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Abstract

Various impacts of the spontaneous neuronal noise on visual processing in the brain
and the retina are extensively studying and discussing. Highly variable behavior is
characteristic of healthy physiological systems, but dynamics of functional activity is
simplifying in pathology and became either very ordered or characterized by entirely
uncorrelated random oscillations. It has been demonstrated by several research groups
that in hereditary retinal degeneration, sensory deafferentation arising from the loss
of photoreceptors increases the spontaneous activity throughout the visual system
and leads an aberrant rhythmic activity of retinal ganglion cells. In patients blind
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due to retinitis pigmentosa, retinal prosthetic devices are currently applying to obtain
visual sensations induced by the electrical pulses. The right choice of the parameters
of electrical stimuli is of great importance for achieving reliable responses from the
RGCs and transmittance of encoded visual information to the brain. The temporal
parameters of stimulation are supposed to be crucial to provide the further innovation
development of such approach. We hypothesize that the periodic pathological activity
in retinal degeneration not only is a factor that hampers the encoding of information
and visual images of more quality. It also can aggravate the impact of deafferentation
and play the negative role of in a formation of abnormal synaptic contacts during
retinal remodeling contributing to the distortion of the complexity of neural circuits
in the retina and the brain in retinal degenerations. We guess that the optical flicker
and electrical stimulation therapy using the complex-structured (fractal) signals can
be the promising approach providing both tuning the temporal sensitivity of the visual
system and activation of the neuronal plasticity throughout the visual pathway. Future
strategies of vision restoration apparently must be aimed to avoid the rhythmic activity
in retinal circuits and to increase the quality of image representation. Here, we present
the arguments that the utilizing the fractal modulation of the stimulating pulses in
amplitude or frequency as well as using fractal temporal patterns in the background
electrical prestimulation may be one of the prospective ways in future elaboration
successful retinal prosthesis.
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Introduction

Current issues of minimally invasive and prosthesis
electrical stimulation of the retina

In addition to retinal prosthetic devices aimed to induction
electrically-elicited visual sensations in patients blinded due to retinitis
pigmentosa (RP) and age-related macular degeneration (ARMD), a
wide range of electrical stimulation methods aimed at activation of
the retina and the related downstream structures are currently known.
Transcutaneous, transorbital and transcorneal electrical stimulations
(TCES) are minimally invasive; in animal studies, their usefulness for
protection of retinal neurons from traumatic or hereditary degeneration
have been observed.!> TCES and transorbital stimulation therapy was
found to have positive effects in patients with RP, glaucoma, traumatic
optic neuropathy, and occlusions of retinal artery.®'® Some studies
showed that the transpalpebral electrical retinal stimulation therapy
could be non-invasively applied in patients with dry- or wet-type age-
related macular degeneration.!"'> However, these authors concluded

controlled studies are needed to test long-term effects.

It is crucial that the beneficial effects of TCES are not limited
to retinal neurons and also extend to the cortical activity.'>"
Furthermore, the low-intensive whole-eye electrical stimulation in
rats with hereditary retinal degeneration having a beneficial effect on
visual function gives a particularly significant impact for responses of
post-receptoral neurons.'

Multiple mechanisms have been proposed underlying the
beneficial effects of electrical stimulation (for review see)>'s
including  vasodilatory, neurotrophic, anti-apoptotic,  anti-
excitotoxic and anti-inflammatory mechanisms. It is assumed that
the exact neuroprotective mechanism of the TCES impact might be
particular for the specific pathology, and simultaneously multiple
mechanisms might give a collective contribution promoting cell
survival. For subretinal implants, the neuroprotective potential of
electrical stimulation was noted related to increasing production the
neurotrophic factors in neural tissues.! Different kinds of electrical
stimulation treatment provide the upregulation of neurotrophic factors
in the CNS and peripheral nervous system.”"* TCES was found to
rescues RGCs by increasing levels of IGF-1 produced by Miiller
cells.!”? These and many other possible mechanisms underlying the
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effects of minimally invasive electrical stimulation were detailed
reviewed in the recent paper.'® Sehic A. and coauthors'® note that in
the clinical trials, effects of electrical stimulation have not yet been
proven in relevant ways and need to be demonstrated in future studies.
Hereditary degenerative retinal diseases related with the progressive
loss of photoreceptors, such as RP, lead to retinal remodeling with
retraction of dendrites of rod bipolar and horizontal cells, rewiring of
the inner retina circuits but preserve retinal ganglion cells (RGCs) and
some other neurons.?!>* Over time, ~70% of RGCs also degenerate,”
but a significant fraction of the inner retinal neurons are yet spared.
Therefore, retinal prosthetic devices are elaborating for restoring
sight in RP and other blinding diseases to electrically stimulate the
surviving retinal neurons evoking the RGCs responses that may be
transmitted to the brain.

The main targets of electrical stimulation are bipolar cells and
RGCs. The electrical pulse depolarizes the cell membrane of a neuron
and opens voltage-gated ion channels. In the spiking neurons, such
as RGCs, an activation of voltage-sensitive sodium channels leads
to the generation of action potentials. Besides, various voltage-gated
potassium channels are also expressed after brief electrical pulses
in prosthetic stimulation, and the pattern of response was shown to
vary depending on the kinetics of activation and inactivation of each
subtype of the potassium channel.?® There is a reason to hope that the
introduction of more advanced stimulation technologies based on the
ever-expanding achievements of neuroscience will be able to provide
the better quality of image representation encoded in the RGCs
responses. Another aspect of this issue is consequences of the massive
loss of photoreceptors and retinal remodeling in an animal with retinal
degeneration contributing to emergence the pathological background
activity of the RGCs with bursts of spikes at the rate of ~5 to ~10
Hz.?7%5 The prominent signs of the rd1 and rd10 retinas compared
to the wild-type retina are the arising of spontaneous activity, which
is characterized by rhythmic bursts of RGC spikes phase-locked
with oscillations of local field potentials (LFPs). Aberrant rhythmic
hyperactivity in RGCs has been detected in several strains of mice
and rats with hereditary degenerations of the retina. The prevailing
theory explaining the arising of this pathological spontaneous rhythm
in the photoreceptor-degenerated rd1 and rd10 mice retinas relates
these oscillations to an intrinsic property of the electrically-coupled
network of AIl amacrine and ON cone bipolar cell.2%30:33.3436-38

Prospects of the prosthetic stimulation of the retina are dependent on
how accurate visual information will be represented in the electrically
evoked activity of RGCs transmitted to the brain. Currently, it is
not entirely clear how significantly the alterations of the circuitry
of degenerating retina and the aberrant rhythmic hyperactivity can
hamper the generation of electrically evoked activity. However, the
RGC responses in the retinas of mice with photoreceptor degeneration
were shown to encode temporal information on visual input under
the stimulation by biphasic electric pulses modulated in amplitude
between 2 and 20 pA.* It is essential that the temporal profile of
the stimulus intensity could be successfully decoded from rdl RGC
spike trains, despite abnormal spontaneous ~10 Hz-rhythms of spikes’
bursts. Also, the multi-pixel spatiotemporal visual information may
be properly decoded from the network RGC activity stimulated by
patterned electrical stimulation.***! The comparing of the RGC evoked
activity in the rd10 and wild-type mice (C57BL/6J) retinas recorded
with a flexible microelectrode array simultaneously with subretinal
anodal stimulation show the similar spatiotemporal patterns for the
electrically evoked spikes of the RGCs.*
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However, it is thought that the increased aberrant activity may
confound signal processing in the inner retina and increase the
background noise passed from retinal ganglion cells (RGCs) to the
brain.*? Haselier C. and coauthors showed that spontaneous rhythmic
activity in the MNU-treated retina is similar to that found in rd70
retina and that the efficiency of electrical stimulation is lower in
the degenerated retina.*® Moreover, the recent work* surveying the
electrically evoked responses for different kinds of retinal neurons
reported that a brief extracellular stimulus pulse elicited 10-20 Hz
damped oscillations lasting several hundred milliseconds spread
throughout the retina in the majority of cell types that was shown to
be generated by reciprocal synapses between the cone and horizontal
cell. These damped oscillations as a pulse induced phenomenon
may interfere the temporal features and other characteristics of
electrically evoked RGC responses. Therefore, future strategies of
vision restoration apparently must avoid the evoking of the easily
inducible rhythmic activity in retinal circuits and be aimed to increase
the quality of image representation. Here, we present the arguments
that the utilizing the fractal modulation of the stimulating pulses in
amplitude or frequency and using of the fractal temporal modulations
of the prestimulus background may be one of the prospective ways in
a future elaboration of retinal prostheses.

Noise-like behavior in physiological systems

In nature, many objects and phenomena are described as geometric
fractals or nonlinearly occur in time thus possessing the self-similar
spatial or temporal structure (dynamics). They have the property
of scale-invariance in space or time and characterized by a fractal
dimension.** The man has been evolved in a nonlinear world
adapting to environmental conditions characterized by a vast diversity
of fractal forms and processes.”>' Natural noises with different
statistical properties including brown and pink (fractal) noises
can affect the adaptation of the organisms to the environment.’>*
Nonlinear fluctuations of physiological parameters such as the
variability of heartbeats, breathing, walking, neuronal activity and
other biological rhythms at different levels of the organization were
demonstrated.”>*! With aging and pathology, the fractal complexity
of physiological processes is lost, and the ordered (deterministic)
or random (stochastic) dynamics develop.’®6*¢263 The age-induced
decline in the variation of dynamics of functional connectivity was
shown.® Sejdi¢ E. and Lipsitz L.A.% discussed the dual role of noise
in biomedical systems and indicated the benefit of the optimal level
of noise for various processes and brain activity. The ‘optimality’
means not only the moderate intensity (power) of noise but also the
reasonable level of the stochasticity (complexity) of the process: the
deterministically-chaotic (fractal) behavior of the system seems to be
essential for providing its functionality. Noise can be necessary for the
proper functioning of the nonlinear biological systems depended on
the complex interactions of many components operating at different
time scales.

Nonlinear interactions of multiple regulatory systems and
environmental influences occurring over different time scales have
been supposed to produce highly variable behavior in physiological
processes, which can be modeled as a 1/f process (cited from).t56¢
Such multiscale influences include fluctuations in metabolite levels,
ion channels activity, transmitter release and many others, as well
as thythmic changes of the environmental cues. Taken together,
they can be sources of pink (fractal) noise generated in the output
signal.® On the other hand, Hausdorff J.M. and Peng C.-K.*" using a
stochastic model, in which the output sums multiple random inputs as
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the regulatory mechanisms, concluded that the 1/f fluctuations typical
for many physiological processes are unlikely to be due solely to
they are regulated by many inputs operated on different time scales.
The concept of self-organized criticality put forward by Per Bak®’
explains the ubiquity of complex geometric forms and processes in
nature.® This concept was later expanded on the functioning of the
brain.®* 7 The experimental evidence and data from simulations of
self-organized criticality in the brain are yet controversial (for review
see).’”'> Nevertheless, evidence for self-organized criticality was
provided in the studies on the criticality of neuronal avalanches in
various animals, the power-law noise in brain imaging data, and by
data of some other investigations (cited from).” Multiple pieces of
evidence for criticality were demonstrated in experimental studies for
different physiological systems. Neuronal responses of the sensory
cortex are known to be highly variable (see, for example),”’* and this
variability correlates across the neuronal population.”7®

Recently, Lin I.C. and coauthors” created a simple model with
two sources of shared variability, such as a multiplicative gain and an
additive offset, which scales uniformly the activity for each neuron
or, correspondently, alters responses of individual neurons to different
degrees. Their results provide evidence that multiplicative and additive
fluctuations modulate the whole neuronal population and explain
the shared variability of neuronal populations in the sensory cortex
with different impacts to the cortical coding of sensory information.
Spontaneous fluctuations in brain activity occurring in the absence of
sensory signals are suggested to be the dominant cause of the high
variability of neural recordings.”®®" Noise in the brain arising from
the action of a vast number of variables is a high-dimensional process
occurring nonlinearly in time.*® The sources of internal noise of the
brain include the spontaneous activity of individual neurons, network
fluctuations of the local and total cortical activity, and other events. In
several publications, multiple sources of noise at different levels of
nervous system, and detrimental and benefited effects of noise have
been discussed.®”8! A significant source of noise is conductance
fluctuations of ionic channels, due to the stochastic dynamics of their
opening/closing and the synaptic noise.**? High response variability
is the inherent property of cortical neurons (see, for instance).” Softky
W.R. and Koch C.* found that variability of real cortical neurons
may be predicted only in the presence of fast and robust dendritic
nonlinearities or high synchronization among individual synaptic
events.

The background noise of the brain has a fundamental significance
for information processing. The current neuronal activity before
stimulation was shown to be crucial for cortical processing of incoming
stimuli.***” The rapid fluctuation of the state of cortical networks can
influence sensory coding. Gutnisky D.A. and coauthors® justified
recently that the correlated activity of nearby neurons affects the
processing of orientation signals in cortical network in the cat’s visual
cortex and that the distribution of ongoing states throughout a neural
network provides the accuracy of population coding. On the other
hand, noise helps in the detection of low-amplitude stimuli through
a mechanism of “stochastic resonance.” This phenomenon underlies
that adding the moderate noise to the nonlinear system allows neurons
to react to small, subthreshold stimuli that cannot by themselves
provide the cell discharge.®®* In visual cortex, spontaneous neural
activity plays a significant role in the maturation of forming local
circuits in visual cortex.”
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Retinal noise

Spontaneous neuronal activity is also one of the sources of the
inherent retinal noise (a background electrical activity of the retina).
It is known to play a particular role in the retina in the early postnatal
life.”! Spontaneous impulse activity in the RGCs is crucial in the
initial establishment of synaptic connections during development®'*>
and promotes further the refinement of neural circuits and brain
connectivity. With maturation, the importance of evoked activity and
sensory experience increasable arises. The noise in a mature retina
promotes the encoding of discharges of the RGCs and the tuning
of temporal contrast sensitivity in the visual cortex.”** Noise in the
visual pathway has been hypothesized to limit its sensitivity.”> Under
scotopic conditions, the spikes’ noise originates mainly from the
retinal output, in the photon noise and spontaneous isomerizations of
rhodopsin in rod photoreceptors, which can encourage RGCs to fire.”
Atthe higher light levels, the possible sources of the RGC spontaneous
discharge include a transduction noise in cones, fluctuations in
the synaptic release of transmitters or the spike’s generation (cited
from).”* Spontaneous oscillations in the electrical signals of the retinal
photoreceptors were found to highly contribute to a limit on visual
sensitivity.”” Spontaneous fluctuations in the inward dark current in
the rod’s outer segment disappearing at the bright light were observed
in the isolated toad retina.”®* Authors described two components of
electrical noise in the darkness including continuous fluctuation and
occasional discrete events. The distinct events have been proposed
to arise from spontaneous thermal activation of a single molecule
of rhodopsin.® The continuous noise was found to occur from
fluctuations in outer-segment conductance, which are generated by
spontaneous activation of cGMP phosphodiesterase without involving
transducing.” There was noted that cones are noisier than rods.'**!"!
Rieke F. and Baylor D.A.*” showed that in salamander retina, the dark
noise of long-wavelength-sensitive cones originates from spontaneous
activation of the photopigment, which is much more unstable than
rhodopsin in rods. Most of the noise in short-wavelength-sensitive
cones can occur at a later stage of the transduction cascade because of
better stability of the visual pigment.

It is also known that the correlation of the release of
neurotransmitters in the output synapses is the decisive factor in
determining the flow of signals and noise in the neural circuits.'” In
the darkness, a synaptic synchronization in rod’s bipolar cells is the
highest, and it decreases under the light conditions. The cross-synaptic
synchrony reduces the current synaptic noise and ensures the accuracy
of the information'®, highly contributing to forming and transfer the
signal in complex neural networks. This mechanism is believed to
be general for the brain providing the increase the signal-to-noise
ratio in the transmission of information in neural networks.'”? Visual
deafferentation resulting from the loss of photoreceptors during the
rod degeneration of the retina in animal models of RP was associated
with a paradoxical increase in spontaneous activity throughout the
visual system (cited from).'”® Drager U.C. and Hubel D.H.'* using
extracellular single unit electrophysiological recordings from the
optic nerve, superior colliculus, and visual cortex found an increase in
spontaneous spiking activity and the pattern of rhythmic firing ranged
between 9—14 Hz in rd] mice but not in healthy animals. Later, the
similar conclusion was received for the rhythmicity of background
spike activity from the superior colliculus in dystrophic rats (RCS,
Royal College of Surgeons).'” Regular oscillatory discharges of
the RGCs were demonstrated in several rodent strains with retinal
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degeneration.”’** The RGCs of the rdI and rd10 mouse exhibit an
aberrant periodic activity — rhythmic discharges with an average
frequency of about 7-10 Hz.*1%197 Peaks of the spikes’ activity
correlated with the local field potentials (LPFs), which reflect the
average synchronized excitatory input to the retinal ganglion cells.

Several mechanisms of the aberrant rhythm generation in the
retina are considering.’>333¢3%103 After the loss of photoreceptor inputs
to the inner retina, it faces the resonant membrane properties of an
amacrine cell that is normally restrained in the functionally intact
retina (cited from).* The electrically-coupled network of ON bipolar/
AII amacrine cell is thought to can serve as the rhythm generator.* In
the hyperpolarized AlI cells, the rhythm is believed to occur due to the
interaction between the fast activating sodium channels and slower
potassium M-channels (cited from).*

On the other hand, studies show that no significant rewiring
of the retina likely is required for driving oscillation. First of all,
not all of these rhythmic oscillations seem to directly depend on
photoreceptor death because hyperactivity in rd/0) mice retina
emerges before rod degeneration starts.!®!® One explanation
supposes that AIl amacrine cells represent rhythm generators because
their trans-membrane voltage oscillations (near 10 Hz) can be seen
under conditions of pharmacological isolations of these cells.’*?’
Photoreceptor degeneration can also be induced pharmacologically
in wild-type retina by blockade of photoreceptor input to bipolar
cells.*3 or after the light-bleaching of photoreceptors.*® These
aberrant background oscillations can be abolished in both rd1 and
rd10 mice by blocking ionotropic glutamate receptors or gap junction
by meclofenamic acid.?*30343610.11 The blocking of glycinergic and
gamma-aminobutyric acid receptors was also demonstrated to reduce
the frequency of rhythm and increase the amplitude of LFPs.3034110
Intraperitoneally injected N-Methyl-N-nitrosourea (MNU) is known
to lead to the apoptotic death of photoreceptors causing remodeling
of the inner retina, however, sparing RGCs up to three months after
injection.'>-114

Besides the rhythm of discharges of the RGCs, there is observed
another rhythmic electrical activity in the 7d1 and rd1 (0 mice retinas - the
LFPs, which is recording with the same frequencies as for the spiking
discharges (5-15 Hz). LFPs reflect the changes in the extracellular
voltage in the RGCs caused by correlated trans-membrane currents.
With the patch clamp recordings, the rhythmicity of the excitatory
and inhibitory input currents and strong sub-threshold oscillations
of transmembrane potential have been shown.?’?"!"> The LFPs were
also revealed by electrical imaging in various brain cortical and
subcortical structures.!'®!"” However, they have never been seen in
the healthy retina of mammalian. Trenholm S. and Awatramani G.D.**
pay attention that knowledge the mechanisms underlying spontaneous
retinal activity and based ways to control them could enhance the
efficiency of vision restoration strategies aimed to stimulate remnant
retinal circuits in the patients.

In the degenerative retinas with the loss of photoreceptors (for
example, in rd]l and rd10 mice), inner retinal neurons survive and
form synaptic connections to higher centers of the visual system.!!8-12!
Visual deafferentation may result to alterations in the bipolar cell
morphology'*!1? but not in the RGC morphology.”? However, the
pathological rhythmic RGC activity spread higher to the brain where
it interferes the visual coding and information processing.'!

Therefore, researchers underline that to enhance the efficiency of
current strategies for restoration of vision functions the resolving of
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some crucial questions is needed. The main issue how we can down the
aberrant activity of RGCs by external stimuli.’>*%!% The application
of gap junction blockers was found to reduce RGCs hyperactivity and
provide their excitation by electrical'! or optogenetic stimulation.'?*1
On the other hand, the pharmacological reduction of the gap-
junction coupling might disturb visual coding in subretinal electrical
stimulation of RGCs,'?® or optogenetic strategies aimed the bipolar
cells.'”” The aberrant rhythm of spike activity observing in the animal
models of RP represents a source of unwanted noise that will violate
the propagation of the signals from the eye to the brain and weaken
a signal/noise ratio. Thus, it can decrease the efficiency of strategies
to restore vision in a blind patient with RP.*> Neural noise adds the
uncertainty in the signals encoding in spike trains that limits the
reliably transmitted information.”* In mammalian, RGCs randomly
discharge in darkness and on light, and the temporal characteristics
of their firing alter depending on illumination level.”*!?%1% Visual
perception is known to be limited by the noise in the spike trains
of RGCs and the statistical properties of the maintained discharge
vary for various light levels and temporal frequency.”® 3! When
the frequency is below 10 Hz, the discharge noise was mostly
independent of the spikes rate131 suggesting that signal and noise
might sum at specific temporal frequencies when a dynamic stimulus
drives RGCs.” Passaglia S.L. and Troy J.B.** reported that noise in
the retinal output behaves additively or multiplicatively depending
on the timescale. The new knowledge and further development of
technologies of restoring vision are expected to lead to an improving
of bioelectronic retina implants for electrical-elicited vision and
also creating alternative approaches based upon new principles of
stimulation of visual system. It is supposed that future technologies
may be related to selectively stimulating specific cells classes in
the inner retina, to improve visual resolution and color vision.
Perspectives for optogenetic approach, chemical photoswitches, and
other future technologies are wide discussing.'*

Discussion

Parameters of electrical stimulation for visual
prosthetics and temporal complexity

The temporal parameters of stimulation and current magnitude
differed in various studies in dependence on examined pathology.*
The retinal prosthesis, to electrically induce visual perception
needs to stimulate neurons repeatedly. For the reliable quality of
vision, the parameters of this rhythmic stimulation will have great
importance. When direct stimulation of RGCs, electrical pulses
causes the generation of an action potential without presynaptic
input depolarizing the membrane. The direct stimulation can be
somatic and axonal, depending on whether the RGC soma or axon
is located in the immediate neighborhood of the electrode. Indirect
stimulation of ganglion cells is achieved by stimulating bipolar cells
that in turn post-synaptically activate ganglion cells modulating
their activity.'*1* It is known that the indirect activation of RGCs
with repetitive stimulation at electrical pulses rate 2 Hz and more
reduce the number of action potentials.’**" This phenomenon of
desensitization of RGCs is supposed to involve frequency-dependent
voltage-gated calcium channels in bipolar cells, and the weakening of
synaptic contacts between bipolar cells and RGCs."*!*! Studies also
show the fading of electrically evoked percepts in users of the retinal
prosthesis within a few seconds after the onset of stimulus!?¢!142143
due to the adaptation of retinal neurons to the stationary, unchanging
stimuli. Various techniques are tried to use to overcome the fading
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of percepts that, however, are not useful enough.'*'* The changing
of the pattern of electrical stimulation of the retina by shifting the
location of electrical stimulus thought not significantly to change the
activated neurons.'* However, the repetitive stimulation was shown
to more reliably elicit the responses of the direct RGCs activation than
in the indirect stimulation.'* Directly evoked RGC responses with a
latency of less or equal to 2 ms have the thresholds pulse widths over
0.1-5.0 ms for ON-, OFF-, and ON-OFF ganglion cell subpopulations
and they are well generated using 0.1 ms electrical stimuli.'*® These
authors suggest that, for subretinal prosthetic devices, short pulses
are more efficient and safe, and that direct stimulation of RGCs is
preferable for reliable their activation in high-frequency stimulation.
Ganglion cells can reliably respond to high frequencies in the direct
stimulation, but their responses to indirect stimulation at high rates
attenuates, which can contribute to the phenomenon of fading of
percept observed by patients with the implant.'* It was found recently
that different subpopulations of ON- and OFF-RGCs can be directly
activated by short electrical pulses to generate a single burst.'*

The ability of a stimulus to generate the neuronal response is
dependent on the electrode location, pulse polarity and duration
and other parameters such as density of electrodes and the size of
stimulating array (cited from).*
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In Table 1, there are summed experimental data and our theoretical
suppositions concerning the significance of the pulse parameters for
electrical stimulation in the retinal prosthetics. The pulse duration
was shown to be an essential parameter for efficient activation of the
inner retina by epiretinal stimulation. The whole cell patch-clamp
recordings from the RGCs and bipolar cells in the salamander retina
demonstrated that brief pulses evoke only action potentials in ganglion
cells while longer pulses also stimulate glutamate release from bipolar
cell terminals evoking sustained synaptic currents and, in turn, the
release of gamma-aminobutyric acid and glycine from amacrine
cells.'¥” The using of spatial patterns of electrical pulses to increase
the spatial resolution of stimulation was investigated in the isolated
macaque retina with a high-density multielectrode recording of RGC
activity.'® The probability of RGCs activation changes when stimuli
were delivered simultaneously through pairs of adjacent electrodes
comparing with applying a single electrode. These data thought to
be beneficial in making the new approaches to improving the spatial
resolution of retinal prosthetic stimulation.'*

Table | The experimentally established and hypothetical remarks on
significance of the pulses parameters for electrical stimulation in the retinal
prostheses

Pulses’ parameters findings and hypotheses

authors

Duration
safety.

Short (25-ms) pulse durations are best suited to avoid axonal

activation and activate ganglion cells focally.

In subretinal implants, short pulses are more efficient and

Tsai D.etal.,'*

Weiland J.D.,Walston S.T., Humayun M.S., 201 6%

Different subpopulations of ON- and OFF-RGCs can be

directly activated by brief electrical pulses to generate a

single spike.

Jepson L.H. et al.,'*

Brief pulses evoke only action potentials in ganglion cells

while longer pulses also stimulate glutamate release from
bipolar cell terminals evoking sustained synaptic currents and,

Margalit Y, Thoreson W.B.,'¥

in turn, the release of GABA and glycine from amacrine cells.

The threshold pulse widths for responses of ON, OFF, and

ON-OFF RGCs are 0.1-5.0ms, accordingly.

Frequency high frequencies.

The stimuli at rates of 5 and 10 Hz activate photoreceptors
while sinusoidal stimulation at 25 and 100 Hz activates RGCs.

In a range of stimulation rates 4-7 Hz, the ratio of the ON

to OFF responses is maximal.

In the direct stimulation, the RGCs may reliably respond to

Tsai D.etal.,'®

Jepson L.H.etal,'*®

Twyford P, Fried S.,'*

Im M., Fried S.1.,'*°

Responses of the ON-RGC:s are reduced at high frequency

(> ~7 Hz) due to the reset.

OFF responses are robust at low rates (< ~4 Hz) due to

reduced desensitization.

In clinical trials, users prefer retinal prosthetics of

intermediate stimulation rates 5-7 Hz.

Pattern - . ) .
spatial resolution of stimulation.

Patterned electrical pulses may be useful to increase the

Jepson L.H. et al.,'*® Stutzki H. et al.,*® Ryu S.B. et al.,*!
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Table Continued....
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Pulses’ parameters findings and hypotheses

authors

A prestimulus pulse sequence modulating by the amplitude

Prestimulation
cancel aberrant rhythmic retinal activity.

according to random temporal patterns of natural scene may

Haselier C. et al.,*

The dynamics of electrical impulses stimulating retinal

Dynamics
elicited vision.

neurons is essential for the improved quality of electrically-

Zueva M.V, this article

In the repetitive electrical stimulation the nonlinear dynamics
of pulses but not the regular periodic rhythm should be used.

Creating the fractal fluctuation of the stimuli rate in a limited
range (for instance, from 4 to 7 Hz), fractal modulation of
the pulse amplitude / rate or applying fractal patterns in

the background electrical prestimulation likely may be able
resisting the pathological retinal rhythm and increase the

quality of the visual perception.

One of the critical aspects may be the waveform of electrical
pulsatile stimuli because the commonly applying rectangular electrical
pulses might activate passing axons and therefore distort the spatial
pattern of neuronal activation that searches of the alternate stimuli
topical.'” Twyford P. and Fried S.'* studied responses of the rabbit’s
RGCs to alternative sinusoidal electrical stimulation at different
frequencies, and they concluded that sinusoidal signals being a useful
research tool may have a limited clinical application. They revealed
that patterns of responses varied between different types of RGCs;
lower frequencies were more fire efficient than high frequencies. The
applying of synaptic blockers showed that the stimuli at rates of 5
and 10 Hz activate photoreceptors while sinusoidal stimulation at 25
and 100 Hz activates RGCs. It is significant to take into account the
fundamental temporal properties of responses of RGCs to intermittent
electrical stimuli to provide the stimulation the retinal neurons at
an appropriate rate. Im M and Fried SI'*® have obtained with cell-
attached patch electrode distinct responses of ON and OFF types
RGCs of the rabbit retina with epiretinal explant to repetitive electric
stimulation at different stimulation rates. In a range of stimulation
rates 4—7 Hz, the ratio of the ON to OFF responses was maximal. The
authors demonstrated that responses of the ON-RGCs were reduced
at high frequency (> ~7 Hz) due to the reset and OFF responses were
robust at low rates (< ~4 Hz) due to reduced desensitization.!*® These
results can explain the observed in clinical trials preference by users
of retinal prosthetics of intermediate stimulation rates 5—7 Hz. 126151153

It has been recently shown that irrespective of the type of
degeneration, the RGC activity evoked by electrical stimulation is
much lower in the degenerated retina compared to wild-type retina.®
In this study, a prestimulus pulse sequence was used to cancel the
rhythmic retinal activity. Retinas of rd10 mice and MNU-treated mice
were pre-stimulated with a multi (10x) biphasic current impulses (80
pA, 1000 ps, 1 Hz). After the disappearance of the aberrant LFP’s
and burst oscillations, a single biphasic pulse was applied. Under
conditions of the abolishment of pathological background rhythms
of network and RGCs activity, this study found an enhancement of
the stimulation efficiency, which was apparent, however, not in the
majority of tested cells.** Authors note that this approach to modify
stimulation protocols could help improving the efficiency of visual
prostheses.

In the recent study of Ryu S.B. and coauthors*! retinal patches from
rd1 mice were isolated and mounted on a planar microelectrode array.
Trains of 20 pulses (1 Hz, 500 us) were applied at 1-second intervals

to characterize the behavior of RGC responses under the modulation
of pulse amplitude. The pulse amplitudes were modulated according
to random temporal patterns of brightness predetermined from the
time-series of the intensity of the natural scene. These results provide
evidence that valuable visual functions may be enhanced using retinal
stimulation techniques based on the amplitude modulation. Another
essential aspect we suppose needed to be considered for the improved
quality of electrically-elicited vision is the dynamics of electrical
impulses stimulating retinal neurons. We guess that the quality
of vision must increase if to provide the nonlinear dynamics of a
repetition of electrical signals but not use the regular periodic rhythm.
If technical capabilities allow this, then the inter-stimulus interval
should vary by the power law 1/f thus creating the fractal fluctuation
in stimulation rate in a particular, limited range, for instance, from
4 to 7 Hz. This assumption is based on abovementioned numerous
literature data evidenced that fractal (deterministic-chaotic) dynamics
characterize healthy physiological processes, and pathology leads
to the development of entirely random, stochastic fluctuations or,
conversely, to the deterministic rhythm of ordered oscillations (for
review see).*84

We forwarded the hypothesis that intimate link exists between the
healthy maturation and maintenance of the optimal complexity of
neural networks and the functional activity of the brain and the fractal
complexity of visual, sound cues and other complex-structured signals
in the environment that accompany and influence upon a person
throughout his life.*® The simplification of the temporal and spatial
structure of environmental cues can contribute to the manifestation
and progression of already an existing hidden pathology, or provoke its
development. The use of fractal visual-, audio-, electrical stimulation
and complex-structured stimuli of other modalities may enhance the
effectiveness of strategies for a recovery in the structure and function
of the retina and brain via affecting the neuroplasticity.***! One can
expect that the using of nonlinear stimulation therapy would be useful
in a variety of situations including eye diseases such as amblyopia,'*
glaucoma and age-related macular dystrophy.

It is likely that the increased potential of neuronal plasticity could
significantly enhance the effectiveness of the treatment. The complex-
structured stimuli of the fractal (deterministic-chaotic) dynamics, in
our opinion, should impact the neuronal plasticity more efficiently
than periodic incentives of a deterministic dynamics, which are
used currently in the light- and electrical stimulation therapy. The
appearance of the aberrant deterministic rhythm in the spontaneous
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activity of the RGCs and LFPs in animal retinas with photoreceptor
degenerations instead of the nonlinear noise, which is characteristic
for the wild-type retina, is associated with deafferentation of the retina.
This factor cannot be eliminated, but it is possible to try to cancel
pathological rhythm, for instance, by the prestimulation as in the
mentioned above study*® or to significantly weaken the consequences
related to the spontaneous rhythmic retinal activity. These harmful
consequences may include an increase in the level of noise that hinders
signal coding and processing in the higher departments of the visual
system and an acceleration of the retinal degeneration. We hypothesize
the negative role (an exacerbating impact of deafferentation) of an
ordered rhythmic activity in the retina in a formation of abnormal
synaptic contacts during retinal remodeling and the distortion of the
complexity of neural circuits in the retina and the brain of animals and
patients with hereditary photoreceptor degeneration.

On the other hand, we believe that complex-structured optical and
electrical stimulation therapy can be promising approaches providing
both tuning the temporal sensitivity of the visual system and
activation of the neuronal plasticity throughout the visual pathway. It
is true, first of all, for stimulation therapy of diseases not associated
with the massive death of photoreceptors and rewiring of neuronal
circuits in the inner retina. The situation is more complicated in RP
and other blinding pathologies, in which electrical impulses, directly
or indirectly inducing RGCs, replace visual information transmitted in
a healthy retina via photoreceptors. In these cases, a new approach we
propose for retinal prosthetics consists in the application the fractal
modulation of the stimulating pulses in amplitude and frequency
as well as the fractal temporal patterns in the background electrical
prestimulation to resist the pathologic rhythmic activity in retinal
circuits and increase the quality of the visual perception.

Conclusive remarks

Spontaneous fluctuations in neuronal activity are known to result
in the high variability of neural recordings, complex nonlinear
dynamics of which is characteristic of the functional activity of the
healthy brain. Different impacts of noise to sensory processing in the
brain and the retina and the sources of neuronal noise are attracting the
attention of many researchers and have been extensively studying and
discussing. For example, noise can help detecting of low-amplitude
stimuli through a phenomenon of “stochastic resonance.” In visual
cortex, spontaneous neural activity was shown to play a significant
role in the maturation and forming local circuits in visual cortex.
For retinal and brain’s functions, the necessity of the optimal level
(by the intensity and nonlinear complexity) of the noise has been
evidenced in many studies as conditions for the proper functioning
of the nonlinear biological systems. The highly variable behavior of
many healthy physiological systems including the spontaneous retinal
activity is simplified in pathology and became very ordered (periodic
fluctuations) or is characterized by entirely uncorrelated random
oscillations.

The loss of photoreceptors due to the retinal degeneration and
sensory deafferentation was associated with a paradoxical increase in
spontaneous activity in the retina and throughout the visual system
and the pathologic rhythmic pattern of spike activity correlated
with the LPFs reflecting the average synchronized excitatory input
to the RGCs. A wide range of electrical stimulation methods aimed
at activation the retina and the related downstream structures in the
brain are currently known. In retinal implants, artificial induction of
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electrically-elicited visual sensations is applied in persons blind due
to RP and ARMD. The right choice of the parameters of electrical
stimuli is of great importance for obtaining reliable responses from
the RGCs and transmission encoded visual information to the brain.
The temporal parameters of stimulation can be one of the crucial
factors to the further innovation development of these approaches. We
hypothesize that an aberrant rhythm of spontaneous RGCs activity (the
deterministic dynamics instead chaotic fluctuations) can aggravate the
impact of deafferentation and contribute in a formation of abnormal
synaptic contacts during retinal remodeling and the distortion of the
complexity of neural circuits in animals and patients with hereditary
retinal degenerations.

We guess that the optical and electrical stimulation therapy using
the complex-structured (fractal) signals can be promising approaches
providing both tuning the temporal sensitivity of the visual system and
activation of the plasticity of neurons throughout the visual pathway.
Future strategies for vision restoration in patients with RP and ARMD
apparently must be aimed to avoid the rhythmic activity in retinal
circuits and to increase the quality of image representation. Here, we
present the arguments that the utilizing the fractal modulation of the
stimulating pulses in amplitude or frequency as well as using fractal
temporal patterns in the background electrical prestimulation may be
one of the prospective ways in future elaboration successful retinal
prosthesis.
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