of the tERFs
of RGCs. However, the investigation of tERFs has
mostly focused on RGC responses to indirect net-
work stimulation [7, 8, 15]. In these studies, they
found that ON and OFF RGCs showed distinct fea-
tures in their tERFs, and the cell-type specific tERFs
were likely to be a result of their different signal path-
ways in the retinal network.Direct RGC stimulation is
normally considered the target for epiretinal devices
[2]. In terms of sub-retinal devices, it has been pre-
viously suggested that the use of direct RGC stimula-
tion could improve the spatial stimulation resolution
[19]. Therefore, it is also important to study the tERFs
of RGCs in response to direct electrical stimulation.

The implementation of closed-loop systems
is revolutionizing the field of neural prosthetics
[20–22]. Although existing retinal prosthetics can

only deliver electrical pulses for retinal stimulation,
the next generation is expected to be capable of both
electrical stimulation and recording. By adjusting the
stimulation parameters according to the recorded sig-
nals, such a closed-loop systemwill operate at a higher
efficacy and restore vision at a higher resolution. This
work proposes a stimulation strategy for a closed-
loop retinal prosthetic. This stimulation strategy can
perform preferential stimulation of individual RGCs
using their tERFs, as obtained from direct electrical
stimulation. While RGCs are expected to be most
sensitive to their own tERFs, none of the previous
studies tested the efficacy of tERFs for stimulation.
In this work, we demonstrated our proposed stim-
ulation strategy by studying the response preference
of individual RGC to stimulation consisting of its
own tERFs as well as tERFs obtained from other cells.
To record RGC activities, we performed whole-cell
patch clamping in explanted rat retinas and sub-
sequent morphological reconstruction and cell type
classification. We first studied the responses of RGCs
to stimulation delivered intracellularly via the patch
clamping electrode, in which the network contribu-
tion is negligible. We studied the correlation between
the tERFs and their cell types, and assessed the pref-
erence of the RGCs to their own tERFs. The results
were compared between cells recorded from healthy
and degenerated retinas. As existing retinal pros-
thetics can only deliver electrical stimulation using
extracellular electrodes, we also studied the tERFs
reconstructed by extracellular stimulation using epi-
retinal electrodes and demonstrated the potential of
our proposed stimulation strategy.While closed-loop
retinal prosthetics have not been demonstrated yet,
we hope that the technologies will advance soon in
this field and the strategy proposed here may benefit
their development.

2. Methods

All procedures performed in this study were in
accordance with the ethics standards of the Animal
Care and Ethics Committee of The University of Mel-
bourne (Ethics ID #1814462.3)

2.1. Retinal preparation
Datawere collected fromadult pigmented LongEvans
(LE) and Royal College of Surgeons (RCS) rats, of
either gender. Specifically, intracellular data were col-
lected from 55 LE rats (2–19 months old), and 37
RCS rats (4–15 months old). Extracellular data were
collected from 26 LE rats (2–8 months old). The
RCS rats have inherited retinal degeneration and are
therefore widely used for research in hereditary ret-
inal dystrophies [23]. In general, RCS rats completely
lose their outer nuclear layer as well as RGC light
responses 90 days after birth. The retinal preparation
was the same as previously described [13]. Briefly,
the animals were anesthetized with a mixture of
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ketamine (100 mg kg−1) and xylazine (10 mg kg−1),
and then sacrificed after enucleation using intracar-
diac injection of Letharbarb (1ml). After enucleation,
an incision was made in the cornea, and the retina
was dissected in a petri dish filled with carbogenated
Ames’ solution. The retina was cut into three or four
pieces using a razor blade. A single piece of tissue was
mountedwith RGC side up, on a coverslip and held in
place with a stainless-steel harp. The coverslip formed
the bottom of a perfusion chamber, which was then
placed under an upright microscope for visualization
and manipulation. The chamber was continuously
perfused with carbogenated Ames’ solution at a rate
of 3–8 ml min−1 at a temperature between 30 ◦C and
33 ◦C [14, 24–26].

2.2. Whole cell patch clamping
The whole cell current-clamp technique was used to
record membrane potentials, as described previously
[13]. Briefly, a small hole was first made using a
sharp glass pipette in the inner limiting membrane
to expose RGCs for recording. A recording pipette
with a resistance of 5–10 MΩ was filled with internal
solution and mounted on a pipette holder controlled
by amotorisedmicromanipulator. Prior to recording,
the pipette resistance was compensated with a bridge
balancing circuit on the amplifier. Membrane poten-
tial was amplified (BA-1S, NPI), digitised with 16-bit
precision at 20 kHz (USB-6221, National Instru-
ments), and stored for offline analysis using a custom-
madeMATLAB interface (TheMathWorks, Inc.). The
internal solution was made of 115 mM potassium
gluconate, 10 mM HEPES, 2 mM Na-ATP, 0.25 mM
Na-GTP, and 250 µMAlexa FluorTM 488.

2.3. Gaussian white noise stimulation
Gaussian white noise stimulation was delivered to
each cell either intracellularly or extracellularly for
reconstruction of the tERF. The intracellular stimu-
lation was delivered via the patch clamping pipette.
Both the intracellular patch electrode and the return
electrode were made of silver and coated with sil-
ver chloride before each experiment. The extracel-
lular stimulation was delivered using an electrode
made of 100 µm diameter platinum wire, which was
placed in contact with the inner limiting membrane
and approximately 50 µm away from the soma of the
cell being patched. The return electrode made of an
Ag/AgCl wire was positioned approximately 2.5 mm
from the stimulating electrode. For both intracellu-
lar and extracellular stimulation, each cell was stim-
ulated with Gaussian white noise for periods of 28 s.
The stimulation was repeated until at least 1000 stim-
ulus driven spikes had been detected. The resting time
between white noise periods was at least 4 s.

The white noise consisted of trains of currents
with random amplitudes sampled from a Gaus-
sian distribution. The amplitude was updated every

150 µs, with no gap between pulses. The standard
deviation of the Gaussian stimulus was adjusted for
each cell prior to recording such that each cell pro-
duced approximately 1 spike per second. An example
of the white noise stimulation current train delivered
intracellularly is shown in figures 1(a) and (b) and the
cellular response is shown in figures 1(c) and (d).

2.4. STC analysis
The tERF was computed using a STC analysis.
Spikes were detected using threshold crossings of
0 mV, upon visual validation of the stimulus arti-
fact (figure 1(d)). All detected spikes from all record-
ings of the single neuron were then assigned to a
stimulus matrix (S) with one spike per row. Each
row consisted of the stimulus amplitudes preceding
the action potentials over a predefined time window
(figure 1(c)). The Smatrix wasmade square and sym-
metrical by S_square = (SS′)/length(stimulus), then
the tERFs were computed by calculating the eigen-
vectors of the S_square matrix.

To ensure the significance of the principal eigen-
vectors, we only used cells that elicited at least 1000
spikes during all the repetitions of white noise stimu-
lation. Nevertheless, a statistical hypothesis test was
performed. The test randomly time-shifts the spike
train and repeats the STC analysis on the correspond-
ing randomised spike-triggered stimuli to recover a
new set of eigenvalues. For every STC analysis, we
ordered their eigenvalues from high to low. If the
eigenvalues from the original recording (prior to the
random time-shifting) were out of the standard devi-
ation of the eigenvalues obtained from 1000 test
repeats, they were considered statistically significant.
The significance test for the example cell is shown
in figure 1(e). Many cells produced multiple signific-
ant eigenvalues. However, only the eigenvector pro-
ducing the highest eigenvalue was used as the tERF
for each cell (figure 1(f)).

2.5. Selective stimulation
Following the successful recovery of a RGC’s tERF,
stimulus trains consisting of all the previously
recovered tERFs, including that from the currently
patched cell, were injected into the tissues through the
same stimulating electrode (figure 2(a), an example
from intracellular stimulation). The size of each stim-
ulus train depended on how many tERFs were avail-
able at the time of recording, i.e. the nth recorded
cell would be stimulated with a train consisting of its
own tERFs plus the n−1 tERFs previously collected.
The tERFs in the trains were arranged in random
order at a rate of ten tERFs per second, and each
of them was scaled by a random positive or negat-
ive amplitude (each tERF was scaled once by all the
amplitudes), hence the stimulus train included tERFs
with upward deflection and downward deflection
(figures 2(b) and (c)).
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Figure 1. Gaussian white noise stimulation protocol and spike-triggered covariance (STC) analysis of an example retinal ganglion
cell (RGC). Stimulation was delivered intracellularly via the patch clamping electrode to a cell from a LE rat retina. (a),
(b) Example of 28 s of a Gaussian white noise stimulation current train (b). (a) is an enlarged section from b. The amplitude was
sampled randomly from a Gaussian distribution; each amplitude was held constant for 150 µs (a). (c), (d) Example of 30 s of
membrane potential recorded during stimulation shown in (b). (d) The dashed line indicates the threshold for spike detection,
which was set at 0 mV. The red line marks the section of the recording shown in (c), which shows an example spike and the
membrane potential preceding the spike. Ts was the time at which the spike occurred. The stimulus between Ts and 99 ms before
Ts (Ts—99 ms) was kept as a vector for every spike and sorted into a matrix for the STC analysis. (e) Significance test of the
example cell. Every dot is an eigenvalue obtained from the STC analysis ordered from high to low. Red dots represent the
eigenvalues of the original recording and black dots represent the eigenvalues after the time-shifting analysis, as described in
section 2.4 Error bars represent the standard deviation of the highest eigenvalues from the time-shifting analysis. (f) The
spike-triggered average (STA, red line) and the first two eigenvectors (1st eigenvector: blue line; 2nd eigenvector: grey line) from
the STC analysis of the example cell. Only the 1st eigenvector of the STC was significant for this cell, which matched the STA.

For each stimulated cell, the efficacy of the
response to each tERF was evaluated by fitting a sig-
moid function:

f(x) =
a

1+ e−b(x−c)
. (1)

In which f(x) is the response probability and x is
the amplitude factor. Coefficient b represents scaling
factors that determine the saturation amplitudes, a
represents the gain of the sigmoidal curves and c rep-
resents the thresholds (50% of the saturation level).

To quantify and compare the differences in
response thresholds of an individual cell to various
tERFs, activation preference was calculated and used
for subsequent analysis. Two different activation pref-
erences were calculated. The preference to its own

tERF compared to all other tERFs, P(own tERF), was
calculated as

P(own tERF)

=−Th(own tERF)−Th(all other tERFs)

Th(all other tERFs)
. (2)

Th(own tERF) is the response threshold (50% of
the saturation level) to the tERF of the test cell; Th(all
other tERFs) is the average response threshold of the
cell to all other tERFs except for its own tERF.

The preference to the tERFs of its own cell type,
P(own type), was calculated as

P(own type)

=−Th(own type)−Th(all other types)

Th(all other types)
. (3)
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Figure 2. Selective stimulation strategy protocol. (a) An example of a tERF stimulation library collected from intracellular
stimulation. This library is composed of 60 previously recorded RGC tERFs (coloured) and the tERF of the test RGC (black). All
tERFs are arranged in ascending order of peak amplitudes. The morphological types of the RGCs (A, B, C, or D type) to which
each tERF belonged to are indicated by the colour of the tERFs. (b), (c) Example of 68 s of stimulation train injected into the test
RGC, which contains tERFs from the library scaled by different amplitudes (c). The red line marks the section of the stimulation
train shown in b which shows four randomly scaled tERFs. tERFs in the stimulus trains were 50 ms long and were separated by a
50 ms period.

Th(own type) is the average response threshold to
all the tERF of the same cell type of the test cell; Th(all
other types) is the average response threshold of the
cell to all the tERFs of other cell types.

2.6. Morphology reconstruction and cell
classification
To confirm cell classification, the following technique
was used to image the cells and analyse their mor-
phology. During current-clamp, the RGCs were filled
with intracellular solution, which contained Alexa
FluorTM 488 dye. Following stimulation and record-
ing of the RGCs, the retinal tissue was infused with
Sulforhodamine 101 (red dye). The tissue was sub-
sequently imaged using a confocal microscope and
the cell morphology was reconstructed using Image
J/Fiji package [27] (figure 3). The cells were classi-
fied into different morphological types (type A–D)
according to the soma diameter, dendritic field size
and structure, and dendritic field stratification (strat-
ification depth, mono- or bistratified), as previously
described in detail [13]. In general, A-cells have large
soma anddendritic field sizes, while B-cells have small
somas and dendritic fields. C-cells tend to display
soma and dendritic fields withmedium sizes, and bis-
tratified cells are classified as D-cells. Figure 3 shows
representative confocal images of example A–D cells.
As RGCs in RCS rats had lost their light response,
we used the dendritic field stratification depth (s(x))
to classify the cells from both RCS and LE rats into

different light response types. The stratification depth
was quantified as a percentage of the inner plexiform
layer (IPL) thickness, according to

s(x) = 100%× Ls − Lx
Ls − Le

. (4)

In which Lx refers to the depth of a terminal dend-
rite, Ls and Le represent the ganglion cell layer/IPL
(GCL/IPL) border and the IPL/inner nuclear layer
(IPL/INL) border, as labelled in figure 3. Cells that
stratified in the inner part of the IPL (s(x) < 40%)
are denoted as OFF-cells. Cells that stratified in the
outer part of the IPL (s(x) > 40%) are referred to as
ON-cells. Bistratified cells are ON-OFF cells.

2.7. Receptive field analysis
To study the correlation between receptive fields
and cell types, we performed K-means cluster ana-
lysis [28, 29] using the parameters extracted from
the receptive fields, as shown in figure 4. All the
tERFs were firstly arranged in a matrix with one
tERF per row. The covariance of the resulting
tERFs matrix was then calculated and its eigen-
vectors found. The three eigenvectors with the highest
eigenvalue were extracted and labelled as e1, e2,
and e3 (figure 4(a)). Each tERF was then pro-
jected onto the eigenvectors e1, e2, and e3, res-
ulting in the vectors v1, v2 and v3 (figure 4(b)).
These eigenvectors were used for the K-means cluster
analysis. To determine the number of clustersK in the
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Figure 3. 3D morphological reconstruction of a: the example A cell (OFF) shown in figure 1. The cell is filled with Alexa FluorTM

488 dye. Top: The Z-projection view of the cell from which the soma and dendritic field diameters were measured. Bottom: The
lateral view of the cell (green) and the extracellular matrix (red). The interfaces between GCL and IPL, and IPL and INL are
marked by horizontal lines. The dashed line corresponding to the stratification of the dendritic tree, which is 30% from the INL
(interface between the outer IPL and inner IPL) in the IPL plane. According to the stratification, this is an OFF cell. The
morphological type of the cell is determined by the soma and dendritic diameters as well as location of the dendritic stratification.
This cell is classified as A cell based on its morphological features. (b) A class B cell (OFF), (c) a class C cell (ON), and (d) a class
D cell (ON-OFF). The red arrows in a and c point to the axons of the neurons, the axons of b and d could not be recovered during
the reconstruction.

K-means algorithm, the Error Sum of Squares (ESS)
was plotted as a function ofK, as shown in figure 4(c).
We considered the ‘elbow’ for both intracellular and
extracellular protocols to be between three and five
clusters.We determined that three was the best choice
of K for intracellular stimulation and four for extra-
cellular stimulation. This was for several reasons, e.g.
with higherK there were clusters with only 1 element.
The morphological characteristics, class, and type of
light response of the cells were not used as input

variables in the cluster classification algorithm, there-
fore, the clusters do not depend on those parameters.

3. Results

3.1. tERF from intracellular stimulation
We first reconstructed tERFs according to the
responses of RGCs to Gaussian white noise
current stimulation. The stimulation was delivered
intracellularly via patch-clamp electrodes, in which

6
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Figure 4. Analysis of tERFs obtained from Gaussian white noise stimulation. The analysis shown here is based on the data
obtained from intracellular stimulation of LE rat RGCs. (a) Eigenvalues of the covariance matrix containing all tERF waveforms.
The three highest eigenvalues are labelled as e1, e2 and e3. (b) The three eigenvectors corresponding to the highest eigenvalues are
labelled as v1, v2 and v3. The y-axis represents unitless amplitude, and the x-axis represents samples. (c) Error sum of squares
(SSE) per number of clusters. The ‘elbows’ of the curve are considered to occur between cluster numbers of 3 and 5. We then
determined the optimal number used for K-means clusters to be 3, as the other cluster numbers will lead to clusters with only one
element.

Table 1. Summary of the number of intracellular tERFs obtained in each morphological type and light response type in both LE and
RCS rats.

Morphological type Light response type

Animal model A B C D ON OFF ON-OFF Total

LE 10 9 27 15 14 31 16 61
RCS 9 14 17 5 18 19 8 45

the retinal network contribution was insignificant.
An example of the stimulus and the cell’s response are
shown in figures 1(a)–(d). A statistical hypothesis test
based on an STC analysis revealed that this example

cell has a single excitatory receptive field, which is
denoted as its tERF in this study (figure 1(f)). We
recorded from a total of 61 RGCs from LE rats and 45
RGCs from RCS rats, as summarised in table 1. No

7
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Figure 5. Cluster analysis of tERFs obtained from intracellular stimulation of LE (a)–(e) and RCS (f)–(j) rat RGCs. The clustering
was based on K-mean analysis using tERF characteristic variables v1, v2 and v3, as described in section 2.7 (a), (f) The tERFs
grouped by clusters. (b), (g) Distribution of percentage of each cluster in each morphological type. (c), (h) Distribution of
percentage of morphological types in each cluster. (d), (i) Distribution of percentage of each cluster in each light response type.
(e), (j) Distribution of percentage of light response types in each cluster.

significant suppressive receptive field was observed
from any recorded cells. After stimulation and record-
ing, we reconstructed the morphology of every RGC
(figure 3), and classified them into different morpho-
logical types (A–D), as previously described [13]. All
of the recovered tERFs from LE rats after a cluster-
ing analysis are shown in figure 5(a). Although these

tERFs had varying amplitudes and widths, they all
displayed a notable, single upward deflection.

To understand the variability of the tERFs across
different cell types, we performed different ana-
lysis to study the correlation between the tERFs
and the cell types. We first compared the response
delays, tERF amplitudes and the time constant tau

8
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Figure 6. Response efficacy analysis for selective stimulation. Data obtained via intracellular stimulation of an example RGC from
a LE rat. (a) Example of a sigmoid curve fit (black curve) to the example cell’s response (red dot) to a single tERF that has been
scaled by various amplitude factors. The efficacy of the response to the tERF can be approximated well by the sigmoid curve. Fit
errors are indicated by the error bars. The threshold for response efficacy is set to be efficacy= 50% (black dash line). (b) Each
grey curve represents the response efficacy curve to a single tERF in the library used to stimulate the cell. The grey dashed curve
represents the average response efficacy curve to all the tERFs in the library. The black curve is the response efficacy curve to the
cell’s own tERF. (c) Average response efficacy curves to tERFs from cells of different morphological types (coloured curves) and
the response efficacy curve to the cell’s own tERF (black curve). (d) The average response efficacy curve to tERFs of the cell’s own
morphological type (magenta curve) and average response efficacy curve to all tERFs of different morphological types to the
example cell (other cell type mean, blue curve). Error bars are SEM. This cell is classified as B and OFF ganglion cell based on its
morphological features.

across different cell types. No significant difference
was found (data not shown). We then performed
K-means cluster analysis using the eigenvectors from
the tERF matrix, as described in the section 2.7 and
figure 4, and three clusters were obtained from LE
rats (figure 5(a)). Figures 5(b) and (c) summarize the
correlation between these three clusters and the four
morphological cell types. A-cells that had large soma
sizes and large dendritic field sizes were the most
prominent, as over 70% of A-cells were in Cluster
3 (figure 5(c)), while the other morphological cell
types included similar percentages of Cluster 1 and 2
cells (figure 5(b)). The percentages of C-cells in both
Clusters 1 and 2 were higher than 50%, which was
likely due to a larger number of C-cells collected in
this study (table 1). Figures 5(d) and (e) show the cor-
relation between the clusters and the light response
types. The majority of ON and ON-OFF cells were
in Clusters 1 and 2, and OFF cells had three clusters
distributed relatively evenly (figure 5(d)). Figure 5(e)
indicates that∼70% of Cluster 3 cells were OFF cells.

The same clustering analysis was also performed
with data obtained from RCS rats (figures 5(f)–(j))
and three clusters detected. Similar to the results
obtained from LE rats, A-cells were the most prom-
inent as nearly 80% of A-cells were in Cluster 1. The
correlationwas less obvious between the three clusters
and their light response types.

3.2. Preferential stimulation using intracellular
electrodes
After reconstructing the tERF for each cell, we tested
the hypothesis that the cells showed preferential
responses to their own receptive fields compared to
those from the other cells. To test this hypothesis,
we delivered stimulus trains composed of the tERFs
obtained from all the cells recorded prior to the test
cell as well as the cell’s own tERF (figure 2). Figure 6
shows the response efficacy analysis of an example
RGC. We fitted the response of the cell to each tERF
using a sigmoidal curve (equation (1)) and defined
the stimulation threshold as the point where the
response efficacy reached 50% (black dash lines). The
cell’s response to its own tERF (black curve) was then
compared to that of all the other tERFs (grey curves),
as shown in figure 6(b). This example cell showed the
lowest stimulation threshold to its own tERF, as it
was the first curve to reach 50% threshold, indicat-
ing its preference to its own tERF. For each cell, we
also compared their preference to different cell types
by comparing the cell’s response to its own tERF and
an average response efficacy curve to the tERFs from
each cell type, as plotted in figure 6(c). This example
cell showed lower average thresholds to A- andD-cells
than B- and C-cells. Figure 6(d) shows the sigmoidal
curve fitting of this example cell’s response to all the
tERFs from its own cell type, compared to its response
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Figure 7. Population analysis of activation preference from intracellular stimulation. The analysis is based on RGC morphological
types ((a), (b)) and light response types ((c), (d)) for LE rat (a), (c) and RCS rat (b), (d). In each subplot, the activation
preference was obtained according to equation (2) or (3). Colours indicate to which cell type (A, B, C and D, or ON, OFF and
ON-OFF) each cell belongs. The dashed lines indicate the line of equality. Error bars represent SEM.

to the tERFs of all other cell types; it shows a slightly
lower threshold in response to tERFs of its own cell
type, as well as a higher efficacy.

To quantitively compare the differences in
response thresholds to various tERFs of indi-
vidual cells, we calculated the activation preference
according to equations (2) and (3), as described in
section 2.5 The activation preference results are sum-
marised in figure 7. In each scatter plot, a positive x
value indicates that the cell could be activated by its
own tERF with a lower threshold than other tERFs.
The preference increases with the x value. For both
LE and RCS data, all cells showed lower threshold to
their own tERFs, suggesting the potential of prefer-
entially stimulating individual RGC using their own
tERFs. The degree of preference varies across cells,
and a point at 20% of P(own tERF) indicates that
the threshold to its own tERF is 20% lower than the
average of all other cell’s tERFs. A positive y value in
each scatter plot indicates that the cells could be activ-
ated at a lower threshold with the tERFs from its own
cell type. The preference increases with the y value.
Twenty out of 27 cells (74.1%) recorded from LE rats

showed lower thresholds to tERFs from their own
morphological types. Nineteen out of 25 cells (76%)
from RCS rats showed preference to the tERFs from
their own morphological types. Similar results were
also found after analysing the response efficacy based
on their light response types that 16 out of 27 cells
(59.3%) from LE rats and 13 out of 25 cells (52%)
from RCS rats tended to show lower thresholds to
tERFs from their own cell types. Although the ratios
of cells that showed preference to their own cell types
were similar between LE and RCS rats, the cell types
of the ones that did not show preferences were differ-
ent between the animal models. For example, most
ON cells (4 out of 6) in LE rats (figure 7(c)) did not
show preferences to their own cell type, and most of
the ON cells (7 out of 10) in RCS rats could be activ-
ated by lower thresholds using the tERFs from their
own cell type.

3.3. tERF from extracellular stimulation
After confirming the effectiveness of using tERF to
selectively stimulate individual RGCs intracellularly,
we studied their tERFs and the efficacy of the selective
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Table 2. Summary of the number of extracellular tERFs obtained in each morphological type and light response type in LE rats.

Morphological type Light response type

Animal model A B C D ON OFF ON-OFF Total

LE 14 9 5 7 11 17 7 35

Figure 8. Cluster analysis of tERFs obtained from extracellular stimulation of LE rat RGCs. Four clusters were identified based on
K-mean analysis using tERF characteristic variables v1, v2 and v3, as described in section 2.7 (a) tERFs grouped by clusters.
(b) Distribution of percentage of each cluster in each morphological type. (c) Distribution of percentage of morphological types
in each cluster. (d) Distribution of percentage of each cluster in each light response type. (e) Distribution of percentage of light
response types in each cluster.

stimulation protocol via extracellular stimulation. In
this study, extracellular stimulation was delivered epi-
retinally via a platinum electrode placed about 50 µm
away from the soma. The responses of the cells were
recorded intracellularly via whole-cell patch clamp-
ing, as in the previous sections of the paper.

Similar to intracellular stimulation, the STC ana-
lysis, together with the significant hypothesis test
described in section 2, revealed a single excitatory
receptive field according to the RGC response to
Gaussian white noise stimulation delivered extracel-
lularly.We were able to reconstruct tERFs from a total
of 35 RGCs from LE rats (table 2), and their tERFs
were clustered and shown in figure 8(a). All tERFs
exhibited a notable, single downward deflection and
were more variable in shape compared to the intra-
cellular tERFs. The response delays of all tERFs were
within 5 ms, indicating that the responses of RGCs
were likely due to direct electrical stimulation, instead
of indirect network stimulation [13].

The clustering analysis identified four different
clusters from these RGCs (figure 8). B-cells that had
small soma and dendritic field sizes were the most
prominent, as nearly 60% of them were in Cluster 2
and there were no Cluster 4 cells (figure 8(b)). The
other cell types had no clusters that took up over
50% of the cells. According to figure 8(d), Cluster 1

was composed of nearly 60% A-cells. In comparison,
Cluster 2 wasmostly A- and B-cells, and Cluster 4 was
mainly A- and D-cells. Figures 8(c) and (d) summar-
izes the correlation between the four clusters and the
light response types. The clusters were distributed rel-
atively evenly in all light response types (figure 8(c)),
with nearly 60% of Cluster 2 cells being OFF cells
(figure 8(e)).

3.4. Preferential stimulation using extracellular
electrodes
We performed the preferential stimulation protocol
using the tERFs reconstructed via extracellular stim-
ulation. As a preliminary study, here we tested the
protocol using a total of 15 RGCs, which were com-
posed of five A-cells, eight B-cells and two D-cells.
These include three ON cells, ten OFF cells and two
ON-OFF cells. Figure 9 summarizes the preference
of all recorded RGCs to different tERFs according to
equations (2) and (3). As expected, all of the cells pre-
ferred their own tERFs over the other tERFs, exhib-
iting lower thresholds when stimulated by their own
tERFs (figure 9).When comparing their preference to
their own cell type, 10 out of 15 (66.7%) cells pre-
ferred their own morphological type (figure 9(a)).
Interestingly, all B- and D-cells recorded in this study
preferred their ownmorphological types, but none of
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Figure 9. Population analysis of activation preference from extracellular stimulation. All data were from LE rats. The analysis is
based on a: RGC morphological types and (b) light response types. In each subplot, the activation preference was obtained
according to equation (2) or (3). Colours indicate to which cell type (A, B and D, or ON, OFF and ON-OFF) each cell belongs.
The dashed lines indicate the line of equality. Error bars represent SEM.

A-cells did. In comparison, 9 out of 15 (60%) cells
preferred their own light response type (figure 9(b)).
Surprisingly, none of the ON cells showed prefer-
ences for their own light response type. However,
as the numbers of cells recorded for these cell types
are small, it requires further study to confirm the
different preferences between cell types. Note that
all D-cells have ON-OFF light response, hence the
D-cells in figure 9(a) have the same response prob-
ability in x and y axis as the ON-OFF cells in
figure 9(b).

4. Discussion

RGCs are the target of electrical stimulation for ret-
inal prostheses because they survive retinal degenera-
tion and thus retain the capacity to send information
to the brain via their axons in the optic nerve. Cur-
rent retinal prostheses use electrodes that have sizes
larger than individual RGC somas and stimulate all
surrounding RGCs in the same manner, which lim-
its the quality of vision restored in patients. Although
stimulation strategies for preferential stimulation of
RGCs are under development, most studies only tar-
get limited RGC types. For example, high frequency
stimulation was found effective in selectively stimu-
lating ON and OFF RGCs [6, 9, 10]. Using biphasic
stimulation at 200 Hz, D1 cells in the morphologic-
ally and biophysically detailed models of rat retina
could be selectively stimulated over A2 cells [30]. Im
et al found that the network-mediated responses in
ON and OFF rabbit brisk cells show difference to
stimulation durations [31, 32] and frequencies [32].
The only demonstration of preferential stimulation of
individual cells was done by Fan et al [11] inwhich the

authors showed that a careful selection of stimulat-
ing currents could avoid the activation of neighbour-
ing neurons, and the stimulation selectivity could be
improved using a local return electrode. Our work
presents a novel approach to preferentially stimulate
individual RGCs using their own tERFs from direct
electrical stimulation.

4.1. tERF characteristics
In this study, we reconstructed the tERFs of RGCs
per their responses to white noise current stimula-
tion delivered both intracellularly and extracellularly.
The tERFs of RGCs have been previously studied
with white noise stimulation by several groups, but
all obtained via extracellular stimulation [7, 8, 12,
15, 17]. Sekhar et al [8] first studied tERFs from the
network-mediated response of RGCs. In their work,
they delivered subthreshold subretinal stimulation
and obtained the receptive fields using STA analysis.
Their work revealed distinct characteristics of tERFs
in healthy retinas based on their light responses, and
the tERFs of ON cells had a short latency and upward
deflectionwhile the tERFs ofOFF cells showed a short
latency and downward deflection. In another study,
Hofling et al [12] reconstructed tERFs of RGCs stimu-
lated epiretinally using both STA and maximum like-
lihood estimate analysis. According to the response
latencies of these tERFs, the authors suggested that
these tERFs resulted from a combination of bipolar
cell and direct RGC activation.

We used the STC analysis to reconstruct the tERFs
of the RGCs in this work. While the STA provides
a single linear filter that can be used to estimate
the nonlinearity of the neuron, the STC provides
multiple filters along with their variance which are
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useful, for example, to find suppressive compon-
ents within the stimuli [18, 33]. After a signific-
ance hypothesis test, we found that all the RGCs had
significant excitatory receptive fields, but no signi-
ficant suppressive receptive fields were observed in
any cells. The excitatory receptive fields from the
STC analysis (the tERF, or filter corresponding to
the highest variance) were qualitatively consistent
with their STAs in magnitudes, shapes and directions
(e.g. figure 1(f)).

To our knowledge, this work is the first study
of tERFs of RGCs via intracellular stimulation. The
intracellular tERFs of all RGCs showed a single
upward deflection (figures 2 and 5), whereas the
tERFs obtained through extracellular stimulation
show opposite deflection (figure 8). In contrast to
Sekhar et al [8] and Hofling et al [12], we did not
observe any cells with notable upward deflections. As
the response delays for all extracellular tERFs were
within 5 ms, these tERFs are likely correlated to the
neural responses from direct electrical stimulation
[13]. The upward deflections observed in the two
above-mentioned studies were likely a result of net-
work mediated activation.

4.2. tERF and cell type correlation
In this study, we classified the rat RGCs according to
their morphology as A–D cells. The terminology of
RGCmorphological types varies among different spe-
cies [2]. For example, cells with large soma and dend-
ritic fields are often called A cells in rat [34], but alpha
cells in mouse [4] and cat [35], brisk transient cells
in rabbit [36] and parasol cells in primate [37]. Cells
with small soma and dendritic field are often called
B cells in rat [34], beta cells in mouse [4] and cat
[35], brisk sustained cells in rabbit [36], and midget
cells in primate [37]. The correlation of morpholo-
gical types and their function or physiological prop-
ertiesmay vary among the species. For example, while
the midget cells are known to be responsible for high-
acuity vision, it is less clear about the function of beta
cells [4].

To further understand the variability of tERFs
between cell types, we studied the correlation between
cell types and tERFs by performing a clustering ana-
lysis using a K-means algorithm. For intracellular
data, our results indicate that A-cells were the most
prominent in both healthy and degenerated retinas
(figure 5). Over 70% of the A-cells belonged to the
same cluster. As A cells have large sizes of somas and
dendritic fields, we wanted to understand if the dif-
ference was due to the cell size. We did not observe
clear correlation between soma or dendritic field sizes
and the tERF parameters (data not shown). This res-
ult is in line with several experimental and modelling
studies which suggested that soma and dendritic field
sizes alone have minimal correlations with response
thresholds of certain Alpha RGC types in mice,
whereas the axon initial segment (AIS) length and the

distribution of Nav1.6 channels along the AISs exert
stronger influence [38–42]. RGCs are known to have
varying physiological and morphological properties
depending on their cell types and their locations in
the retina. For example, in mouse retina, different
types of RGCs have different calcium channel distri-
butions [43]. Their AIS lengths and distances away
from the soma also vary depending on the cell types
and locations [41, 42]. Further investigation is needed
to fully understand the tERF variability observed in
this study. Since A cells have tERFs different from
other cell types, tERFs may be used to identify A cells
whenmorphological reconstruction is difficult. These
results also further demonstrated that the intrinsic
biophysical properties and morphological properties
of individual cells could influence their sensitivity to
stimulation.

4.3. Difference between intracellular and
extracellular stimulation
The clustering results from extracellular stimulation
showed that the cells, in general, distributed evenly
among clusters and no cell type had more than 60%
of the cells within a single cluster (figure 8). The dif-
ference between intracellular and extracellular stim-
ulation results may be partially due to the electrode
placement. The AIS, which is located about 10 µm
away from the RGC soma, was previously found to
be the most excitable part of a cell [38]. During the
extracellular stimulation experiments, for practical
reasons, we had to place the extracellular electrodes
approximately 50 µm from the soma, but the relat-
ive location between the electrode and the AIS was
difficult to control accurately without losing the cell
patch. On the other hand, the intracellular stimula-
tion was injected via the patch clamping electrode
that was attached to the soma. The electrode place-
ment distance and location relative to the AISs in
the extracellular stimulation is expected to have some
impact on the shape of the tERFs. Thus, a further
study where the position of the stimulating elec-
trode can be controlled, relative to the AIS, might
result in tERFs that preferentially excite cell types
more accurately. This could be achieved by visualising
the Alexa FluorTM 488-filled cell and axons under
confocal/two-photon microscopes while placing the
extracellular electrodes.

Another potential difference between intracellu-
lar and extracellular stimulation is related to direct
and indirect stimulations of the RGCs. RGCs can
be directly activated by an electrical stimulus, where
the response has a short latency of less than 5 ms
after stimulation; or indirectly activated by the ret-
inal network, where the stimulus activates several dif-
ferent classes of retinal neurons, which in turn, elicit
synaptic spikes on the RGCs [44, 45]. Indirect RGC
stimulation may take advantages of the natural sig-
nal processing in the retina [31, 32], although net-
work remodelling can happen during degeneration
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[46], making it less helpful when the degeneration is
at an advanced stage.

The direct/indirect activation is unlikely the
reason behind the differences observed between
intracellular and extracellular stimulation in this
work, as our analysis of extracellular data was per-
formed exclusively on spikes resulting from direct
activation. As shown in figures 5 and 8, all the tERFs
obtained had a latency shorter than 5 ms. Addi-
tionally, the shape and duration of the recovered
tERFs correspond to the strong, short pulses typic-
ally found to directly activate RGCs as opposed to the
longer stimulus duration observed in indirect activa-
tion [31, 47]. The STC analysis was performed over a
time window much longer than the resulting tERFs,
and we did not observe a distinct waveform, other
than noise, within approximately 100 ms prior to the
spikes (see figures 1(f) and 4(a)), which is the typ-
ical latency for indirect activation [31]. This contrasts
with the STA study by Ho et al [15] which found
longer latency and duration waveforms for network-
mediated activation of RGCs, however, their elec-
trode placement was subretinal as opposed to our
epiretinal protocol, hence closer to the bipolar cells
than the RGCs. Additionally, Sekhar et al [7] used
subthreshold stimulation levels, which we hypothes-
ize could result in less direct activation RGC spikes
when stimulating, and their analysis focused only on
indirect activation. Another indication of direct activ-
ation is the deflection of the extracellular tERFs. We
only found extracellular tERFs with a single down-
ward deflection, but if network-mediated responses
were involved, tERFs would show upward deflections
[7, 8, 12]. This is evident in work by Sekhar et al
[7], where tERFs of ON cells had upward deflec-
tion and the tERFs of OFF cells had downward
deflection.

4.4. Preferential activation of RGCs
In this work, we compared the sensitivity of RGCs
to tERFs recovered from different neurons. As expec-
ted, both the intracellular and extracellular stimula-
tion thresholds were lower when the cells were stim-
ulated with their own tERFs compared to the tERFs
of other cells (figures 7 and 9). However, the degree
of preference varies among cells and among stimula-
tion protocols. For instance, with extracellular stim-
ulation, the thresholds were on average 20% lower in
response to their own tERFs than to other cells’ tERFs,
while with intracellular stimulation, it was close to
8% in LE rats. This result indicates that RGCs can
be preferentially stimulated when using stimulation
that take the form of their own tERFs. We hypothes-
ized that the cells might also prefer the tERFs of their
own cell types, compared to those from other cell
types. From intracellular data in LE rats, we showed
that over 70% of the cells preferred the tERFs from
their own morphological types (figure 7). The ratios
of cells that preferred their own light response types

were over 60%.When the cells were stimulated extra-
cellularly, over 60% of the cells showed preferences
for their own morphological or light response types
(figure 9). Interestingly, when stimulated extracellu-
larly, none of the A-cells showed preferences to the
tERFs obtained from the other A-cells. Similar res-
ults were also observed in ON cells; they did not like
the tERFs from the other ON cells (6% preference
to other types). These extracellular results were con-
sistent with the intracellular results from LE rats, in
which all of the A-cells and most ON cells (4 out
of 6) did not prefer the tERFs from their own cell
types. With extracellular stimulation, both B and D
cells preferred a stimulus from tERFs of their own
morphological type. Specifically, the threshold of B-
cells in response to the tERFs of other B-cells was,
in average, 13% lower than in response to tERFs of
other morphological types. And the threshold of D-
cells in response to tERFs of other D-cells was 11%
lower than in response to tERFs of other morpholo-
gical types (figure 9). The threshold differences are
small in some cases, which might limit the effective-
ness of targeting cell types to some extent.

4.5. Impact of retinal degeneration
The performance of retinal stimulation devices has
been found to be reduced in degenerated retinas. For
example, previous research showed that in degener-
ated retinas, the RGCs showed increased spontan-
eous activities, low field background oscillations and
abnormal light-evoked spike rates [48–50]. During
electrical stimulation, an elevated chargewas found to
be necessary for triggering action potentials, at least in
a subset of RGCs following degeneration [51]. While
the differences may be partly due to retinal remod-
elling, it is unclear whether there are changes in the
intrinsic physiological properties of the RGCs. Dur-
ing intracellular stimulation, the impact of retinal
networks on RGC behaviour is negligible. Therefore,
the intracellular tERF largely represents the intrinsic
properties of RGCs. We compared the parameters
from tERFs obtained from healthy and degenerated
rat retinas, and our results did not show significant
differences between the tERFs from the two animal
models. This suggests that in RCS rats at least, the
intrinsic properties of RGCs remain similar after ret-
inal degeneration. In addition, we did not observe
obvious changes in morphological features such as
soma and dendritic field sizes and shapes between
healthy and degenerated RGCs. In this study, we used
RCS rats between the age of 4 and 15 months. It was
known that the RCS rats lose their outer nuclear layer
and RGC light responses around 3 months after birth
[23]. We were not able to record any light responses
from the RGCs of RCS retinas. Several studies have
investigated the effect of the retina degeneration pro-
gression on the RGCs. In a mouse model for retina
degeneration (rd10), where cone photoreceptors were
mostly gone by 60 days postnatal, Stasheff et al [50]
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showed that the RGC spontaneous and electrically
evoked spiking responses tend to remain unchanged
after P60. Even though another study by Park et al
[49] has indicated some changes in evoked the RGC
spiking between 10 and 20 weeks old rd10 mice, they
also found spontaneous spiking in the RGCs largely
unchanged after 10 weeks. Under comparison, rd1
mice, which is a model for early onset, rapidly pro-
gressing photoreceptor degeneration, continues to
show changes in RGC responses beyond the comple-
tion of photoreceptor loss [50]. The RCS rat model
is similar to the rd10 mouse model in terms of the
speed of degeneration, therefore we expect minimal
changes in the RGC responses in rats aged between 4
and 15 months.

4.6. Limitations
Practically, this research suggests that a retinal pros-
thesis designed to work at a single cell resolution can
have improved performance when stimulating using
the cell’s tERF. In the extracellular stimulation exper-
iments, we placed the 100 µm diameter stimulating
electrode epiretinally, about 50 µm away from the
soma. We showed that the recorded RGCs could be
preferentially stimulated using their own tERFs. This
indicates that our strategy may be effective at target-
ing RGCs that have their somata within 50 µm of
the stimulation electrode. While this work provided
some evidence to support the feasibility of this pro-
posed stimulation strategy, there are several limita-
tions. First of all, existing retinal prostheses can only
stimulate [2]. To implement the proposed strategy,
we will need the next generation of retinal prostheses
to be capable of electrical stimulation and have the
ability to simultaneously record single-unit activit-
ies from the target RGCs. The development of such
a device is currently challenging. However, high spa-
tiotemporal resolution recording of RGCs has already
been demonstrated both in vitro [52] and in vivo
[53]. Of particular interest is the recent develop-
ment of polymer-based microelectrode arrays that
can have close contact between the electrodes and
retina surface after implantation [53, 54]. Secondly,
it is well-known that to safely stimulate neurons,
charge-balanced tERFs should be used [55]. How-
ever, according to our results, the tERFs of RGCs
have monophasic structures. Long-term stimulation
using monophasic tERFs may be dangerous to both
the electrodes and surrounding neurons. A poten-
tial solution is to modify the stimulation tERFs by
adding an opposite phase to offset the charge. How-
ever, it is necessary to reassess the efficacy of the
stimulation strategy using modified tERFs. Third, to
record from the cells, we performed whole-cell patch
clamp recording. Although current retinal prosthetic
devices do not allow intracellular recording, whole-
cell patch clamp enabled us to retrieve the cell mor-
phology by injecting fluorescent dye into the cell for
post-recording imaging. In addition, the whole-cell

configuration also enabled us to identify the light-
response types of the RGCs in the degenerated ret-
ina, as they have lost their light responses. However,
we acknowledge that future studies will need to repeat
this work by recording theRGCs responses extracellu-
larly in both healthy and degenerated retinas. Fourth,
the activation of axon bundles is one major limita-
tion in the spatial resolution from epiretinal stimu-
lation [56–59]. When the axon bundles are activated,
RGCswith somata far away from the stimulation elec-
trodes may be stimulated, leading to patients report-
ing elongated phosphenes [58]. The strategy pro-
posed here is promising for addressing the issue, as
the tERFs are expected to be different for the tar-
get RGCs and the axon bundles. However, we were
unable to study the impact of axon bundle activation
in this study as we recorded from single neurons
using whole-cell patch clamping. Other recording
techniques such as calcium imaging [56, 57] andmul-
tielectrode array recording [59] will be required to
study the spatial distribution of RGC activation. The
small threshold differences observed in some cells
represent the last limitation in the application of the
proposed strategy.

5. Conclusion

This work proposes a stimulation strategy for pref-
erential stimulation of individual RGCs for retinal
prostheses. This strategy is implemented by first
reconstructing the tERFs of RGCs according to their
response to Gaussian white noise current stimu-
lation, and then stimulating the target cells using
their own tERFs. In this work, we demonstrated the
strategy through both intracellular and extracellular
stimulation. By comparing the tERFs reconstructed
from RGCs, we found some correlation between A-
cells and their intracellular tERFs, but the correla-
tion was less obvious between the cell types and their
extracellular tERFs. Our results also showed that the
RGCs had lower activation thresholds when stimu-
lated using their own tERFs, and about 60%–70%
of the cells also preferred the tERFs from other cells
within their own morphological or light response
types, as opposed to tERFs from other cell types. Such
a stimulation strategy, in combination with a device
that is capable of both neural stimulation and record-
ing, can be used to target individual neurons around
a single stimulating electrode.
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