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Abstract

Retinal implants in clinical trials show that electric stimulation is able to
elicit perceptions in patient suffering from blindness. However, there are
many obstacles to overcome until such devices will be able to restore vision
of higher quality. Experimental studies showed that various cell types within
the retina can be stimulated and activated, respectively. To gain a better
insight in the behavior of retinal nerve cells during electric stimulation this
computational study is performed.

Electric stimulation using retinal implants allows blind people to re-expe-
rience a rudimentary kind of vision. The elicited percepts or so called
’phosphenes’ are highly inconstant and therefore do not restore vision prop-
erly. The better knowledge of how retinal neurons, especially retinal gan-
glion cells, respond to electric stimulation will help to develop more sophis-
ticated stimulation strategies. Special anatomic and physiologic properties
like a band of highly dense sodium channels in retinal ganglion cells may help
to achieve a focal activation of target cells and as a result better restoration
of vision.

The very first portion of retinal ganglion cell axons shows a specific bio-
physical property. Electrode locations close to a band of sodium channels
which was identified immunochemically show lowest thresholds during elec-
tric stimulation (Fried et al., 2009). The (modeled) thresholds for this kind
of structure result in lowest thresholds as well. The influence on the location
where action potentials are generated within the axon is far reaching. When
a stimulating electrode is positioned far outside the actual band region the
site of spike initiation still remains within the sodium channel band. This
finding suggests to examine the key mechanisms of activation for retinal
ganglion cells because focal activation without influencing passing axons of
neurons located far away will improve retinal prostheses and the outcome
of electric stimulation.
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Zusammenfassung

Retina-Implantate in klinischer Anwendung haben gezeigt dass man blinden
Menschen mithilfe von Elektrostimulation visuelle Wahrnehmungen vermit-
teln kann. Bis solche Implantate jedoch höher-qualitative visuelle Eindrücke
erzeugen können müssen noch einige Hürden bewältigt werden. Experi-
mentelle Ergebnisse zeigen dass verschiedene Zelltypen der Retina stimuliert
beziehungsweise aktiviert werden können. Diese Arbeit zielt darauf ab einen
besseren Einblick über das Verhalten retinaler Nervenzellen während Elek-
trostimulation zu erhalten.

Elektrostimulation mittels der Verwendung von Retina-Implantaten ermög-
licht es blinden Menschen eine rudimentäre Art des Sehens wiederzuerlan-
gen. Die erzeugten Eindrücke, auch ’Phosphene’ genannt, sind jedoch sehr
inkonstant und können deshalb keine hochwertigen visuellen Wahrnehm-
ungen vermitteln. Das bessere Verständnis der Funktionsweise retinaler
Nervenzellen, speziell retinaler Ganglienzellen, unter dem Aspekt der Elek-
trostimulation wird dabei helfen ausgefeiltere Stimulationsstrategien zu en-
twickeln. Spezielle anatomische und physiologische Eigenschaften wie ein
Band mit hoher Natriumkanaldichte könnten dabei helfen eine spezifischere
Aktivierung von Zellen zu erreichen.

Das nah dem Soma proximal gelegene Axon einer retinal Ganglienzelle zeigt
eine spezielle biophysikalische Eigenschaft. Schwellwerte für Elektrodenpo-
sitionen nahe dem Band mit hoher Natriumkanaldichte zeigen ein Minimum
während Elektrostimulation (Fried et al., 2009). Die (modellierten) Schwell-
werte dieser Struktur bestätigen diese Ergebnisse. Der Einfluss auf die
Stelle wo ein Aktionspotential im Axon entsteht ist weitreichend. Wenn eine
Stimulationselektrode weit auerhalb des Bandes positioniert wird entsteht
das resultierende Aktionspotential noch immer im Bereich des Bandes mit
hoher Natriumkanaldichte. Diese Erkenntnis unterstützt die weitere Un-
tersuchung der entscheidenden Komponenten auf welchen die Aktivierung
retinaler Ganglienzellen beruht. Die fokale Aktivierung ohne die Beeinträch-
tigung von vorbeiziehenden Axonen weit entfernter Nervenzellen wird die
weitere Entwicklung von Retina-Implantaten und die klinischen Resultate
verbessern.
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Chapter 1

Introduction

This thesis presents a computational study showing the influence of external electric

stimulation on retinal nerve cells. In the past the majority of results in neuroscience

based on animal experiments using single fiber recording. To reveal the basic principles

of signal coding within the mammalian central nervous system also computational

studies in this scientific field started to emerge. All experimental results which are

used in this examination were obtained by Fried et al (Fried et al., 2009).

Anatomically, the human retina is well described including the knowledge of various

cell types and pathways, respectively, as well as the transformation from electromag-

netic radiation to neuronal signals. Photoreceptors transform light into neuronal sig-

nals which are furthermore transmitted through the retina ending at the optic nerve.

Within the retina millions of cells perform different functions to eventually transfer

action potentials into the brain. Contrast, brightness and color are coded by signal

cascades to elicit perceptions in the visual cortex. For a better understanding of the

underlying neuronal mechanisms in this ’pre-brain’ a combination of physiological and

computational experiments have been performed in the last decades.

Renitis pigmentosa and macula degeneration, respectively, lead to a progressive

loss of photoreceptors and as a result a consecutive loss of vision. Fortunately, the

connecting neuronal tissue stays intact and so it is possible to electrically activate

the remaining cells (Humayun et al., 1996). Several groups are working on retinal

prostheses to restore vision to blind people (Chow et al., 2004; Rizzo et al., 2003a).

Despite the already mentioned knowledge of the function of the retina there are still

some major obstacles to overcome. The main problem of electric stimulation in the
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inner eye is the selective activation of single neurons and connected groups of neurons,

respectively. The complex network within the human retina makes it complicated to

predict the outcome of external stimulation. It is almost impossible to imitate the

different signal processing pathways through the retina. Also the role of the remaining

nerve cells and their influence on the outcome of electric stimulation is not clear because

in a degenerated retina new neuronal networks are formed. This fact makes it more

complicated to apply appropriate stimulation strategies.

Retinal ganglion cells in mice and rats show a band of highly dense sodium channels

at the initial segment of the axon (Boiko et al., 2003; Wollner and Catteral, 1986). The

assumption in this study was that this particular anatomical region will be helpful to

focally activate retinal ganglion cells. Since retinal ganglion cells merge to the optic

nerve it is a problem to activate single neurons and groups of functionally related

neurons, respectively (see Fig. 1.1). This fact limits the possibility to elicit controlled

perceptions in the visual cortex. The former described band structure at the initial

axon segment of retinal ganglion cells is assumed to show special properties in order to

focally activate these neurons without activating passing axons that belong to neurons

located far away.

Figure 1.1: Scheme of pathways of ganglion cells in a rectified human retina.

- The grey region indicates an electrode array placed at the inner surface of the retina
(epi-retinal). Axons that have their origin in the fovea region (small circle) leave the retina
at the blind spot (optic disc region, large circle). When an electrode stimulates at position
’X’ it activates cell bodies directly below its locations but also passing axons from cells
located far away. (Rataty and Resatz, 2004)

2

1_introduction/figures/RGC_pathways.eps


Mathematical methods give us an approach to model the physiological signal trans-

mission concepts and examine the response of neurons during external electric stimula-

tion. This modeled response results in better knowledge of the retina without perform-

ing time-consuming and expensive animal experiments. Additionally, the computed

results also give new inputs for further physiological experiments.

However, the more complex neuronal behavior in mammalian retinas still remains

unclear. The main goal of this study has been to examine how the above mentioned

structure of highly dense sodium channels influences the response of a retinal ganglion

cell and a straight uniform axon, respectively. As a start for further simulations a

simple fiber geometry was used to specify the influence of the sodium channel band

without geometric side effects. Additionally, parameter variations for various biophys-

ical variables was performed to determine crucial parameters in the model.

Chapter 2 describes the basic mechanisms of the human nervous system. Anatomic

and physiologic details are provided as well as the principles of mammalian signal

transmission. Chapter 3 gives an overview of the human eye and its function. Details

of various cell types and pathways are presented to give an introduction of the problems

that emerge from the complex anatomic structure within the mammalian retina.

An introduction on mathematical modeling of nerve fibers including two mathemat-

ical models (Hodgkin Huxley ’HH’ (Hodgkin and Huxley, 1952) & Fohlmeister Coleman

Miller ’FCM’ (Fohlmeister et al., 1990)) which characterize the behavior nerve cell mem-

branes during electric stimulation is given in chapter 4. The approach of compartment

modeling is described as well.

In chapter 5 the computational results are presented. The calculation of external

potentials generated by stimulating electrodes are presented as well as the activating

mechanisms during stimulation.

Discussion and summary of the computational calculations are presented in chapter

6. Like in every modeling study the advantages and disadvantages are shown as well

as the influence of the morphological simplifications that were made.

All computer simulations were performed using MATLAB and COMSOL Multi-

physics, respectively.
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Chapter 2

Human nervous system

This section aims to present a short overview of the human nervous system to support

the understanding of the following computer simulation in section 5. Anatomy and

morphology are presented as well as the signal transmitting function of the human

nervous system.

We distinguish two main parts in the nervous system of vertebrates: (1) the central

nervous system including the brain, the spinal cord and the retina and (2) the peripheral

nervous system. Both systems are interconnected and build complex networks in the

human body. These networks contain nerve cells, also called neurons, and glia cells

or ’glia’. Neurons are capable to transmit electrical signals through the body whereas

glia cells provide structural and metabolic support to the nervous system. Neurons

show unique characteristics in contrast to all other body cells and consist of three main

parts: Soma, axon and dendrite (see 2.1.1 - 2.1.5).

Morphological and functional differences are shown in sections 2.2.1 and 2.2.2. Dif-

ferent types of neurons and the interplay between electric and chemical signal trans-

mission is presented. The ’action potential’ which is the main signal transmitting

mechanism in the nervous system is described and also a short introduction of synaptic

function is given. Passive and active cell membrane characteristics and their special

electric properties should help to better understand the computational examinations in

chapter 5.

4



2.1 Anatomy

2.1 Anatomy

The three main parts of a nerve cell (soma, axon and dendrite) show a very special

property in contrast to all other somatic cells: electric excitability. Like all cells in the

human body also nerve cells are surrounded by a cell membrane. This cell membrane

separates the interior of a cell from the extracellular substance. The special properties

of the cell membrane of nerve cells allow them to transmit electrical signals along their

axons. Also the fact that one single neuron has up to thousands of input sites but just

one output region is unique for nerve cells.

2.1.1 Soma

Figure 2.1: Design of a nerve cell - Typical
neuron morphology including soma, dendrites
and axon. Myelin sheath encases large parts
of the axon except for the nodes of Ranvier.
(Freudenrich, 2001)

The soma (or pericaryon, cyton) is the

spheric main structure of a neuron con-

taining the cell nucleus and other or-

ganelles that are embedded in the cyto-

plasm. Its size varies from 30µm to over

10mm (in intervertebrates only). The

functional elements like the endoplas-

matic reticulum, the golgi apparatus

and the mitochondria fulfill a vast num-

ber of different tasks. To synthesize

proteins the DNA gets transcribed into

a messenger RNA which furthermore is

translated into proteins. The endoplas-

matic reticulum is divided into two cat-

egories: the rough endoplasmatic retic-

ulum that contains ribosomes (necessary for protein synthesis) and the smooth endo-

plasmatic reticulum without ribosomes. The golgi apparatus stores macromolecules

in the cell and also modifies proteins delivered by the endoplasmatic reticulum. ATP

(Adenosine-Tri-Phosphate), used as the universal source of chemical energy, is produced

inside the mitochondria. Motor-proteins are necessary to transport proteins to the far

out synaptic tree at the distal part of the axon. The origin of the axon, called axon

5
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2.1 Anatomy

hillock, contains a huge number of voltage gated ion channels which are responsible for

action potentials generation.

2.1.2 Axon

In general, the axon is a long process beginning at the soma that carries information

away from the soma to the synaptic tree. Axon diameter varies from 0.2µm to 20µm

and its length from a few µm up to 1m. A region at the beginning of the axon, the axon

initial segment (AIS, about 25µm in length), contains a higher number of voltage gated

ion channels than all other axon parts and therefore plays an important role in action

potential generation. The position and length of the AIS vary for different neurons.

Recent studies showed that also the location and size of the AIS in a certain axon may

change because of neuronal activity and therefore modify the excitability of the fiber

(Grubb and Burrone, 2010).

Some axons are encased by multiple layers of myelin insulating the axon. In the

central nervous system this insulation is provided by oligodendrocytes whereas in the

peripheral nervous system so called ’Schwann cells’ cover the axon. The insulation

is interrupted periodically at ’nodes of Ranvier’ (inter-nodal distance approximately

100 ∗ fiber diameter) and therefore the signal transmission becomes ’saltatory’ which

means the action potential jumps from one node of Ranvier to the next. This kind

of conduction is much faster than continuous transmission along the axon (1-3m/s for

continuous (no insulation) transmission and up to 120m/s for saltatory transmission).

An axon and its myelin sheath are called nerve fiber and a bundle of nerve fibers is

called nerve.

2.1.3 Dendrite

Dendrites are tree-like structures which conduct synaptic input signals to the soma. A

dendritic tree can have up to 200000 branches and so increases the surface for input

synapses. The dendritic inputs are provided by other neurons and all input signals are

furthermore computed by the soma.

6



2.1 Anatomy

(a) (b)

Figure 2.2: Two different mechanisms for signal processing Comparison of signal
transmission in a nonmyelinated fiber (a) and a myelinated fiber (b). (a) shows continuous
conduction because of depolarization of neighbored axon regions. In (b) the action potential
’jumps’ from one node of Ranvier to the next because of insulated axon parts. (Montvilo,
2010)

2.1.4 Synapse

A synapse permits signal transmission from one nerve cell to another. There are two

main mechanisms of synapses: (1) chemical synapses that conduct a signal via release

of neurotransmitter and (2) electric synapses which use electric currents to transmit a

signal from the presynaptic cell to the postsynaptic cell. In a chemical synapse neu-

rotransmitter are released because of an input signal from the presynaptic cell. These

chemical messengers migrate through the synaptic cleft (about 20nm) and bind to spe-

cific receptors at the postsynaptic cell. This affects the postsynaptic cell membrane to

change its transmembrane potential and the signal is further transmitted to the con-

nected cell. An electric synapse uses ions to by-pass the synaptic cleft (only 2-4nm

distance) and directly induces a voltage change at the postsynaptic cell.

The human brain consists of 100-500 trillion synapses; this number decreases with

increasing age.

2.1.5 Membrane

The so called ’unit membrane’ consists of a phospholipid double layer with integrated

membrane proteins. The lipid layer separates the cell inside from the external structures

and protects the cell against external forces. Membrane proteins are responsible for a

7
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2.2 Classification of neurons

selective permeability for various molecules and ions across the membrane. So called

’ion pumps’ maintain a persistent voltage gradient, the transmembrane voltage. The

mainly participating ion types are: sodium (Na+), potassium (K+), chloride (Cl−)

and calcium (Ca2+). The persistent membrane voltage combined with voltage gated

ion channels are the reason for electric excitability of neurons (see section 2.3).

2.2 Classification of neurons

Because neurons vary in shape, size and function different classifications can be made.

2.2.1 Structural classification

• Bipolar neurons: The soma is located between two distinct processes (dendrite

and axon). The dendritic tree branches at the distal tip.

• Unipolar or pseudounipolar neurons: Dendrites and axon have the same origin,

the process which conducts the action potentials is called axon. These cells are

located in sensory organs and carry information about sight, smell or sound.

• Multipolar neurons: Are mainly located in the central nervous system and show

two or more dendrites and one axon.

• Pyramidal cells: Showing a triangular shaped soma, mostly occur in the brain

(e.g. cerebral cortex, hippocampus)

Some cells are unique in their structure and therefore do not fit into any of the

previously mentioned classes: e.g. Basket cells, Betz cells or Purkinje cells.

2.2.2 Functional classification

• Sensory neurons (afferent neurons) deliver information from sensory receptors to

the central nervous system.

• Motor neurons (efferent neurons) conduct information from the central nervous

system to peripheral tissue, organ systems or organs.

• Interneurons are located in the central nervous system and connect sensory and

kinetic information.

8



2.3 Signal processing

Figure 2.3: Structural classification of neurons - Four morphologic characteristics
can be distinguished, a functional classification is possible as well. (Freudenrich, 2001)

It is also possible to characterize neurons by the produced neurotransmitter (e.g.

acetylcholine = cholinergic neurons, glutamate = glutamateric neurons) or by electro-

physiologic characteristics (e.g. spiking patterns).

2.3 Signal processing

To understand the methods and results in chapter 4 & 5 this sections provides basic

knowledge of signal transmission and the electric properties of cell membranes.

2.3.1 Membrane potential

Almost all animal cells show an electric potential across their membrane. This voltage

arises from two physical principles: (1) Diffusion of ions across the membrane and

(2) electric forces between ions. Ions flow from areas with a higher concentration to

areas of lower concentration. Additionally, particles with opposite electrical charges are

attracted to each other and particles showing repulsion when having the same electrical

charge.

Many ion types are participating in the generation of the transmembrane potential,

e.g. potassium (K+), sodium (Na+), chloride (Cl−) and calcium (Ca2+). These ions

9
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2.3 Signal processing

show different concentrations at the inside and outside of nerve cells. Special mem-

brane proteins, so called ion pumps, pump one type of ions from the outside to the

inside and another type of ions in the opposite direction which leads to a concentration

gradient across the cell membrane for the participating ions. For example potassium

ions are actively pumped from the outside of the cell to the inside and at the same

time sodium ions are pumped from the inside to the outside. This consequently leads

to a concentration gradient for potassium from the inside to the outside and a gradient

from the cell outside to the inside for sodium. Potassium selective leak channels (fur-

thermore also called ’ion channels’) allow potassium to diffuse from the areas of higher

concentration to areas of lower concentration. The created charge separation leads to

an electric potential across the membrane.

Figure 2.4: Scheme of the cell membrane

- The resting potential describes an equilibrium
between internal and external forces. Mem-
brane proteins (blue and green) are embedded
in the lipid-bilayer. (Wang, 1999)

The reversal potential for one ion

type is defined as the state when elec-

tric forces and diffusion are in an equi-

librium. For calculation of the rever-

sal potential of a specific ion type the

Nernst equation (2.1) is used:

Eion =
RT

zF
ln

[ion+]o
[ion+]i

(2.1)

with R denoting the gas constant

(R = 8.3145J/mol ·K), T the tempera-

ture in Kelvin, F the Farrady constant

(F = 96.4853C/mol) and z the valency

of the ion. [ion+]o and [ion+]i represent

the external and internal ion concentra-

tions.

To describe the effects of all par-

ticipating ion types an equivalent cir-

cuit is modeled. A capacitor in parallel

with several (number of considered ion

types) modules consisting of a battery
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2.3 Signal processing

extracellular concentration intracellular concentration ratio diffusion
M N S M N S for M

[Na+] 120 150 460 9 15 50 13:1 =⇒
[K+] 2.5 5.5 10 140 150 400 1:56 ⇐=
[Cl−] 120 125 540 4 9 50 30:1 =⇒
[Ca2+] 1 - - 0.001 - - 1000:1 =⇒

Table 2.1: Examples for ion concentrations at cellular membranes in mMol/l. All values
show large variances for repeated measurements. (M=in muscle, N= in motoneuron and
S=in squid axon) (Pfützner, 2003)

in series with a conductance specifies the behavior of this circuitry. Whereas the con-

stant capacitance is determined by the phospholipid double layer properties the in-

dividual ion conductances may vary. In a passive membrane model the conductance

for an ion type is fixed but in more realistic models (e.g. Hodgkin Huxley (HH) or

Fohlmeister-Coleman-Miller (FCM)) variations in conductance for one ion type result

from voltage gated ion channels (see section 4). These channels change their open/close

state (= permeability/conductance) in the course of membrane voltage alterations, the

more ion channels are open the higher the conductance for the specific ion type gets.

If the membrane potential does not change for a long time it is referred as a resting

potential. When only sodium, potassium and chloride ions are considered the resting

potential can be calculated using the Goldman equation (2.2)

Emembrane =
RT

F
ln

(PK [K+]o + PNa[Na+]o + PCl[Cl−]i
PK [K+]i + PNa[Na+]i + PCl[Cl−]o

)

(2.2)

having the same parameters like the Nernst equation. R denotes the gas constant

(R = 8.3145J/mol · K), T the temperature in Kelvin and F the Farrady constant

(F = 96.4853C/mol). Again, [ion]o and [ion]i represent the external and internal ion

concentrations and Pion the permeability for the actual ion in meter per seconds.

The Goldman equation calculates a weighted average of the reversal potential for

all considered ion types depending on their permeability. When the membrane rests in

steady state (=resting potential) the permeability for potassium is much higher than

the permeability for sodium and chloride so it has the biggest influence on the resting

potential.

By convention, the resting state of all ions is measured as the difference between the

voltage at cell inside against the ground (=0V ) at the outside. The resting potential

11



2.3 Signal processing

typically varies between -60 and -80mV in most mammalian nerve cells.

2.3.2 Action potential

To transmit signals through the human body a unique ’all or nothing’ mechanism is

used. This rapidly changing of membrane voltage occurs only in nerve and muscle cells.

The human nervous system codes information by repetitive firing of ’action potentials’.

Every generated action potential has approximately the same time course and describes

an electric depolarization of the cell membrane followed by a hyperpolarization (see Fig.

2.5). Previously described (voltage-gated) ion channels and reversal potentials play an

important role during action potential generation and transmission.

Figure 2.5: Action potentials represent the fundamental mechanism to transmit

information through the human body. - Scheme of the initiation and time course of
an action potential. Sub-threshold input and supra-threshold activation show completely
different voltage courses over time. (Bean, 2007)

When a certain membrane voltage (typically 15mV higher than resting potential)

is reached (e.g. by synaptic input or electric stimulation) a two step activation cascade

starts: First, voltage gated sodium channels open and the consequent influx of sodium

ions into the cell causes a fast membrane depolarization. After the peak (approximately

12
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2.3 Signal processing

the reversal potential of sodium) is reached and sodium channels inactivate, a falling

phase starts. Potassium channels, already starting to open during the rising phase,

cause potassium ions to leave the cell and thus effect a membrane hyperpolarization.

After a short period, the so called ’undershoot’ or ’afterhyperpolarization’ (AHP, see

Fig. 2.5, membrane potential falls below resting potential), the resting potential is

reached again. If threshold level is not reached the membrane voltage drops back to

resting potential immediately without generating an action potential (see 2.5 red trace).

Following an action potential sodium channels are inactivated for some time which is

called ’refractory time’. This refractory time is divided into an absolute (no activation of

sodium channels at all) and a relative refractory time (stronger stimulation is necessary

to initiate an action potential). This mechanism is responsible for an unidirectional

propagation of action potentials.

Action potentials are mostly generated at the axon hillock and the very first axon

parts, respectively. Propagation along the axon is provided by a continuing depolar-

ization of adjacent axon parts and thus an increase of the membrane voltage above

threshold level.

13



Chapter 3

Visual pathway

In this chapter the anatomy and function of the human eye with focus on the retina

are presented. The ability to process information that enters the visual system is very

important to interpret our environment. The visual system in humans consists of eyes,

the connecting pathways in the visual cortex and other parts of the brain. This thesis

analyzes the ability to electrically activate neurons within the retina to restore vision

to blind or partially blind patients.

Additionally to the anatomy of the mammalian eye the complex neuronal structure

and signal processing strategies will be presented as well in this section. The trans-

formation of electromagnetic radiation (visible light) to neuronal signals results in so

called ’perceptions’ (also called ’eyesight’, ’sight’ or ’vision’). After entering the eye

through the pupil and lens the incoming light passes the vitreous humor and finally

reaches the retina which is located at the backside of the eye. The retina, strictly

speaking a part of the brain, is a thin membrane that interprets the incoming photons

and transfers the visual information via the optic nerve into the brain. However, the

large number of involved neurons and their interconnections make it difficult to reveal

the signal processing strategies in the retina.

3.1 ’Outer eye’

The human eye is not properly a sphere, actually it is composed of a smaller front unit

(the cornea) and a larger unit called sclera. The dimensions of the human eye only
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vary by 1-2 millimeters among adults. The vertical distance is about 24 millimeters

(less than the horizontal distance) and the volume is 6.5 milliliter (see Fig. 3.1).

Figure 3.1: Anatomy of the human eye - After the incoming photons passed the
whole eyeball they are interpreted by the retina at the backside of the eye. (Bianco, 2011)

When light waves enter the human eye through the cornea the light furthermore

passes the pupil, the circular opening in the colored iris. If the incoming light amplitude

increases the pupils size decreases (and vice versa) to allow less light to enter the eye

(also called the ’pupillary light response’). The light waves are bent or converged

by the cornea and crystalline lens behind the iris and pupil to a nodal point, thus

the image becomes reversed and inverted. After passing the vitreous humor the light

gets projected onto the retina which represents the ’film’ that registers photons of the

incoming light. The human eye is capable to interpret light waves within a range

between about 400nm and 800nm wavelength.

3.2 Retina

The retina (from latin: rete, meaning ’net’) is a thin membrane located at the backside

of the eyeball. Only half a millimeter thick and showing a total diameter of approxi-

mately 42 millimeter the retina is the most important signal processing unit within the
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visual pathway. Since the retina develops from the embryotic forebrain it is considered

to be part of the brain. The retina is composed of ten distinct layers which can be

simplified into four processing stages and the participating cell types:

• photoreceptor transmission: photoreceptor cells

• bipolar cell transmission: bipolar cells, horizontal cells, amacrine cells

• ganglion cell transmission: ganglion cells, amacrine cells

• optic nerve transmission: ganglion cells

Figure 3.2: Anatomy of the retina - After the incoming photons passed the whole
eyeball they are interpreted by the retina at the backside of the eye. Photoreceptors, bipolar
cells and ganglion cells form the vertical pathways whereas horizontal cells and amacrine
cells interconnect these cells horizontally. The number of receptor cells (approximately 130
million) is decreased to approximately 1.2 million output neurons (=ganglion cells) in the
retina. (Connaughton, 2007)
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3.2.1 Anatomy

As previously mentioned the retina shows a complex network of various interconnected

nerve cells and supporting tissue which enables our visual system to process light input

into neural output. The central point of the image focus is called ’fovea’ which provides

the maximum resolution and image quality for higher operations. A circular field of

6mm in diameter around the fovea is called ’central retina’ whereas the external parts

of the retina are called ’peripheral retina’. The next section presents the neuronal

elements of the retina and their function in retinal signal processing:

3.2.1.1 Photoreceptor cells

These chemically active (light sensitive) cells lie at the very back of the retina since

photoreceptors have to be in contact with the eye’s pigment epithelial layer which

provides important vital molecules. Thus, to reach the retinal photoreceptor layer the

incoming light has to pass the whole retina.

Two types of receptor cells are participating in photoreception: (1) Rods, generally

working in low-light conditions (night vision, black and white) and (2) cones, capable to

perform color detection in daylight conditions. These two receptors allow the human

visual system to detect light intensities in the range from 10−6cd/m2 to 106cd/m2.

In the mammalian eye just one type of rods is present because in low-light condition

photons are sparse. Therefore, it is not necessary to detect photons by wavelength

in these conditions which furthermore results in black and night vision . The peak

sensitivity to electromagnetic radiation (=light) of rods is around 500nm.

In daylight condition on the other hand a huge number of photons are present which

makes it useful to distinguish between different wavelengths. Most mammalians have

two cone types with peak sensitivity at 550nm (about 90% of all cones, middle wave-

length, green color) and 450nm (short wavelength, blue color), respectively. Humans

(and other species) in contrast show a third cone type which detects long wavelengths

(peak sensitivity at 570nm) that represent red color vision. This fact makes humans

to ’trichromates’ which describes the possibility to use three independent channels for

conveying color information.
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3.2 Retina

3.2.1.2 Bipolar cells

Various types of bipolar cells are known within the mammalian retina. Their somas

occupy the middle part of the inner nuclear layer and their dendrites collect information

from photoreceptors. Axons of bipolar cells descend to the inner plexiform layer where

they pass on visual information to ganglion cells. One specific type of bipolar cells

connects to rods whereas most other types are connected to cones.

Bipolar cells show two main excitation characteristics: Some cells are activated by

light onset (ON bipolar cell) whereas others are excited by light offset (OFF bipolar

cell). ON and OFF bipolar cells branch in different layers within the inner plexiform

layer, OFF bipolar cells in the upper half and ON bipolar cells in the lower half.

Anatomically rod and cone bipolar cells differ as well. The rod bipolar soma (ap-

proximately 7µm in diameter) are located higher within the inner nuclear layer than

cone bipolar soma (about 8µm in diameter). The dendritic field of rod bipolar cells

collects information from 15-45 rods in human whereas dendrites of cone bipolar cells

only collect from 5-10 cones. The ’fovea centralis’ or ’fovea’, located in the macula re-

gion, is responsible for sharp central vision. Having a diameter of approximately 1mm

the fovea shows a high number of cones. The ratio of photoreceptors to ganglion cells

is about 2.5 in the human (and also primate) fovea. Almost every ganglion cell receives

inputs from a single cone and every cone has connections to 1-3 ganglion cells. Thus,

the fovea region show the highest visual acuity and is able to resolve finest details.

3.2.1.3 Ganglion cells

Retinal ganglion cells are located in the innermost portion of the retina. Dendrites are

located in the inner plexiform layer, soma are located in the ganglion cell layer. The

axons of all ganglion cells are converging to the optic nerve which follows the inner

limiting membrane. Finally the optic nerve leaves the retina at the so called ’blind

spot’. At this processing stage 1.2 million nerve cells convey the visual information.

More than 20 different types of ganglion cells are known so far and every type has its

own morphology and function (Sterling and Demb, 2004). Motion selective ganglion

cells for example are responsible to process signals controlling head and eye movement.

The function of ganglion cells is to collect input from bipolar and amacrine cells, re-

spectively. Excitatory inputs from bipolar cells together with excitatory and inhibitory
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3.2 Retina

Figure 3.3: Morphology of different human ganglion cell types - Parasol M cells
and midget P cells show completely different morphology and size. Cells on the left side
are located in the fovea region whereas cells on the right side are located approximately
8mm outside the fovea. (Kolb, 2011)

signals from amacrine cells determine the behavior of ganglion cells. Two types of

ganglion cells are distinguished: ON center and OFF center ganglion cells. ON center

ganglion cells are activated when light input falls in the center of their receptive field

whereas OFF ganglion cells are excited when light falls at the periphery of their recep-

tive field. For further information on anatomy and morphology of retinal ganglion cells

see section 5.1.

3.2.1.4 Amacrine cells and horizontal cells

Amacrine and horizontal cells are retinal elements that laterally connect photorecep-

tors, bipolar cells and ganglion cells. They are important to process complex visual

inputs and have excitatory or inhibitory influence on ganglion cells and bipolar cells, re-

spectively. Amacrine cells have their soma in the inner nuclear layer and their processes

reach into the inner- and outer plexiform layer, respectively. So far 40 different types

of amacrine cells have been found which fulfill a huge number of different tasks. Some

of the amacrine cells only collect information from rod bipolar cells (e.g. AII narrow
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field amacrine cell) other narrow field cells only from cone bipolar cells. Additionally,

ON and OFF forms off these types are known.

The functionality of amacrine cells still remains unclear. Because of their horizontal

interconnections they may be responsible for lateral inhibition and/or feedback trans-

mission on bipolar cells. Some other forms of amacrine cells also may play a role in

modulatory mechanisms.

Horizontal cells are located in the upper portion of the nuclear layer. Their dendrites

connect within the outer plexiform layer to photoreceptor input. The main job is to

average signals and fulfill feedback tasks on photoreceptor cells (showing functional

similarities with amacrine cells).

3.2.2 Retinal pathways

The retina represents a ’pre-brain’ to minimize the number of visual inputs before

neuronal signals enter the brain. In humans it consists of approximately 130 million

photoreceptors responsible to process the light inputs whereas ’only’ about 1.2 mil-

lion ganglion cell axons are left to form the optic nerve. This pre-processing is very

important for providing high level vision and to elicit perceptions in the visual cortex.

The four previously mentioned processing stages (see 3.2) are necessary to convert

an optical image into neuronal signals which are furthermore interpreted by differ-

ent visual centers in the brain: Photoreceptors convert the incoming light inputs into

neuronal output signals that are collected by bipolar cell dendrites. Ganglion cells fur-

thermore collect information from bipolar cells, the brain finally obtains the ’neuronal

image’ via the optic nerve which is build by ganglion cell axons. Many signal modifica-

tions are performed through these steps by lateral interconnections formed by amacrine

and horizontal cells. These lateral connections and the huge number of different types

of cells is the reason for high complexity in the retinal network. Additionally, a single

retinal pathway is capable to process information in different environments/conditions

(e.g. daylight vs. twilight).

Cones show a direct connection through the retina via bipolar cells to ganglion cells.

Rod bipolar cells on the other hand are not directly connected to ganglion cells and only

transmit ON signals. Therefore, amacrine cells act as additional signal transmitters to

ganglion cells.
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3.3 Visual pathway in the brain

Also the ganglion cell pathways show various signal processing strategies. Whereas

the center circuit seems to follow a fairly simple mechanism (purely excitatory pathway),

other (inhibitory) circuits show complex signal transmission.

3.3 Visual pathway in the brain

After the optic nerves leaves the eye various parts in the brain are involved to elicit the

final perception. Finally, signals enter the visual cortex which is divided into several

sub-centers like the primary visual cortex and the visual area V2. The visual cortex is

located at the rear of the brain above the cerebellum.

Figure 3.4: Location of subretinal and epiretinal implant - A sub retinal device is
implanted in the photoreceptor layer whereas the epiretinal prostheses is located on top of
the retina. (Resatz and Rattay, 2003b)

3.4 Retinal implants

Diseases like renitis pigmentosa and age related macula degeneration influence the

function of the retina. In both cases prolonged photoreceptor loss leads to partial and

total blindness, respectively. If photoreceptors are damaged or not working properly

the remaining network (bipolar cells and ganglion cells) are not able to provide accurate
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signals to the brain. Fortunately, it seems that bipolar cells and ganglion cells are not

or only little affected by these diseases. Retinal implants try to activate the remaining

neurons by the means of electric stimulation using micro-electrode arrays.

Several research groups are developing retinal implants to restore vision to blind

people suffering from diseases like renitis pigmentosa and age related macular degener-

ation (e.g. (Humayun et al., 1996), (Rizzo et al., 2003b)). Two major approaches are

currently in clinical trials: (1) the epiretinal prostheses which is located on the front

of the retina and (2) subretinal implants which are positioned at the backside (under)

the retina (see Fig. 3.4).

Epiretinal devices are located closely to the ganglion cell / optic nerve fiber layer

and therefore try to focally activate these cells. Subretinal implants try to stimulate

bipolar cells and their interconnecting fibers (amacrine cells and horizontal cells).
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Chapter 4

Mathematical description

This chapter aims to introduce the mathematical background for the computational

simulations performed in chapter 5. First, the former described electrical membrane

properties are transformed into a mathematical model. In the next step a compart-

ment model is introduced that virtually divides a nerve fiber into small pieces which

are mathematically described by a system of ordinary differential equations. At last,

the modeling of external stimulation or current injection is described. Additionally,

a passive model and two active models (Hodgkin-Huxley and Fohlmeister-Coleman-

Miller) describing the electrical behavior of nerve fiber membranes are presented.

4.1 Compartment model

Since subunits of nerve fibers show different electrical properties any of these subunits

is represented by an electrical circuit. The result is called a compartment model which

is able to imitate the main characteristics of a biological nerve fiber membrane (see

section 2).

Every compartment has its own shape/geometry and electric properties. In all sim-

ulations shown in this thesis compartments are either modeled as cylinders (e.g. axon

compartments) or spheres (e.g. soma compartments). A compartment is represented

by a virtual point in the middle of the given geometry. Thus, the over-all current of the

nth compartment consists of three parts: a capacitive current (Ic,n) which charges the

cell membrane, a ionic current (Iion,n) that flows across the membrane (through voltage
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4.1 Compartment model

Figure 4.1: Compartment model and simplified electric circuit - A nerve fiber is
divided into several parts; every subunit is described by an electric circuit. (Resatz, 2005)

gated ion channels) and an ohmic current (Iohm,n) to the neighbor compartments (axial

direction):

IC,n + Iion,n + Iohm,n = 0 → Kirchhoff’s law (4.1)

which furthermore results in:

d(Vi,n − Ve,n)

dt
Cn + Iion,n +

Vi,n − Vi,n−1

Rn/2 + Rn−1/2
+

Vi,n − Vi,n+1

Rn/2 + Rn+1/2
+. . .= 0 (4.2)

In this equation Vi denotes the intracellular and Ve the extracellular potential, Rn

describes the intracellular resistance. The capacity of the cell membrane is indicated

by Cn, n always denotes the compartment number (i.e. n-1 and n+1 are the neighbor

compartments). The dots indicate the possibility of more than only two neighbor

compartments (e.g. in the dendritic tree many branches occur). To calculate Vm (the

transmembrane voltage) for all compartments over time the reduced membrane voltage
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gets introduced:

V = Vi − Ve − Vrest (4.3)

With the initial condition V (0) = 0 a system of ordinary differential equations can

be derived (Rattay, 1999):

dVn

dt
=

[

− Iion,n +
Vn−1 − Vn

Rn−1/2 + Rn/2
+

Vn+1 − Vn

Rn+1/2 + Rn/2
+. . .+ (4.4)

+
Ve,n−1 − Ve

Rn−1/2 + Rn/2
+

Ve,n+1 − Ve

Rn+1/2 + Rn/2
+. . .

] 1

Cn

If the extracellular potential is neglected (Ve,n = 0) and a current is injected into

the jth compartment the equation becomes:

dVj

dt
=

[

−Iion,j +
Vj−1 − Vj

Rj−1/2 + Rj/2
+

Vj+1 − Vj

Rj+1/2 + Rj/2
+. . .+IStim

]

1

Cj
(4.5)

with Istim denoting the injected current.

4.2 Activating function

The influence of the extracellular potential on the nth compartment is described by the

activating function (Rattay, 1989):

fn =

[

Ve,n−1 − Ve,n

Rn−1/2 + Rn/2
+

Ve,n+1 − Ve,n

Rn+1/2 + Rn/2

]

1

Cn
(4.6)

The terms within the brackets correspond to an injected current into the nth com-

partment. Regions with positive activating function values show a depolarizing mem-

brane, negative values will lead to a hyperpolarized membrane.

For a constant fiber diameter d, a constant compartment length ∆x, specific capac-

ity c and intracellular resistivity ρi this equation can be simplified to:

fn =
d

cρi

Ve,n+1 − 2Ve,n + Ve,n+1

∆x2
(4.7)
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4.3 Membrane models

This section explains three models to describe the behavior of a nerve fiber membrane

and the corresponding calculation of Iion. First, a passive model with a simple, linear

ion channel behavior is introduced. Additionally two realistic membrane models with

complex, nonlinear ion channel dynamics are presented.

4.3.1 Passive model

In the case of a passive membrane model the cell membrane and the incorporated ion

channels, respectively, behave like a simple RC-circuit. Iion is substituted by the term

gm,n ·Vm,n where gm,n denotes the constant specific conductivity of the nth compartment

and Vm,n potential across the membrane.

4.3.2 Hodgkin-Huxley model (HH)

In 1952 Hodgkin and Huxley mathematically described the flow of electric currents

through a biological membrane of unmyelinated axons for the first time (Hodgkin and

Huxley, 1952). The initiation and propagation of action potentials were examined

in the giant squid axon. The mathematical description consists of a set of nonlinear

ordinary differential equations which estimates the electrical characteristics of neurons

or muscle cells. For their groundbreaking work Hodgkin and Huxley received the nobel

price in ’Physiology or Medicine’ in 1963.

The HH model consists of three ion currents: a sodium current (INa), a potassium

current (IK) and a less important leak current (IL) that represents all other ion types.

Thus, the whole ionic current results in:

iion = iNa + iK + iL (4.8)

Three stochastic variables are introduced to represent activation and inactivation

gates, respectively. The sodium current ions have two gates (activation and inactiva-

tion) whereas potassium ions only have to pass one gate and the leak current ions do

not have a control variable (=constant conductance for ions).

To calculate the ionic currents passing 1cm2 of the cell membrane the following

three equations can be derived:
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4.3 Membrane models

Figure 4.2: Modeled electric circuit in HH model - The ion channel activity is
modeled as variable conductance and a voltage source. The membrane charge is modeled
as a capacitance. (Malmivuo and Plonsey, 1995)

iNa = gNam
3h(Vm − VNa) (4.9)

iK = gKn4(Vm − VK)

iL = gL(Vm − VL)

gNa, gK and gL represent the maximum conductance of the three participating

ion types and VNa, VK and VL are the respective reversal potentials. m, n and h are

obtained by calculating:

dm

dt
= [−(αm + βm)m + αm]k (4.10)

dh

dt
= [−(αh + βh)h + αh]k

dn

dt
= [−(αn + βn)n + αn]k

with k denoting the temperature coefficient (k = 30.1(T−6.3), T in ◦C).
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α and β are customized to fit the experimental obtained data:

Na α and β: αm =
2.5 − 0.1Vm

e2.5−0.1Vm − 1
βm = 4e−

Vm
18 (4.11)

αh = 0.07e−
Vm
20 βh =

1

e3−0.1Vm + 1

K α and β: αn =
1 − 0.1Vm

10(e1−0.1Vm − 1)
βn = 0.125e−

Vm
80

In figure 4.3 the three stochastic variables (m,h and n) are shown as a function of

the membrane voltage.
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Figure 4.3: Gating variables in HH model - Steady state values of the variables m, h
and n are plotted as a function of membrane voltage. 0mV indicates the resting potential
state.

4.3.3 Fohlmeister-Coleman-Miller model (FCM)

The Fohlmeister-Coleman-Miller model was customized to fit experimentally obtained

data of retinal ganglion cell recordings in salamander (Fohlmeister et al., 1990). Phys-

iological experiments revealed that at least 5 different ion currents are participating in

action potential generation in these cells. These currents are: a sodium current (INa),

a calcium current (ICa) and three different potassium currents. Namely these are a de-

layed rectifier (IK), the potassium type A (IK,A) and the calcium activated potassium
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4.3 Membrane models

current (IK,Ca) as well as a leak current (IL) like in the former introduced HH model.

All currents except the calcium activated potassium current are modeled like in the

HH model. Now the ionic current consists of six parts:

iion = iNa + iCa + iK + iK,A + iK,Ca + iL (4.12)

and the currents are calculated similar to the HH model:

iNa = gNam
3h(Vm − VNa) (4.13)

iCa = gCac
3(Vm − VCa)

iK = gKn4(Vm − VK)

iK,A = gAa3hA(Vm − VK)

iK,Ca = ḡK,Ca(Vm − VK)

iL = gL(Vm − VL)

with VNa, VCa, VK and VL denoting the respective reversal potentials and gNa, gCa,

gK , gA and gL the maximum conductances for the respective ion types. Again, all

calculations are parameter independent, i.e. all conductances are presented per 1cm2.

iK,Ca on the other hand is calculated differently:

ḡK,Ca = gK,Ca

([Ca2+]i/Ca2+
diss)

2

1 + ([Ca2+]i/Ca2+
diss)

2
(4.14)

with gK,Ca representing the maximum conductance of calcium-activated potassium.

Ca2+
diss = 10−3mM/dm3 ...calcium dissociation constant (Coleman and Miller, 1989)

[Ca2+]res = 10−4mM/dm3 ...residual level of calcium ions
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[Ca2+]i varies in response to iCa. All free intracellular calcium ions are removed ac-

tively from the cell, or are otherwise sequestered with a time constant τ . Consequently

[Ca2+]i follows:

d[Ca2+]i
dt

=
−siCa

2vF
−

[Ca2+]i − [Ca2+]res

τ
(4.15)

with F denoting the Faraday constant (F = 9.648 · 104C/M) and s/v denotes the

ratio of surface to volume.

VCa follows the Nernst equation:

VCa =
RT

2F
ln

[Ca2+]e
[Ca2+]i

+ 65 (4.16)

where R is the gas constant (R = 8.314J/(M · K)). The temperature is given

in Kelvin, F again denotes the Faraday constant and the factor 2 corresponds to the

valency of calcium.

[Ca2+]e = 1.8mM/dm3...extracellular calcium concentration

The term 65 results from the resting potential (-65mV in retinal

ganglion cells)
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4.3 Membrane models

The stochastic variables are calculated similarly to the HH model:

dx

dt
= −(αx + βx)x + αx (4.17)

and αx and βx for all ion types follow:

Na α and β: αm =
0.6(35 − Vm)

e0.1(35−Vm)
− 1

βm = 20e
(10−Vm)

18 (4.18)

αh = 0.4e
15−Vm

20 βh =
6

e0.1(45−Vm) + 1

Ca α and β: αc =
0.3(52 − Vm)

e0.1(52−Vm)
− 1

βc = 10e
(27−Vm)

18

K α and β: αn =
0.02(25 − Vm)

e0.1(25−Vm)
− 1

βn = 0.4e
15−Vm

80

K,Ca α and β: αA =
0.006(−25 − Vm)

e0.1(−25−Vm)
− 1

βA = 0.1e
35−Vm

10

αhA =
0.006(−25 − Vm)

e0.1(−25−Vm)
− 1

βhA = 0.1e
35−Vm

10

Table 4.1 compares the parameters for HH model and FCM model which were used

in the computer simulations.

VNa VK VL V rest gNa gK gCa gA gK,Ca gL

HH -115 12 -10.6 0 120 36 0 0 0 0.3
FCM Axon 100 -10 0 -65 70 18 0 0 0.065 0.005
FCM Band 100 -10 0 -65 140-1400 36-360 18 54 0.065 0.005

Table 4.1: Channel densities in mS/cm2 and voltages in mV used in original HH model
and the presented FCM model. Red numbers indicate changes from original data presented
by Fohlmeister et al (Fohlmeister and Miller, 1997b).
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4.4 Calculation of external potentials

4.4 Calculation of external potentials

Retinal implants consist of electrode arrays which are positioned within the inner eye.

This environment shows inhomogeneous electric properties as well as complex geome-

tries. Soma, axons, dendrites, extracellular material and several more substances are

located close to each other. An electric pulse produced by an electrode activates many

neurons and other structures. For calculation of extracellular potentials two different

mathematical models are used. An analytical solution can be calculated for the case of

a point source which is embedded within an infinite homogeneous medium:

Ve(r) =
ρeIelec

4rπ
with Ve = 0 for r → ∞ (4.19)

with ρe denoting the resistance of the homogeneous medium, Ielec the applied elec-

trode current and r the distance (radius) from the electrode.

To calculate extracellular potentials for a more complicated geometry with inhomo-

geneous electric properties the approach of finite elements can be used. Both methods

neglect the presence of the actual target cell, the analytic solution computes faster but

not as precise results as the finite element method.

More information on calculation of extracellular potentials is given in chapter 5.2.
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Chapter 5

Computational Results

In this section the computational results are presented. All simulations were per-

formed using a two-step approach. First, the voltage profile generated by a stimulating

electrode embedded into a heterogeneous medium had to be calculated. This was per-

formed using the method of Finite Elements (FEM). Second, a compartment model

was established which computed the effects of external stimulation on a model neuron.

5.1 Requirements/problems for retinal implants

Modern retinal implants have to overcome several problems:

• Interaction of the implanted electrode arrays and the complex heterogeneous sur-

rounding within the inner eye (Biocompatibility).

• Surgical techniques and correct placement of the electrode carrier.

• Fabrication of extremely small electrode arrays with a large number of stimulating

elements

• Appropriate stimulating strategies to activate neurons in a controlled way.

In this study only the fourth point is considered. To develop highly sophisticated

stimulating strategies more knowledge on the various cell types and their response

to electric stimulation is necessary. When epi-retinal stimulation is performed the

main problem is to activate neurons focally without activating axons from nerve cells
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5.2 Retinal Ganglion Cells - Sodium Channel Band

located far away. The band of highly dense sodium channels in ganglion cells and its

characteristics may help to accomplish this stimulation.

5.2 Retinal Ganglion Cells - Sodium Channel Band

The activation of retinal ganglion cells plays an important role in development of retinal

prostheses. Several studies have been performed to reveal which part of a ganglion cell

initiates action potentials during external stimulation. Threshold determination for

rabbit ganglion cells have been performed by Jensen et al (Jensen et al., 2003). Lowest

thresholds were measured slightly offset the soma which later has also been observed

by Sekirnjak et al (Sekirnjak et al., 2008). Sekirnjak’s measurements showed the lowest

thresholds for the proximal axon part (approximately 13µm from the soma). However,

computational studies reported the site of spike initiation and lowest thresholds at the

soma (Greenberg et al., 1999) and the initial axon portion (Rattay, 1999). Until then

no coherence between lowest threshold region and anatomic characteristics was found.

Fried et al (Fried et al., 2009) performed various threshold measurements in retinal

ganglion cells of rabbits. Their findings showed a correlation between an immuno-

chemically determined band of highly dense sodium channels and the region of lowest

thresholds. Threshold increases in concentric circles around the lowest threshold region.

Different ganglion cell types show different bands of highly dense sodium channels. Dis-

tance from the soma and band-length varies from 10µm to 40µm and 15µm to 50µm,

respectively. Hu et al (Hu et al., 2009) confirmed Fried’s results for cortical pyra-

midal cells (showing similar characteristics ) and furthermore determined two different

sodium channel types (Na1.2 and Na1.6) to be responsible for action potential initiation

(Na1.6) and back-propagation (Na.1.2).

The findings of Fried et al served as the initial point of this thesis. The fact of

the sodium channel band to be the site of lowest threshold may help to develop more

appropriate stimulation strategies in retinal implants. This study tries to reveal the

basic mechanisms and electro-physiologic behavior of neurons with an incorporated

band of highly dense sodium channels.
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5.3 Model of the retina

5.3 Model of the retina

Since retinal implants are positioned within a complex, inhomogeneous environment

the applied external potentials were calculated using the method of finite elements

(FEM). This allows us to implement a more realistic and thus preciser model which

considers inhomogeneities between the various retina layers as well as the influence

of relatively large electrodes positioned within the inner eye. In former computational

studies either no FEM calculations (using analytical solutions, see section 4.4) or simple

two- to four-layer models were performed to obtain external potentials.

In this thesis a simple three-layer model is compared to a complex seven-layer

model. Both models had a total size of 4000x1000x1000µm as seen in Fig. 5.1. All

finite element calculations in this thesis were performed by COMSOL Multiphysics.

5.3.1 Complex model (five layers retina)

The computational model based on experimental results obtained by Karwoski et al.

(Karwoski et al., 1985). Karwoski et al measured the internal resistivity within frog

retina for various layers. The experimentally determined average resistivity between

inner and outer limiting membrane was 50.5Ω · m (total thickness of frog retina was

180µm which is comparable to human retina). The modeled retina consisted of the five

following layers:

• Ganglion cell bodies and optic nerve fibers (GC/ONF)

• Inner plexiform layer (IPL)

• Outer- and inner nuclear layer (ONL-INL)

• Subretinal space

• Pigment epithelium (RPE)
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5.3 Model of the retina

GC/ONF IPL ONL-INL Subretinal space RPE

thickness [µm] 20 40 60 60 20
resistivity ρ [Ω · m] 70.6 18.2 60 12.7 1230

Table 5.1: Thickness and corresponding specific resistivity for different layers of the retina
measured by Karwoski et al (Karwoski et al., 1985).

Furthermore a layer of ames medium (a solution formulated to support retinal

tissue in relatively short-term culture (Ames and Nesbett, 1981), specific resisitivity

= 1.1Ω · m) on the one side and a modeled sclera (specific resisitivity = 505Ω · m) on

the other side were incorporated. The cone shaped electrode had a base diameter of

30µm, a height of 35µm and a specific resistivity of 1.05 · 10−7Ω · m (comparable to

Platinum-Iridium which was used as electrode material in the actual experiments)

20um

60um

60um

40um

20um

Pigment epithelium

Subretinal space

ONL-INL

IPL

GC/ONF

Sclera, 300um

Retina, 200um

Ames, 500um

4000um

1000um

Figure 5.1: FEM model for calculation of external potentials - Left: The simple
model geometry consists of three layers: sclera, retina and a layer of ames solution. The
stimulating electrode (not shown) was embedded in the ames layer. Right: 5 Layer model
for the retina suggested by Karwoski et al (Karwoski et al., 1985),
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5.3 Model of the retina

5.3.2 Simple model (Single layer retina)

A simple model containing three-layers (see Fig. 5.1, left) was implemented to compare

if the more realistic seven-layer model has a crucial influence on computation of external

potentials. The retina was modeled as a single homogeneous layer with a resistivity of

50.5Ω · m.

Again, the stimulating electrode was modeled as a cone with a base diameter of

30µm and a height of 35µm. The distance between electrode and nerve fiber could not

be held fixed perfectly at 30µm during the actual experiments, in all computed results

a fixed distance of 30µm was used (25µm from electrode tip to the ames/retina border

plus 5µm from this position to the actual fiber).

During physiological experiments the angle between electrode and stimulated tis-

sue could not be determined exactly. To approximate the same angle that was used

in the experiments various calculations (voltage profiles for different angles and elec-

trode positions) were performed which were compared to the voltage profiles measured

experimentally. Calculated results for 10 degrees fitted the data best so all further

simulations were performed with this configuration.
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Figure 5.2: Simplifications and their effect on thresholds. - (A) The comparison
of thresholds for the single layer retina (a) and the 5 layer retina (b) (see Fig. 5.1). shows
slightly (about 10%) lower thresholds for the complex model. (B) Thresholds for a complex
cell geometry (a) and the straight, uniform axon (b) (see Fig. 5.4). The threshold increase
on the left side results from the incorporated large soma. The gray shaded region indicates
the band section which shows lowest thresholds for both cell geometries. Curve ’b’ is the
same in panel (A) and (B).

37

5_computational_results/figures/threshComp.eps


5.3 Model of the retina

Ames Retina Sclera

thickness [µm] 500 200 300
resistivity ρ [Ω · m] 1.1 50.5 505

Table 5.2: Thickness and corresponding specific resistivity for different layers of the simple
FEM model.

To see if thresholds for action potential generation vary between the two models a

model-neuron was created. This straight, uniform fiber had a length of 2000µm and

a diameter of 1µm. Internal resistivity was fixed at 1.1Ω · m, membrane capacitance

was set to 1µF/cm2. The former described Fohlmeister-Coleman-Miller model (see

section 4.3.3) was used to describe the non-linear ion channel behavior. The sodium

channel conductivity was increased by a factor of five in contrast to the normal axon

conductivity (70mS/cm2, band length = 40µm). This led to an unexpected result:

the activation-strength of the modeled sodium channel band was responsible for self

spiking after some time. This means that although no stimulating pulse was delivered

the fiber started to spike anyway. Depending on the sodium channel density this self

spike occurred approximately 100-150ms after start of simulation. Since the stimulation

started either at simulation begin (t=0ms) or at t=0.2ms and simulations ended after

10-20ms the observed phenomenon did not perturb the calculations.

The fiber center was positioned straight below the electrode and the applied cur-

rent amplitude was increased as long as an action potential occurred (time window

of observation = 10ms, amplitude step = 0.1µA). The observed pulse amplitude was

considered as ’threshold level’. Shifting the electrode and a consequent measuring of

thresholds along the stimulated fiber results in threshold profiles as shown in Fig. 5.2A.

The results show slightly lower thresholds for the complex layer model in contrast to

the simple model. The average difference of 10% was considered as negligible since the

computational effort was enormously decreased when using the simple model. In all

consequent calculations the three layer model was used.

38



5.4 Model simplifications and cell geometry

5.4 Model simplifications and cell geometry

Fried et al (Fried et al., 2009) experimentally determined two dimensional threshold

maps for retinal ganglion cells (in rabbit) during external electric stimulation. A thresh-

old map (see figure 5.3) is defined as a colormap showing activating thresholds for given

positions around a nerve fiber.

x−coordinate [um]

y
−

c
o
o

rd
in

a
te

 [
u
m

]

-80

-60

-40

-20

0

20

40

60

80

100

−120 −100 −80 −60 −40 −20 0 20 40

45 uA

30 uA

40 uA

35 uA

25 uA

20 uA

15 uA

10 uA

5 uA

0 uA

P1 P3

P4

P6

P5

P2

Figure 5.3: Threshold map for electric stimulation of a retinal ganglion cell;

see table 5.3 for exact locations and thresholds of indicated points - A two
dimensional colormap shows thresholds for each electrode position. Thresholds vary from
12µA to 45µA (monophasic, cathodic pulse). The approximate location of the high density
sodium channel band is indicated by the thick bar. The thin horizontal line indicates
the approximate position for the axon. The conical stimulating electrode was positioned
approximately 30µm above the fiber.

The threshold map in figure 5.3 plots the sensitivity to stimulation from a small

electrode as it is moved across the soma and proximal axon regions of a retinal ganglion

cell. Each pixel indicates the threshold when the stimulating electrode was positioned

at that location. Spacing between adjacent pixels was 10µm and the electrode was
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5.4 Model simplifications and cell geometry

held fixed at a constant height above the retina (∼30µm). The stimulus was a 0.2ms

cathodal pulse (pseudo-monophasic). Under these conditions, thresholds varied from

12µA to 45µA. Thresholds were lowest in a central region (darkest red) and increased

monotonically with distance from the approximate center of this region. This region of

lowest threshold was found to be spatially aligned with a dense band of voltage-gated

sodium channels, identified immunochemically, suggesting that the band is the site of

spike initiation in response to extracellular electric stimulation.
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Figure 5.4: Geometry of two different model neurons. - The left panels show
a morphological more realistic model of a retinal ganglion cell. The large black circle
indicates the soma which is located deeper in the ganglion cell layer. To avoid geometric
side-effects the simplified model neuron on the right side was used. The horizontal bars
in the top panels indicate the region of the sodium channel band. The angle between the
stimulating electrode and the retina layer was 10 degrees as in the actual experiments.
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5.4 Model simplifications and cell geometry

Name x [µm] y [µm] Threshold [µA]

P1 00 00 12
P2 -50 10 12
P3 50 00 25
P4 30 -40 22
P5 -30 60 27
P6 -70 10 22

Table 5.3: Coordinates and thresholds for six points on threshold map. z-
distance between fiber and electrode is always 30 µm. P1 and P2 are the two points
showing lowest threshold on threshold map, P3 represents the soma, P4, P5 and P6 are
randomly chosen. All stimuli are cathodic 200µs pulses.

If the band is in fact the site of spike initiation in response to extracellular electric

stimulation, it is likely that one or more properties of the stimulus (i.e. the induced

electric field) are consistent across the band region each time a spike is generated. Thus,

the hypothesis was that some property of the induced field would be consistent across

the band region for each combination of stimulating electrode location and stimulus

level that successfully generated a spike. The goal of this computer simulations was to

determine whether this was the case and if so, what properties of the stimulus were

essential for activation.

Fig. 5.4 describes the geometrical simplifications which were made for the performed

simulations. A retinal ganglion cell is virtually embedded into the three-dimensional

Finite Element model (see section 5.3), the left panel shows a morphological realistic

geometry of a retinal ganglion cell. In this case the electrode is positioned epi-retinal

therefore the axon (thin bar) and the sodium channel band (thick bar) are located

closer to the electrode. The soma (thick black dot) faces the inner plexiform layer, the

vertical distance between axon and soma is approximately 15µm.

The right panel of Fig. 5.4 shows a simplified model of a retinal ganglion cell. This

model neuron consists of a long straight uniform axon (thin bar) with a centered band

of highly dense sodium channels (thick bar). Again there are no dendrites included,

the soma was excluded as well.

To determine the accuracy for both model neurons two one-dimensional threshold

profiles were calculated to examine the influence of the soma and dendrites, respec-

tively (see Fig. 5.2B). The computed results show considerable threshold differences,

especially electrode positions close to the soma. However, since in both cases the region
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5.4 Model simplifications and cell geometry

of lowest thresholds was located close to the sodium channel band the simple geometry

was used in the following simulations. This was made because of computational reasons

(calculation time) and to better understand the influence of the sodium channel band

without observing geometric side effects.

42



5.5 Key components of activation

5.5 Key components of activation

The activating function is a good predictor for depolarized and hyperpolarized regions in

a straight, uniform axon during stimulation with a point source (Rattay, 1986). More

complex geometries and special biophysical properties of the cell membrane make it

more difficult to predict the site of spike initiation within a fiber. Depolarized com-

partments are likely to initiate an action potential. However, also the axial current flow

during the stimulus pulse is important for spike initiation. Regions that are containing

high numbers of voltage gated ion channels (e.g. the sodium channel band in retinal

ganglion cells) may be the site of spike initiation although they show negative activating

functions. Lower thresholds in these regions lead to unexpected activation phenomena.

The further simulations try to reveal the key components of action potential generation

in fibers containing a band of highly dense sodium channels.
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Figure 5.5: Electric properties along a straight, uniform axon. - (A) Voltage,
electric field and derivative of electric field distribution along the axon for points P1 (top)
and P6 (bottom). In both panels the 75% voltage profile of P6 is shown (thin black line, also
see text). Grey shaded region indicates the sodium channel band. (B) Second derivatives
for all six points. Note that for some locations of the stimulating electrode, i.e. P6, second
derivative is negative within the band region.
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5.5 Key components of activation

5.5.1 Electric properties

To explore whether stimulation at threshold level generated a consistent effect in and

around the band region for different locations of the stimulating electrode, the extra-

cellular voltage generated from six locations of the stimulating electrode within the

threshold map of Fig. 5.3 was explored. The x-y coordinates and thresholds for each

location are given in Table 5.3. The points were chosen as follows: points P1 & P2

were the points at which the observed thresholds were lowest, P3 corresponded to the

approximate location of the soma, P4, P5 and P6 were chosen randomly across other

locations. The extracellular voltage elicited by the stimulus pulse at threshold for two

points, P1 and P6, is shown in Fig. 5.5A (dashed blue and green lines, respectively).

The peak value of the applied external voltage occurs directly under the stimulating

electrode (0µm offset for P1; 70µm offset for P6). The amplitude of the stimulus de-

livered at P6 was reduced to 75% of threshold and the resulting voltage profile from

this (reduced amplitude) pulse was plotted (thin black line in top and bottom panels).

This (reduced) voltage profile had a similar shape and amplitude to the voltage profile

arising from threshold stimulation at location P1. However, the profile from location

P1 resulted in an action potential while the (reduced) profile arising from location P6

did not. This suggests that the applied external voltage profile across the band by

itself does not underlie spike initiation. The one-dimensional electric field of each volt-

age profile was calculated by taking the derivative of the external voltage along the

x-coordinate of the fiber (dV
dx

) . Similar to the voltage profiles, the electric fields across

the band arising from threshold stimulation at locations P1 and P6 (red and green

dotted lines, respectively) showed little similarity suggesting that the field is also not

the key component underlying action potential initiation.

Because much previous work with axonal stimulation indicates that the activating

function is a good predictor for the site of spike initiation the activating function arising

from threshold stimulation at each location by calculating the second derivative of the

external voltage (dV 2

d2x
) was approximated (green and red solid lines). The activating

function provides an indication of how each compartment will respond initially to ex-

ternal stimulation: positive regions of dV 2

d2x
correspond to compartments with positive

activating function values and indicate the compartment will initially depolarize in re-

sponse to stimulation: axonal regions in which the activating function is highest are
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5.5 Key components of activation

generally the regions in which the action potential is initiated. Surprisingly, the second

derivatives of the voltage profile arising from stimulation at the six locations described

in Fig. 5.3 revealed no apparent similarities in and around the band region (see Fig.

5.5B). For example, the second derivative profile across the band region was completely

positive for stimulation arising from some locations (i.e. P1) but completely negative

for stimulation arising from other locations (i.e. P6). Because the negative second

derivative suggests that the band’s initial response to stimulation will be hyperpolar-

ization, these results bring into question whether the band is actually the site of spike

initiation for all stimulus locations.

45



5.5 Key components of activation

5.5.2 Nerve fiber activation / time course

The lack of consistency across the band regions, especially for the second derivative

profiles, led to further simulations. Until then, all simulations were restricted to Fi-

nite Element computations (voltage/electric field/second derivative profiles) but no

(computational) nerve fiber stimulation was performed. Therefore, the next round of

simulations was restricted to a axon fiber model as shown in Fig. 5.4 (right). The fiber

had the same dimensions as the fiber used to compare thresholds in section 5.3 and

5.4: fiber diameter was 1µm, length 2000µm. Each modeled compartment was 10µm

in length.

Again, a 40µm long band of voltage-gated sodium channels was modeled in the

center of the axon by increasing the sodium channel conductance in the five center-

most compartments; conductance in these five compartments was increased to the

five-fold of the conductance in the rest of the axon. The dynamics of the voltage-gated

ion channels in the cell membrane were adapted from Fohlmeister et al. With a band

conductance gNa = 350mS/cm2, thresholds for the model fiber ranged from 15-23µA.

This range is comparable to but slightly larger than the actual thresholds measured in

vitro (see Fig. 5.3).

Because the activating function is a static measurement, i.e. it only applies to the

time period immediately following pulse onset, the dynamics of individual compart-

ments during the 0.2ms duration of the pulse were examined. Panel A in Fig. 5.6

shows the time course of the pulse: A monophasic, cathodic, rectangular pulse was

provided; pulse length was 0.2ms for all calculations like in the physiological experi-

ments of Fried et al. In panel B of Fig. 5.6 the axial current flow within a fiber during

the pulse is shown schematically. Before pulse onset no current flows in axial direction

(top) because there is no current unbalance. At pulse onset only a small region directly

below the stimulating electrode is depolarizied whereas all other fiber parts are hyper-

polarized (middle). This corresponds to the principle of the activating function which

was also found to be a good predictor of the site of spike initiation in uniform axons.

The width of the depolarized region broadened throughout the duration of the pulse

(t=0.2; Fig. 5.6B (bottom)). This widening can be seen as a spread of positive charge

from the central regions to the negatively charged regions immediately adjacent.
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5.5 Key components of activation

t=0  ms (start of pulse)

t=0.2 ms (end of pulse)

t=0ˉ ms (before pulse)

A

t=0ˉ ms

t=0  ms t=0.2 ms

+  

+ 

B

pulse duration

−250 −200 −150 −100 −50 0 50 100 150 200 250
−200

−100

0

100

200

300

400

x-coordinate [um]

a
c
ti
v
a

ti
n
g

 f
u
n

c
ti
o
n

 [
V

/s
]

P1

D

−67

−65

−63

−61

−59

−57

−55

0 0.05 0.1 0.15 0.2 0.25

time [ms]pulse on pulse off

200 um offset

0 um offset

50 um offset

0.998 0.9985 0.999 0.9995 1 1.0005 1.001 1.0015 1.002
−65.4

−65.3

−65.2

−65.1

−65

−64.8

−64.7

−64.6

m
e
m

b
ra

n
e
 v

o
lt
a

g
e

 [
m

V
]

C

Vm at t=0.2ms (scaled)

 

−100 −50 0 50 100
−70

−65

−60

−55

−50

−45

V
m

 a
t 
e
n

d
 o

f 
p

u
ls

e
 [
m

V
]

x−coordinate [um]

P6

P1

resting potential

E

Figure 5.6: Some compartments with negative activating functions are depo-

larized at end of pulse - (A) Time course of the applied pulse over time. (B) The
depolarized region gets broader over time due to the flow of balancing currents. (C) Mem-
brane voltage versus time for the three different compartments (X’s in panel D). In the
’++’ area all compartments have positive activating functions and membrane voltages af-
ter pulse ending are positive. Compartments in the ’−+’ region have a negative activating
function but are depolarized by the end of the pulse. Both, activating function and mem-
brane voltage, are negative in the ’−−’ region. Stimulating pulse onset at t = 0ms and
offset at t = 0.2ms. (D) Activating function and membrane voltage (scaled) at end of
pulse (0.2ms pulse duration) for location P1. The region indicated by ’++’ has a positive
activating function and Vm (membrane voltage) remains positive. The region indicated by
’−+’ has a negative activating function but Vm is positive at end of the pulse. The region
indicated by ’−−’ has a negative activating function and Vm remains negative. Three ’x’s
indicate compartments centered at 0µm, 50µm and 200µm offset (see panel C). (E) Mem-
brane voltage at the end of the pulse for the six locations of the threshold-map depicted in
Fig. 5.3. Note that in contrast to Fig. 5.5B all compartments in the band region are now
depolarized.
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5.5 Key components of activation

Thus there were three different categories of response that arose in individual com-

partments (Fig. 5.6C): First, some compartments had a positive activating function and

remained depolarized throughout the duration of the pulse. These were typically the

compartments closest to the site of stimulation (labeled as ’++’ in Fig. 5.6C). Second,

some compartments had negative activating functions and remained hyperpolarized

throughout the pulse (labeled as ’−−’). Finally, some compartments hyperpolarized

at pulse onset (negative activating function) but depolarized during the course of the

pulse (labeled as ’−+’).

The extent of these three regions for stimulation from location P1 was calculated

and plotted in Fig. 5.6D . Compartments with a positive activating function were con-

strained within the two innermost vertical lines during the course of the 2ms pulse. The

extent of the compartments that were depolarized expands to incorporate the region

between the two outermost vertical lines (Fig. 5.6D). The time course of the com-

partments shown in Fig. 5.6C correspond to ’X’ locations of 0, 50 and 200µm in Fig.

5.6D. The inset at the top left of Fig. 5.6C shows the response to stimulation imme-

diately following pulse onset (activating function) for each type of response. Finally,

membrane voltage at the end of the pulse for all six stimulating electrode locations was

plotted. Now all compartments within the band region were depolarized (Fig. 5.6E).

This suggests the possibility that band regions that initially hyperpolarize might still

initiate spikes.
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5.5 Key components of activation

5.5.3 Site of spike initiation: Band vs. no Band

To gain further insight into how the sodium channel band influences action potential

generation over the duration of the stimulus the response of a long, uniform, unmyeli-

nated axon to the same fiber with a band of high-density sodium channels located at

the center was compared (Fig. 5.7A, 5.8A).

As previously mentioned the sodium channel band was modeled by increasing the

sodium channel conductance in the regarding fiber region (shown in Fig. 5.7A and

5.7A below the fiber) and the band length was always 40µm. The sodium channel

density in the band varied from 140mS/cm2 to 1400mS/cm2 (also see next section).

The sodium channel density in Fig. 5.7 and 5.8 were increased to a five-fold of the

axon conductance. The density of sodium channels in all non-band regions was fixed

at 70 mS/cm2 - identical to the sodium channel density of the uniform fiber. All

other properties of the two fibers were identical. Simulations compared the response to

stimulation from a point source located 30µm above the fiber and 60µm (Fig. 5.7B)

and 200µm (Fig. 5.8B), respectively, from its center. A compartment centered under

an electrode which is 60µm away corresponds to the ’−+’ region in figure 5.6 whereas

the 200µm distant compartment corresponds to the previously mentioned ’−−’ region.

The compartments corresponding to a region subtended by a 70 degree angle from

the point source had a positive activating function and depolarized initially in response

to the stimulus pulse (as predicted by theory (Rattay, 1986)). The extent of the

subtended region is indicated by the two inner dotted vertical lines below the fiber in

Fig. 5.7B and 5.8B; the left inner line is labeled t=0ms. As described in Fig. 5.6 the

portion of the axon that was depolarized expanded during the course of the pulse the

range of this expansion is indicated by the two outer dotted vertical lines, the leftmost

of which is labeled t=0.2ms.

In Fig. 5.7 the response to stimulation over time in the same two compartments

from each fiber was observed: the first was located directly below the point source

and was 60µm from the fiber center (corresponding to the ’−+’ region in Fig. 5.6C)

while the second was located at the center of the fiber (Fig. 5.7C, blue and red traces

respectively). As expected spike initiation in the uniform fiber occurred directly below

the point source (left panel). The triggered spike propagated along the fiber and was

observed at the fiber center a short while later.
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Figure 5.7: A band of high density sodium channels influences the site of

spike initiation - (A) Comparison of two different biophysical structures: A straight
uniform axon without (left) and with (right) a centered high density band of voltage gated
sodium channels. (B) The circle depicts a point source stimulating both structures at
the same relative position. Dotted lines and arrows at the bottom indicate the border
between depolarization and hyperpolarization regions for activating function (t = 0ms);
solid vertical lines indicate membrane voltage at pulse offset (t = 0.2ms) (see Fig. 5.6A and
B). (C) Membrane voltage vs. time for two compartments: The red curve (’b’) indicates
response of the center-compartment whereas the compartment corresponding to the blue
trace (’a’) is located directly under the electrode. Stimulus amplitude is set to threshold
level on both sides. (D) Threshold level for different electrode positions along fiber shows
a threshold decrease that extends far beyond the actual band.
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5.5 Key components of activation

For the fiber with an incorporated band it was found that the spike was initiated

prior to the spike in the compartment directly below the point source although in this

region the activating function was negative. Because of the broadening effect during the

pulse the band compartments were depolarized after the end of the pulse and therefore

capable to be the site of spike initiation.

In Fig. 5.8 the response to stimulation of an electrode far outside the actual band

region (200µm away) was examined which means the compartment directly under the

electrode corresponded to the ’−−’ region in Fig. 5.6C. In case of the no-band situation

of course again the compartment directly under the stimulating electrode was the site

of spike initiation (Fig. 5.8C, left; as activating function predicts) but surprisingly in

the fiber with the band, the spike in the band region was initiated prior the spike in the

compartment directly below the point source (Fig. 5.8C, right). Further, this occurred

even though the activating function was negative in the center compartment and the

compartment remained hyperpolarized throughout the duration of the stimulus pulse

(’−−’ region). The threshold for the fiber with the band was less than that for the

uniform fiber, most likely because of the higher sodium channel conductivity.

One-dimensional threshold maps for both fibers were computed to explore how

the presence of the band influences threshold. When moving a stimulating electrode

along the axis of the uniform fiber the thresholds remained constant regardless of the

position of the stimulating electrode (Fig. 5.7D, 5.8D left). For the fiber with the

sodium channel band, threshold was lowest in the band area and surrounding regions

(Fig. 5.7D, 5.8D right).
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Figure 5.8: A band of high density sodium channels influences the site of

spike initiation. - (A) Comparison of two different biophysical structures: A straight
uniform axon without (left) and with (right) a centered high density band of voltage gated
sodium channels. (B) The circle depicts a point source stimulating both structures at
the same relative position. Dotted lines and arrows at the bottom indicate the border
between depolarization and hyperpolarization regions for activating function (t = 0ms);
solid vertical lines indicate membrane voltage at pulse offset (t = 0.2ms) (see Fig. 5.6A and
B). (C) Membrane voltage vs. time for two compartments: The red curve (’b’) indicates
response of the center-compartment whereas the compartment corresponding to the blue
trace (’a’) is located directly under the electrode. Stimulus amplitude is set to threshold
level on both sides. (D) Threshold level for different electrode positions along fiber shows
a threshold decrease that extends far beyond the actual band.
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5.5 Key components of activation

5.5.4 Parameter variation

To find the crucial parameters in the presented model two input variables were varied

to see their influence on action potential generation. First, the internal resistance ρi

was either decreased by a factor of 2 from 1.1Ω · m to 0.55Ω · m or increased by the

factor of 2 (2.2Ω · m) and 5 (5.5Ω · m), respectively. Furthermore, the sodium channel

density within the band was varied in the range from 140mS/cm2 to 1400mS/cm2.

Axon conductivity was held fixed at 70mS/cm2 which means that the ratio between

axon and sodium channel band conductivity varied from 1:2 to 1:20.

Fig. 5.9A shows computed threshold profiles for two fibers having the same axon to

band sodium channel ratio (1:5) but having different internal resistivities (1.1Ω ·m for

trace (’b’) and 5.5Ω · m for (’a’)). Axonal threshold for electrode positions far outside

the actual band region was higher for the fiber with a higher internal resistance. ’I’ and

’II’ indicate the begin of the region where threshold varied by less than 0.1µA. The

influence of the sodium channel band on the site of spike initiation was bigger for ’b’

(constant threshold at 290µm) than for the fiber that had a higher internal resistance

(threshold started to be constant for regions over 110µm away from band center).

In panel B of Fig. 5.9 two fibers having the same internal resistance (1.1Ω · m)

were compared. Trace ’a’ resulted from a five-fold increase of the sodium channel

conductance in the band whereas ’b’ resulted from a twenty-fold increase in the band

region. Both threshold profiles showed the same thresholds for axonal spiking but

the higher sodium channel conductance in trace ’b’ led to a bigger influence (= lower

thresholds) in the periphery of the band.

Fig. 5.9C and D summarize the results. A higher internal resistance led to smaller

axial currents which reduced the effect of the passive current propagation along the

fiber and consequently axon thresholds increased. A decrease of the sodium channel

density within the band lowered the influence because the threshold for spike initiation

increased.
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Figure 5.9: Band parameters strongly influence the site of spike initiation - (A)
One-dimensional threshold map for internal resistances of 5.5Ohm ·m (a) and 1.1Ohm ·m
(b). Red and blue crosses indicate begin of region where threshold varies by less than
0.1µA. (B) Threshold map for sodium channel density (gNa) ratios between axon and
band of 1 : 5 (a) and 1 : 20 (b). Again, red and blue crosses indicate begin of region where
threshold varies by less than 0.1µA. (C) Plots of internal resistance versus the location
where threshold varies by less than 0.1µA for four different gNa ratios between axon and
band (1:2, 1:5 1:10 1:20). The points labeled ’I’ and ’II’ correspond to ’I’ and ’II’ in panel
(A). (D) Plots of gNa ratio between band and axon versus points where threshold varies
by less than 0.1µA for four different internal resistances (0.55, 1.1, 2.2, 5.5Ohm · m). The
points labeled ’I’ and ’II’ correspond to ’I’ and ’II’ in panel (B).
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5.5 Key components of activation

5.5.5 Artificial voltage profiles

For a better understanding of the mechanisms that lead to an action potential gener-

ation external voltage profiles which had the shape of gaussian curves were applied to

the model neuron. σ2 was varied to see the influence of different widths of the voltage

distributions (Fig. 5.10A) and the corresponding first (Fig. 5.10B) and second (Fig.

5.10C) derivatives.

Thresholds for four different fiber configurations (sodium channel density and ratio

was varied) (Fig. 5.10D) were calculated. The scaling factor K was the multiplication

factor for the probability distribution function (= applied gaussian curve). Lower

σ2 that correspond to sharper voltage distributions showed lower thresholds whereas

broader voltage profiles resulted in higher K values. The peak of the applied gaussian

voltage profile against σ2 at threshold level was plotted in Fig. 5.10E and 5.10F. A

straight, uniform axon (axon to band sodium channel density ratio = 1:1) showed the

lowest peak value for a σ2 = 1000 whereas for axons with an incorporated band of

highly dense sodium channels lowest peak values occurred at σ2 = 400 (Fig. 5.10F).

Doubling and halving length of the sodium channel band (20µm, 40µm, 80µm band

length) showed similarities in the region of lowest peak values of the gaussian curve but

different thresholds for broad voltage profiles (Fig. 5.11A). The minimum for all three

curves was observed at σ2=400. For a fixed band sodium channel density (350mS/cm2)

and three different band to axon ratios (10:1, 5:1, 2.5:1) results also showed almost no

differences within the minimum region (again σ2=400) (Fig. 5.11B).
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Figure 5.10: Different gaussian voltage profiles change the response of the high

density sodium channel band. - (A,B,C) Three different gaussian voltage profiles (A)

and their first ((B), i.e. electric field) and second ((C), i.e. dV
2

d2x
) derivatives. (a) corresponds

to σ2=22500, (b) σ2=2500 and (c) σ2=400. (D) Plots of σ2 versus the scaling factor K at
threshold for different band/axon-configurations. (I): Uniform sodium channel density of
70mS/cm2. (II): Band sodium channel density of 150mS/cm2 and axon sodium channel
density of 30mS/cm2 (ratio 5:1). (III): Band sodium channel density of 350mS/cm2 and
axon sodium channel density of 70mS/cm2 (ratio 5:1). (IV): Band sodium channel density
of 500mS/cm2 and axon sodium channel density of 100mS/cm2 (ratio 5:1). (E) Plot of σ2

versus the peak of the applied gaussian voltage profile for a straight uniform axon. The
lowest gaussian peak value (vertical line) corresponds to a σ2 of 1000. (F) Plots of σ2

versus the peak of the applied gaussian voltage profiles. Labels (I,II,II,IV) correspond to
the four configurations in (D). The two vertical lines show the minimum for every curve.

56

5_computational_results/figures/Fig7.eps


5.5 Key components of activation

0 2500 10000 22500 40000 0 2500 10000 22500 40000

p
e

a
k
 o

f 
g

a
u

s
s
ia

n
 [
m

V
]

p
e

a
k
 o

f 
g

a
u

s
s
ia

n
 [
m

V
]

-50

-60

-70

-80

-90

-40

-30

-50

-60

-70

-80

-90

-40

-30

A B

I

II
III

III

II

I

σ²σ²

Figure 5.11: Band parameters influence the response to voltage gaussian pro-

files. - (A) Plots of σ2 versus the threshold level (peak of the applied gaussian profile) for
three different band lengths (20µm (a), 40µm (b), 80µm (c)). (B) Plots for three differ-
ent ratios of the band to axon sodium channel density (10:1 (a), 5:1 (b), 2.5:1 (c)), band
sodium channel density was fixed at 350mS/cm2.
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Chapter 6

Conclusion

The computational results presented in section 5 show various drawbacks. Therefore,

all shown data should be seen from a critical point of view. Disadvantages of modeling

as well as the obtained results are discussed in this chapter. Furthermore, the simpli-

fications which were made and the consequent limitations are reviewed. Additionally,

future work and improvements for new computational models are presented.

6.1 Restrictions in modeling

Limitations in mathematical modeling arise from various factors:

• Complex geometry of the retina (Finite Element model)

• Complex geometry of the stimulated nerve fiber (compartment model)

• Accuracy of biophysical parameters

• Temporal parameters / Action potential detection

• Ion channel dynamics
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6.2 Discussion of results

The modeling of a Finite Element model always comes along with various simplifi-

cations. First, the retina is a complex, inhomogeneous medium with several layers and

dozens of cell types. This conglomerate of cell material can not be modeled accurately.

The geometry of the models presented in section 5 always consists of perfectly modeled

blocks with given dimensions. The corresponding electric properties for every layer

showed isotropic behavior. However, two different finite element models for the retina

were compared without showing large differences in potential generation.

As seen in Fig. 5.3 the response during electric stimulation was compared for

two different neuronal structures. Threshold profiles for a more realistic geometry

compared to a straight fiber showed considerable differences. However, a much shorter

computation time and easier methods to analyze a simple cell geometry led to presented

model neuron.

Experimental determined biophysical parameters vary across different measure-

ments. In this study various parameter combinations were computed to see the influence

of each of them. As a result the sodium channel conductivity within the sodium channel

band seems to be the factor having the biggest impact on thresholds. However, also

internal resistance as well as fiber diameter are important parameters.

To decide whether an action potential occurred during stimulation or not different

criteria can be used. In this study the zero crossing of at least one compartment

within 10ms after pulse onset was used. Change of this parameter will also change

the obtained computational results. The FCM model that described the ion channel

dynamics tended to self-spiking after a certain period of time. The high sodium channel

density and corresponding membrane conductance was responsible for this effect. A

higher potassium density was used to balance the membrane currents but for high

sodium channel densities it was not possible to avoid self-spiking.

6.2 Discussion of results

The results presented in chapter 5 try to reveal the key components of electric stimu-

lation for straight axons with an incorporated band of highly dense sodium channels.

The influence of this structure on action potential generation and the location where

the spike occurs was examined as well. The aim was to find better stimulation patterns

for epi-retinal stimulation in retinal implants.
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6.2 Discussion of results

6.2.1 Action potential criterion

The activating function gives us a good prediction for spike initiation in straight, uni-

form axons. However, if a structure like band of highly dense sodium channels occurs

the situation becomes more complex. Section 5.5.1 tries to examine electric properties

and their influence on spike generation for this kind of fiber. The second derivative

of the applied voltage, having the same positive and negative regions as the activating

function, is found to be negative for some points on the threshold map provided by

Fried et al. This contradicts the principle of the activating function which states that

regions with positive activating function values are likely to initiate a spike whereas

regions showing negative activating function values are not.

This finding led to an examination of the membrane voltage for various compart-

ments over time. Since the activating function only takes the very first moment of ac-

tivation into account the results after a certain time show different polarization results.

Regions with negative activating functions are able to show a depolarized membrane

after pulse offset. All six chosen electrode positions from the threshold map show de-

polarized membranes within the band region after pulse offset. This fact makes these

compartments likely to be the site of spike initiation as assumed.

6.2.2 Band influence

A huge issue of epi-retinal prostheses is to focally activate retinal ganglion cells with-

out influencing passing axons from neurons that are located far away. Therefore, the

main goal for better stimulation strategies should be to increase the difference between

activation thresholds. If there is a way to decrease the threshold for regions around the

sodium channel band without decreasing the threshold for simple axons this can help

to avoid activation of these fibers. This can be achieved by two ways: (1) Positioning

of the stimulating electrode close to the sodium channel band and (2) the finding of

certain pulse forms which have a stronger influence on the band than on passing axons.

As seen in section 5 the conductance, corresponding to the number of ion channels,

of the cell membrane within the band region has the biggest influence on activation

thresholds and the site of spike initiation. Immunochemical studies suggest an ap-

proximate five-fold increase of sodium channels within the band. The examination for

higher and lower sodium channel concentrations show that higher concentrations lead
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6.3 Further work

to a larger influence on site of spike initiation whereas lower numbers do not influence

activation as much. Threshold values decrease when sodium conductance is increased

and higher activation currents are needed when sodium conductance is lowered.

Artificial voltage profiles like gaussian curves show that certain widths of gaussian

voltage distributions have a larger influence on the sodium channel band than on plain

axons. This makes it possible to increase the existing threshold difference between band

region and axonal parts and therefore achieve a more focal stimulation of neurons.

6.3 Further work

The presented work tries to give new insights into the activation mechanisms of retinal

ganglion cells during epi-retinal stimulation. However, modeling and computation of

results can always be improved. Errors that origin from compartment modeling and

Finite Element calculations can be minimized to a certain extent and biophysical input

parameters are getting preciser because of improved experimental procedures.

The used Fohlmeister-Coleman-Miller model (FCM) was derived from measure-

ments in salamander retina. A newer model derived from spike train recordings in rats

and cats (Fohlmeister et al., 2010) also includes temperature dependent mechanisms.

Further studies should use this model to improve the accuracy of the results. The previ-

ously mentioned self-spiking in fibers with a high sodium channel density is a unsolved

problem as well.

Furthermore, this study only examines a simple geometry to gather knowledge on

the basic principles of fiber activation. Cell geometries containing more details will lead

to more accurate results and will also take geometrical influences into account.
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Chapter 7

Appendix

This section provides the MatLab code that was used for the previously presented com-

puter simulations. The calculation of electric potentials generated by a cone electrode

in a heterogeneous medium is shown as well as the computation of transmembrane

voltage over time for a given nerve fiber. Also the code to model the FCM ion channel

dynamics is shown.

% run simulation for FCM model on a straight fiber with an inco rporated ...

% sodium channel BAND

clear global Data

global Data

% geometry parameters

Data.geom.xRange = 1500e−6; % in m

Data.geom.lengthComp = 10e−6; % in m

Data.geom.lengthBand = 40e−6; % in m

Data.geom.elecXOffset = 0; % in m

Data.geom.elecYOffset = 0; % in m

Data.geom.radiusComp(1:countComp) = 1e −6; % in m

% Band−parameters

startBand = ((Data.geom.xRange) ...

/Data.geom.lengthComp+1) −((Data.geom.lengthBand/ ...

Data.geom.lengthComp)/2);

endBand = ((Data.geom.xRange) ...

/Data.geom.lengthComp+1)+((Data.geom.lengthBand/ ...
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Data.geom.lengthComp)/2);

countComp = (Data.geom.xRange * 2) ...

/Data.geom.lengthComp+1;

% general parameters

Data.elec.restingV = −65; % in mV

% Fohlmeister −Coleman−Miller parameters

Data.elec.FCM.rhoInt = 0.0011; % in kOhm* m

Data.elec.FCM.c = 10000; % in microF/m2

Data.elec.FCM.VNa = 100; % in mV

Data.elec.FCM.VK = −10; % in mV

Data.elec.FCM.VL = 0; % in mV

Data.elec.FCM.gNa(1:startBand −1) = 700000; % in mS/m2

Data.elec.FCM.gNa(startBand:endBand) = 3500000; % in mS/m2

Data.elec.FCM.gNa(endBand+1:countComp) = 700000; % in mS/m2

Data.elec.FCM.gK(1:startBand −1) = 180000; % in mS/m2

Data.elec.FCM.gK(startBand:endBand) = 9000000; % in mS/m2

Data.elec.FCM.gK(endBand+1:countComp) = 180000; % in mS/m2

Data.elec.FCM.gCa(1:startBand −1) = 0; % in mS/m2

Data.elec.FCM.gCa(startBand:endBand) = 15000; % in mS/m2

Data.elec.FCM.gCa(endBand+1:countComp) = 0; % in mS/m2

Data.elec.FCM.gA(1:startBand −1) = 0; % in mS/m2

Data.elec.FCM.gA(startBand:endBand) = 540000; % in mS/m2

Data.elec.FCM.gA(endBand+1:countComp) = 0; % in mS/m2

Data.elec.FCM.gKCa(1:startBand −1) = 650; % in mS/m2

Data.elec.FCM.gKCa(startBand:endBand) = 650; % in mS/m2

Data.elec.FCM.gKCa(endBand+1:countComp) = 650; % in mS/m2

Data.elec.FCM.gL(1:startBand −1) = 50; % in mS/m2

Data.elec.FCM.gL(startBand:endBand) = 50; % in mS/m2

Data.elec.FCM.gL(endBand+1:countComp) = 50; % in mS/m2

Data.elec.FCM.m0 = 0.0184; % initial value for gating m

Data.elec.FCM.h0 = 0.9278; % initial value for gating h

Data.elec.FCM.c0 = 0.0019; % initial value for gating c

Data.elec.FCM.n0 = 0.0848; % initial value for gating n

Data.elec.FCM.a0 = 0.0470; % initial value for gating a

Data.elec.FCM.ha0 = 0.4063; % initial value for gating ha

Data.elec.FCM.Ca2Res = 0.0001; % in mM/dm3
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Data.elec.FCM.Ca2InInit = 0.0001; % in mM/dm3 init for Ca2In

Data.elec.FCM.Ca2Ex = 1.8; % in mM/dm3

Data.elec.FCM.Ca2Diss = 0.001; % in mM/dm3

Data.elec.FCM.Tau = 1.5; % in ms

Data.elec.FCM.T = 295.15; % in degree Kelvin

Data.elec.FCM.F = 96484.5; % in C/M

Data.elec.FCM.R = 8.31441; % in J/(M * K)

% temporal parameters

Data.time.delay = 1; % in ms

Data.time.duration = .2; % in ms

Data.time.tStop = 20; % in ms

Data.time.dt = 0.01; % in ms

% start calculation

calcVM FnFCM

% plot activating function, external voltage and maxVM

plotFn

% plot time course of membrane voltage

plotVm
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% start calculation of electrical parameters, Activating f unction & ...

% Membrane voltage over time

global Data

% parameters

lengthComp = Data.geom.lengthComp;

radiusComp = Data.geom.radiusComp;

xRange = Data.geom.xRange;

elecXOffset = Data.geom.elecXOffset;

elecYOffset = Data.geom.elecYOffset;

c = Data.elec.FCM.c;

rhoInt = Data.elec.FCM.rhoInt;

delay = Data.time.delay;

duration = Data.time.duration;

dt = Data.time.dt;

tStop = Data.time.tStop;

% build compartment model (m / m2)

x = −xRange+elecXOffset:lengthComp:xRange+elecXOffset;

n seg = length(x);

y(1:n seg) = elecYOffset;

z(1:n seg) = 30e −6;

centers = [x;y;z]';

% calculate compartment lengths (m)

lengthsComp(1:n seg) = lengthComp;

lengthsComp = lengthsComp';

% calculate surface (m2) / volume (m3) & capacity (microF) fo r all ...

% compartments

A = zeros(n seg,1);

A(1) = 2 * radiusComp(1) * pi * lengthsComp(1) + radiusComp(1)ˆ2 * pi;

A(end) = A(1);

A(2:end −1) = 2. * radiusComp(2:end −1)' * pi. * lengthsComp(2:end −1);

V = radiusComp'.ˆ2 * pi. * lengthsComp;

C = A* c;

% calculate half resistance (kOhm) for all compartments

RhoInt2 = (2 * rhoInt * lengthsComp)./(((2 * radiusComp').ˆ2) * pi);

% calculate external voltage (mV) FEM
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Data.comsol.FEM.xmesh = meshextend(Data.comsol.FEM);

potentials = postinterp(Data1.comsol.FEM, 'V' ,centers' * 1000);

potentials = potentials' * 1000;

% calculate external voltage (mV) Analytical solution

potentials = ((Data.rhoI *−IStim * 1e−3)./ ...

(4 * pi * sqrt(x.ˆ2+y.ˆ2+z.ˆ2)));

potentials = potentials';

% calculate first part of activating function (in microA)

fn1 = zeros(n seg,1);

fn1(1) = (potentials(2) −potentials(1))./ ... % first compartment

(RhoInt2(2)+RhoInt2(1));

fn1(end) = (potentials( end−1)−potentials(end))./ ... % last compartment

(RhoInt2( end−1)+RhoInt2(end));

fn1(2:end −1) = (potentials(1:end −2)−potentials(2:end −1))./ ...

(RhoInt2(1:end −2)+RhoInt2(2:end −1))+(potentials(3:end) −...

potentials(2:end −1))./(RhoInt2(3:end)+RhoInt2(2:end −1));

% calculate activating function for all compartments (in V/ s)

fn = fn1./C;

% store parameters back to global variable

Data.geom.n seg = n seg;

Data.geom.centers = centers; % in m

Data.geom.lengthsComp = lengthsComp; % in m

Data.geom.radiusComp = radiusComp; % in m

Data.elec.FCM.A = A; % in m2

Data.elec.FCM.V = V; % in m3

Data.elec.FCM.C = C; % in microF

Data.elec.FCM.RhoInt2 = RhoInt2; % in kOhm

Data.elec.potentials = potentials; % in mV

Data.elec.fn1 = fn1; % in mV

Data.elec.fn = fn; % in mV/ms

% solve ODE with initial conditions

timeStep = 0:dt:tStop; % time steps for ODE

VmInit(1:n seg) = 0; % initial condition Vm == 0

CaInit(1:n seg) = Data.elec.FCM.Ca2InInit; % init con Ca2In == Ca2Res

m0(1:n seg) = Data.elec.FCM.m0; % init value for gating variable m

h0(1:n seg) = Data.elec.FCM.h0; % init value for gating variable h

c0(1:n seg) = Data.elec.FCM.c0; % init value for gating variable c

n0(1:n seg) = Data.elec.FCM.n0; % init value for gating variable n

a0(1:n seg) = Data.elec.FCM.a0; % init value for gating variable a

ha0(1:n seg) = Data.elec.FCM.ha0; % init value for gating variable ha
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iNa(1:n seg) = 0; % initialize sodium current

iK(1:n seg) = 0; % initialize potassium current

iCa(1:n seg) = 0; % initialize calcium current

iKA(1:n seg) = 0; % initialize potassium current

iKCa(1:n seg) = 0; % initialize potassium current

iL(1:n seg) = 0; % initialize leak current

IStim(1,n seg) = 0;

IOhm(1,n seg) = 0;

tic

[timeStep,Vm] = ode23(@activeFCMODE, timeStep, [VmInit m 0 h0 c0 n0 ...

a0 ha0 CaInit iNa iK iCa iKA iKCa iL IStim IOhm]);

fprintf( 'ODE (Vm) calculation takes %f seconds. \n' , toc);

% store parameters back to global variable

Data.elec.Vm = Vm;

Data.elec.timeStep = timeStep;
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% computes ordinary differential equation for transmembra ne voltage ...

% over time

function dAlldt = activeFCMODE(t, initialCon)

global Data

% parameters

n seg = Data.geom.n seg;

potentials = Data.elec.potentials; % in mV

restingV = Data.elec.restingV; % in mV

A = Data.elec.FCM.A; % in m2

V = Data.elec.FCM.V; % in m3

RhoInt2 = Data.elec.FCM.RhoInt2'; % in kOhm

C = Data.elec.FCM.C; % in microF

gNa = Data.elec.FCM.gNa; % in ms/m2

gCa = Data.elec.FCM.gCa; % in ms/m2

gK = Data.elec.FCM.gK; % in ms/m2

gA = Data.elec.FCM.gA; % in ms/m2

gKCa = Data.elec.FCM.gKCa; % in ms/m2

gL = Data.elec.FCM.gL; % in ms/m2

VNa = Data.elec.FCM.VNa; % in mV

VK = Data.elec.FCM.VK; % in mV

VL = Data.elec.FCM.VL; % in mV

R = Data.elec.FCM.R; % in J/(M * K)

T = Data.elec.FCM.T; % in Kelvin

F = Data.elec.FCM.F; % in C/M

Tau = Data.elec.FCM.Tau; % in ms

Ca2Res(1:n seg) = Data.elec.FCM.Ca2Res; % in mM/dm3

Ca2Ex(1:n seg) = Data.elec.FCM.Ca2Ex; % in mM/dm3

Ca2Diss(1:n seg) = Data.elec.FCM.Ca2Diss; % in mM/dm3

delay = Data.time.delay; % in ms

duration = Data.time.duration; % in ms

% initial conditions

Vm = initialCon(1:n seg,1)';

m = initialCon(n seg+1:2 * n seg,1)';

h = initialCon(2 * n seg+1:3 * n seg,1)';

c = initialCon(3 * n seg+1:4 * n seg,1)';

n = initialCon(4 * n seg+1:5 * n seg,1)';

a = initialCon(5 * n seg+1:6 * n seg,1)';

ha = initialCon(6 * n seg+1:7 * n seg,1)';
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Ca2In = initialCon(7 * n seg+1:8 * n seg,1)';

% initialize stimulus

IStim = zeros(1,n seg);

IAxial = zeros(1,n seg);

% switch on stimulus during a certain period

if t >= delay && t < delay + duration % in ms

Ve = potentials';

else

Ve = zeros(1,n seg);

end

% calculate new membrane & ohmic currents for every compartm ent

% first compartment

IStim(1) = (Ve(2) −Ve(1))./(RhoInt2(2)+RhoInt2(1)); % in mV/kOhm=microA

IAxial(1) = (Vm(2) −Vm(1))./(RhoInt2(2)+RhoInt2(1)); % in mV/kOhm=microA

% last compartment

IStim(end) = (Ve( end−1)−Ve(end))./ ... % in mV/kOhm=microA

(RhoInt2( end−1)+RhoInt2(end));

IAxial(end) = (Vm( end−1)−Vm(end))./ ... % in mV/kOhm=microA

(RhoInt2( end−1)+RhoInt2(end));

% in between compartments

IStim(2:end −1) = (Ve(1:end −2)−Ve(2:end −1))./ ... % in mV/kOhm=microA

(RhoInt2(1:end −2)+RhoInt2(2:end −1)) + (Ve(3:end) −Ve(2:end −1))./ ...

(RhoInt2(3:end)+RhoInt2(2:end −1));

IAxial(2:end −1) = (Vm(1:end −2)−Vm(2:end −1))./ ... % in mV/kOhm=microA

(RhoInt2(1:end −2)+RhoInt2(2:end −1)) + (Vm(3:end) −Vm(2:end −1))./ ...

(RhoInt2(3:end)+RhoInt2(2:end −1));

% calculate ionic current for FCM model

% sodium current activation

alphaM = (0.6 * (35 −Vm))./(exp(0.1 * (35 −Vm))−1);

betaM = 20 * exp((10 −Vm)/18);

dmdt = −(alphaM + betaM). * m + alphaM;

% sodium current inactivation

alphaH = 0.4 * exp((15 −Vm)/20);

betaH = 6./(exp(0.1 * (45 −Vm))+1);

dhdt = −(alphaH + betaH). * h + alphaH;

% sodium current

iNa = gNa. * m.ˆ3. * h. * (Vm − VNa); % in mS/m2* mV=microA/m2
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% calcium current activation

alphaC = (0.3 * (52 −Vm))./(exp(0.1 * (52 −Vm))−1);

betaC = 10 * exp((27 −Vm)/18);

dcdt = −(alphaC + betaC). * c + alphaC;

% calculate VCa

VCa = (((R * T)/(2 * F))) * log(Ca2Ex./Ca2In) − restingV;

% calcium current

iCa = gCa. * c.ˆ3. * (Vm − VCa); % in mS/m2* mV=microA/m2

% calculate Ca2In (divide by 10000 because of microA/cm2!!! )

dCa2Indt = (( −A'. * (iCa/10000))./(2 * V' * F)) −((Ca2In −Ca2Res)/Tau);

% potassium current activation

alphaN = (0.02 * (25 −Vm))./(exp(0.1 * (25 −Vm))−1);

betaN = 0.4 * exp((15 −Vm)/80);

dndt = −(alphaN + betaN). * n + alphaN;

% potassium current

iK = gK. * n.ˆ4. * (Vm − VK); % in mS/m2* mV=microA/m2

% potassium A current activation

alphaA = (0.006 * (−25−Vm))./(exp(0.1 * (−25−Vm))−1);

betaA = 0.1 * exp((35 −Vm)/10);

dadt = −(alphaA + betaA). * a + alphaA;

% potassium A current inactivation

alphaHa = 0.04 * exp(( −5−Vm)/20);

betaHa = 0.6./(exp(0.1 * (25 −Vm))+1);

dhadt = −(alphaHa + betaHa). * ha + alphaHa;

% potassium A current

iKA = gA. * a.ˆ3. * ha. * (Vm − VK); % in mS/m2* mV=microA/m2

% calculate GKCaBar

gKCaBar = gKCa. * (((Ca2In./Ca2Diss).ˆ2)./(1+(Ca2In./Ca2Diss).ˆ2));

% % potassium Ca current

iKCa = gKCaBar. * (Vm−VK);

% leakage current

iL = gL. * (Vm − VL); % in mS/m2* mV=microA/m2

% whole ionic current

70



iIon = iNa + iCa + iK + iKA + iKCa + iL; % in microA/m2

IIon = iIon. * A'; % in microA

% whole time course equation

dVdt = ( −IIon + IAxial + IStim)./C'; % in microA/microF=V/s == mV/ms

% all variables

dAlldt = [dVdt, dmdt, dhdt, dcdt, dndt, dadt, dhadt, dCa2Ind t, iNa, ...

iK, iCa, iKA, iKCa, iL, IStim./A', IAxial./A']';
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% starts FEM simulation / input parameters for the Finite Ele ment model

clear all

global Data

% COMSOL parameters

Data.comsol.simType = 'rotConeElectrode' ; % type of electrode

% parameters for all electrodes

Data.comsol.IStim = −10e−6; % in A

Data.comsol.solve = 1; % solve FEM Y/N

% resistivities for subunits

Data.comsol.rhoRetina = 50.5; % in Ohm* cm

Data.comsol.rhoSclera = 505; % in Ohm* cm

Data.comsol.rhoElectrode = 1.05e −7; % in Ohm* cm

% geometric parameters electrode

Data.comsol.radiusCone = 15e −6; % in m;

Data.comsol.heightCone = 35e −6; % in m;

Data.comsol.rotDeg = 10; % in deg

% geometric parameters 'fiber'

Data.elec.xRange = 1000e−6; % in m

Data.elec.lengthComp = 1e−6; % in m

Data.elec.countComp = ((2 * Data.elec ...

.xRange)/Data.elec.lengthComp) + 1; % number of 'compartments'

Data.elec.xCoordinate(1:(Data.elec.countComp+1)/2) = (−Data.elec ...

.xRange −30e−6:Data.elec.lengthComp:00 −30e−6); % in m

Data.elec.yCoordinate(1:(Data.elec.countComp+1)/2) = 21e−6−60e−6; % in m

Data.elec.zCoordinate(1:(Data.elec.countComp+1)/2) = 30e−6; % in m

Data.elec.fiberDepth = 5e−6; % in m

% start calculate FEM data

calcFEMData
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% input file for COMSOL Multiphysics to calculate external p otentials

function fem = rotConeElectrode(zCoordinate, fiberDepth, radiusC one, ...

heightCone, IStim, rhoRetina, rhoAmes, rhoElectrode, rot Deg)

% COMSOL Multiphysics Model M −file

% Generated by COMSOL 3.4 (COMSOL 3.4.0.248, $Date: 2007/10 /10 16:07:51 $)

flclear fem

% COMSOL version

clear vrsn

vrsn.name = 'COMSOL 3.4' ;

vrsn.ext = '' ;

vrsn.major = 0;

vrsn.build = 248;

vrsn.rcs = '$Name: $' ;

vrsn.date = '$Date: 2007/10/10 16:07:51 $' ;

fem.version = vrsn;

% Geometry

g1=block3( '5' , '1' ,0.5 −zCoordinate * 1e3+fiberDepth * 1e3, 'base' , 'center' , ...

'pos' , {' −1.5' , '0' ,0.25+(zCoordinate * 1e3)/2 −fiberDepth * 1e3/2 }, ...

'axis' , {'0' , '0' , '1' }, 'rot' , '0' );

g2=block3( '5' , '1' ,0.5+zCoordinate * 1e3−fiberDepth * 1e3, 'base' , 'center' , ...

'pos' , {' −1.5' , '0' , −0.25+(zCoordinate * 1e3)/2 −fiberDepth * 1e3/2 }, 'axis' , ...

{'0' , '0' , '1' }, 'rot' , '0' );

g3=cone3(radiusCone * 1e3,heightCone * 1e3,num2str(atand(radiusCone/ ...

heightCone), '% 2.10f' ), 'pos' , {'0' , '0' , −heightCone * 1e3}, 'axis' , ...

{'0' , '0' , '1' }, 'rot' , '0' );

g3=rotate(g3,(((90 −(rotDeg+(atand(radiusCone/heightCone))))/360) * 2* pi), ...

[1,0,0],[0,0,0]);

g4=block3( '4.0' , '0.1' , '0.06' , 'base' , 'center' , 'pos' , {' −1.5' , '0.015' , ...

'0.015' }, 'axis' , {'0' , '0' , '1' }, 'rot' , '0' );

% Analyzed geometry

clear s

s.objs= {g1,g2,g3,g4 };

s.name= {'Retina' , 'Sclera' , 'Electrode' , 'FineMesh' };

s.tags= {'g1' , 'g2' , 'g3' , 'g4' };

fem.draw=struct( 's' ,s);

fem.geom=geomcsg(fem);

% Initialize mesh
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fem.mesh=meshinit(fem, ...

'hauto' ,5, ...

'hgradsub' ,[4,1.2], ...

'hmaxsub' ,[4,0.01]);

% (Default values are not included)

% Application mode 1

clear appl

appl.mode.class = 'EmConductiveMediaDC' ;

appl.module = 'ACDC' ;

appl.border = 'on' ;

appl.assignsuffix = ' emdc' ;

clear bnd

bnd.Jn = {0,0,0,(IStim * 1e3)/(pi * radiusCone * 1e3* sqrt((radiusCone * 1e3)ˆ2+ ...

(heightCone * 1e3)ˆ2)),0 };

bnd.type = {'V0' , 'cont' , 'cont' , 'dnJ' , 'cont' };

bnd.name = {'System' , 'ScleraRetina' , 'FineMesh' , 'ElectrodeActive' , ...

'ElectrodeInactive' };

bnd.ind = [1,1,1,1,1,2,1,1,1,3,3,3,3,3,2,3,3,3,4,5,4, 4,3,5,4,4,4,4,4,3, ...

3,1,1];

appl.bnd = bnd;

clear equ

equ.sigma = {1/rhoAmes, {1/rhoRetina;1/(1 * rhoRetina);1/rhoRetina }, ...

1/rhoElectrode };

equ.name = {'Sclera' , 'Retina' , 'Electrode' };

equ.ind = [1,2,1,2,3,3];

appl.equ = equ;

fem.appl {1} = appl;

fem.frame = {'ref' };

fem.border = 1;

clear units;

units.basesystem = 'SI' ;

fem.units = units;

% ODE Settings

clear ode

clear units;

units.basesystem = 'SI' ;

ode.units = units;

fem.ode=ode;

% Multiphysics

fem=multiphysics(fem);

% Extend mesh
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fem.xmesh=meshextend(fem);

% Solve problem

fem.sol=femstatic(fem, ...

'solcomp' , {'V' }, ...

'outcomp' , {'V' }, ...

'linsolver' , 'cg' , ...

'prefun' , 'amg' );

% Save current fem structure for restart purposes

fem0=fem;

% Plot solution

postplot(fem, ...

'slicedata' , {'V' , 'cont' , 'internal' , 'unit' , 'V' }, ...

'slicexspacing' ,1, ...

'sliceyspacing' ,0, ...

'slicezspacing' ,0, ...

'slicemap' , 'jet(1024)' , ...

'title' , 'Slice: Electric potential [V]' , ...

'grid' , 'on' , ...

'campos' ,[ −4.5657107175654055, −5.950150052184264, ...

4.330127018922192], ...

'camtarget' ,[0,0,0], ...

'camup' ,[0,0,1], ...

'camva' ,11.62367248025657);
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