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Abstract

Aim: To explore the natural origin and changing behavior of neural responses depending on varying conditions, computational modeling
of single-neuron or cluster of neurons using multi-compartmental models can provide very consistent predictions integrating with
experimental work. Neural electrodes are fundamental therapeutic and diagnostic tools for a large variety of conditions. Understanding,
individually or together neuronal responses, is critical for therapeutic and diagnostic techniques while dealing with certain neuropathies
like Epilepsy or Parkinson's. The electrodes with different sizes and materials are the only way to interface the nervous system when it
is needed to restore sensory or motor functions somehow.

Material Method: Multi-compartmental neuron model is prepared by using a neuron with 3D realistic morphology from the neocortex.
It is analyzed to see neurons' response to extracellular stimulation using a point source situated in two different locations, one at a time.
Ideal conditions are considered for the point source. NEURON v8.0 is used for simulations. The stimulation pulse width, frequency,
and amplitude are 1 ms, 20 Hz, and 250 nA respectively.

Results: It is seen that the extracellular voltage profile is as expected, then it shifts towards where the stimulation electrode is moved.
Closer neural compartments are better targets to generate action potential first. The effect of extracellular stimulation decreases as it
moves from the source, but other compartments that are relatively in distance can also generate an action potential in several
milliseconds after stimulation onset.

Conclusion: Findings confirm multi-compartmental models are well-suited to predict neuronal responses. Different numbers and types
of neurons' responses can be examined together with a complex realistic morphology. Parameters related to experimental conditions,
like stimulation and recording, can also be analyzed.
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Neokorteksin Hiicre Dis1 Uyarilmasina Yonelik Cok Bolmeli
Modelleme

Oz

Amag: Degisen kosullara bagli olarak noral yanitlarin dogal kdkenini ve degisen davranigini aragtirmak icin, ¢ok bdlmeli modeller
kullanarak tek néron veya noron kiimesinin hesaplamali modellemesi, deneysel ¢alisma ile biitiinlesen ¢ok tutarli tahminler saglayabilir.
Noral elektrotlar, ¢ok gesitli kosullar igin temel terapotik ve teshis araglaridir. Epilepsi veya Parkinson gibi belirli noropatilerle
ugrasirken, tek tek veya birlikte néronal tepkileri anlamak, terapdtik ve tanisal teknikler igin kritik dneme sahiptir. Farkli boyut ve
malzemelere sahip elektrotlar, duyusal veya motor iglevlerin bir sekilde yeniden saglanmasi gerektiginde sinir sistemiyle arayiiz
olusturmanin tek yoludur.

Gere¢ Yontemi: Neokorteksten alinan 3B gercek¢i morfolojiye sahip bir néron kullanilarak ¢ok bolmeli néron modeli hazirlanir. Her
seferinde bir tane olmak iizere iki farkli yerde bulunan bir nokta kaynagi kullanilarak néronlarin hiicre dis1 uyarima tepkisini gormek
icin analiz edilir. Nokta kaynak i¢in ideal kosullar g6z 6niinde bulundurulur. NEURON v8.0 simiilasyonlar i¢in kullanilir. Stimiilasyon
darbe genisligi, frekans1 ve genligi sirasiyla 1 ms, 20 Hz ve 250 nA'dur.

Bulgular: Hiicre dis1 voltaj profilinin beklendigi gibi oldugu, ardindan stimiilasyon elektrotunun hareket ettigi yere dogru kaydig:
goriildii. Daha yakin noral boélmeler, dnce aksiyon potansiyeli olusturmak i¢in daha iyi hedeflerdir. Kaynaktan hareket ettik¢e hiicre dist
stimiilasyonun etkisi azalir, ancak nispeten uzakta olan diger kompartmanlar da stimiilasyonun baslamasindan birka¢ milisaniye sonra
bir aksiyon potansiyeli olusturabilir.

Sonug: Bulgular, ¢ok bolmeli modellerin noronal tepkileri tahmin etmek igin ¢ok uygun oldugunu dogrulamaktadir. Farkli say1 ve tipteki
ndronlarin tepkileri, karmasik bir gerceke¢i morfoloji ile birlikte incelenebilir. Stimiilasyon ve kayit gibi deneysel kosullarla ilgili
parametreler de analiz edilebilir.

Anahtar Kelimeler: islemsel modelleme, néron modeli, Hodgkin Huxley, sinirbilim, uyartim, elektrot.
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1. Introduction

Neurological disorders have many adverse effects for
patients’ social life. Micro electrodes are widely used for both
therapeutic approaches and diagnostic techniques. Either
relatively large electrodes, around 10 mm?2 to 0.3 mm?2 surface
area, for monitoring of Epilepsy and local field potential resulted
from deep brain stimulation for the motor symptoms of
Parkinson’s disease or microelectrodes for single neuron activity
are clinically used to probe large number of neurons activity
within the brain [1-3]. They are also critical elements for brain-
machine interfaces to monitor sensory, motor and cognitive
functionality with high resolution in cellular scale [4-9].

Experimental studies suffer from getting useful information
when electrodes aren’t situated near the targeted cells. It is
reported that electrode arrays with low number of channels are not
qualified for clinical use because of tissue damage, body reaction
and inability to reach neurons within 100 pm distance [7-11]. In
clinical treatments, advancing from macro-scoping scale, in mm,
to micro scale in order to obtain advanced approaches by
precisely, even selectively, reaching small neuron populations is
the current challenge. Moreover, it is not clear how electrodes
with various shapes and dimensions perform to monitor unit or
ensemble activity, which limits understanding of cellular level
mechanisms and capabilities of developed systems [12-14].

To increase the efficiency of experimental work and to
investigate natural origin of the neural signals, computational
modeling approaches offer powerful advantages in terms of
predicting neural activity accurately. It has a potential for
technological improvements by optimizing either electrode
design parameters or experimental settings.

Moffitt and Mclntyre mimicked single unit activity from
brain surface using multi compartmental model and resulted that
model neuron was consistent with experimental recording, also
predicted well signal amplitude for encapsulation and coating [6].
Other studies showed that electrodes with certain shapes might be
more selective [15]. Together with volume conductor models, it
was reported that central nervous system stimulation triggers
axons of local cells at similar thresholds when conventional
stimuli were used, which also affect pre and post-synaptic

elements [16]. Another study showed that model predictions were
confirmed by experimental work for asymmetric waveforms [17].

In this work, a neuron from neocortex region in the brain with
realistic morphology is used to determine how it reacts to
extracellular stimulation from different locations, 50 pm away
from the bottom and top of the neuron. Multi-compartmental
neuron model is prepared using NEURON. An ideal point source
is used as stimulation electrode with step currents. Extracellular
voltages of the compartments in y direction of the neuron are
consistent with stimulation electrode locations.

2. Material and Method
2.1. Computational Modeling

Neurons are formed by many number and types of ions and
molecules with positive or negative charges. Mostly, intracellular
space is negatively charged while in the end opposite ions moves
to both sides of cell membrane. Cell membrane behaves like a
capacitor with its insulating feature because of being impermeable
to most molecules. Besides, many ion-conducting channels are
also embedded, its density and type determines membrane
conductance. A cell may include more than ten types of channels
that are very selective to ions passing through. In equilibrium, ion
flow flowing both directions are equal. Depending on opening or
closing of ion channels membrane voltage changes between -90
mV to +50 mV. Single compartment models define the membrane
potential of a cell by only one variable V, while multi-
compartment models are also able to specify spatial deviation
along the cell. Governing equations for both models characterizes
how voltage changes as charge flows. Equation below is a basic
equation for a single-compartment models.

dv ie

Cm E =—i,+ Z
where Cm, V, im, lc and A represents total membrane
capacitance, membrane voltage, membrane current, electrode
current and membrane surface area. In mathematical modeling of
a neuron, left side of the equation uses membrane capacitance to
find out how much current is needed to change the membrane
voltage while right side equals to total current passing into the
cell. A typical equivalent circuit for single compartment model is

shown in Fig 1.

Figure 1. Equivalent circuit for generic representation of single compartment model [21]

It basically consists a capacitor, a number of resistors for each
membrane conductance when v and g indicate voltage dependent
conductance and specific conductance. The more voltage-
dependent conductance in the model means a larger scope of
dynamic behaviors.

Conductance based models are initiated with Hodgkin and
Huxley’s work to define Na+ and K+ conductance for action
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potential generation [18]. Conductance based models is an
important set of mathematical facts that helps to understand how
neural response originates from membrane properties and
conductance, then different neuron’s behavior when they are
embedded into same network. With the cable theory as an analytic
approach, multi-compartment models can perform numerical
analysis of real complex structures. Each neuron is divided into
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separate sections, i.e. compartments, and membrane voltage is
approximated continuously along other compartments. The
number of compartments and the length of the neuron mainly
determine how accurate a multi-compartment model can define
and mimic a real neuron. Fig 2 shows an approximation of a
neuron via a multi-compartment model formed by different
numbers of discrete pieces.

Y
Y

Figure 2. Multi-compartment model approximations with
varying number of sections [19]

Each compartment has its own single definitions for
membrane voltage, gating variables and membrane current with
an equivalent electrical circuit. Each compartment is coupled by
a resistor.

2.2. Model Framework

There are 3 main compartments, soma, dendrite and axon in
multi-compartmental model. The total number of sections and
the length of the neuron model are 190 and 9471 pm
respectively. A neuron from neocortex region of the brain with
realistic morphology is used. Biophysical properties, i.e.
membrane properties, like resting potential, axial resistivity,
membrane capacitance, membrane resistivity, Na+ conductance
density and K+ conductance density are inserted to
corresponding compartments in line with Mainen’s work [20].
NEURON v8.0 is used for simulations.

To see how voltage changes when the neuron is
extracellularly stimulated for two different cases, a point source
is placed to bottom and top side of the neuron with 50 pum
distance to nearest compartment. Fig. 3 shows the neuron from
neocortex and two electrode locations with red dots. Pulse width,
pulse frequency and simulation duration are 1 ms, 20 Hz and 25
ms respectively.

e-ISSN: 2148-2683

Figure 3. The neuron with realistic morphology and two
locations where electrodes are situated, both 50 um away from
the nearest compartment

3. Results and Discussion

The neuron is stimulated by two different electrodes one at a
time, then corresponding extracellular voltage deviation along the
y-direction of the neuron and membrane voltage of soma, axon
and dendrite are analyzed. Electrodes that are situated 50 um
away from the nearest compartment in the top and bottom of the
neuron spatially correspond to beginning and end of the
compartments in y direction. Fig. 4 shows extracellular voltage
depending on two different electrode locations.
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Figure 4. Extracellular voltage difference with respect to two
electrode locations

The trend seen extracellular voltage is consistent with the
expected voltage gradient considering where electrodes are.
When the electrode is near the neural compartments in the bottom
part, extracellular voltage is significantly higher around there.
Then, it is moved to another position, similarly, extracellular
voltage profile is shifted towards other compartments in the
opposite site of the neuron model. In our analysis, membrane
voltage is also analyzed for two cases. Fig. 5 demonstrates how
membrane voltages are affected by extracellular stimulations
from two different points.

78



European Journal of Science and Technology

—— Soma
Axon
—— Dendrite

.

=

Voltage (mV)
Voltage (mV)
1 |
— z 1
8 8 8

200

—60 r)_,_/_\/— —250

-80 ; ; : -300

— Soma
Axon
—— Dendrite

0 5 10 15 20 5
Time (ms)

Time (ms)

Figure 5. Membrane voltages of the compartments when the electrode is placed to (left) the top and (right) bottom part of the model

Membrane voltages show that when the electrode is placed
near the top of the neuron, as a nearest neural compartment,
axonal elements generates an action potential as shown in Fig. 5-
left. As we also see from the Fig. 4, extracellular voltage
dramatically decreases as it moves away the electrode, so the
extracellular voltage doesn’t seem enough to trigger an action
potential for soma and dendrite. In the other case, it is seen that
membrane voltages of soma and dendrite indicates a firing earlier
than axonal compartments. The membrane properties of soma and
dendrite make it very difficult to fire because of high membrane
capacitance, high membrane resistivity and low Na conductance
density. It fires because the electrode is spatially quite close
situated to soma and dendrite. The time difference between two
action potentials in the Fig. 5-right arises from that electrode is
closer to soma and dendrite than axon.

4. Conclusions and Recommendations

Computational modeling of pyramidal cells that form the
majority of excitatory neuron type in the cerebral cortex, more
than 70% of all neurons in mammalian cortex, shows how
accurately a multi-compartmental model can predict neural
response to an extracellular stimulation. In addition to
experimental work, it makes possible to investigate each types of
cell’s response to various cases either from electrode design
perspective or from stimulation settings. Using neuron models
with realistic morphology makes the model well-suited and
realistic for further comparison and integration with experimental
findings.
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