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Abstract—Lateral Geniculate Nucleus (LGN) is the relay center 

in the visual pathway as it receives most of the input information 
from retinal ganglion cells (RGC) and sends to visual cortex. Low 
threshold calcium currents (IT) at the membrane are the unique 
indicator to characterize this firing functionality of the LGN neurons 
gained by the RGC input. According to the LGN functional 
requirements such as functional mapping of RGC to LGN, the 
morphologies of the LGN neurons were developed. During the 
neurological disorders like glaucoma, the mapping between RGC and 
LGN is disconnected and hence stimulating LGN electrically using 
deep brain electrodes can restore the functionalities of LGN. A 
computational model was developed for simulating the LGN neurons 
with three predominant morphologies each representing different 
functional mapping of RGC to LGN. The firings of action potentials 
at LGN neuron due to IT were characterized by varying the 
stimulation parameters, morphological parameters and orientation. A 
wide range of stimulation parameters (stimulus amplitude, duration 
and frequency) represents the various strengths of the electrical 
stimulation with different morphological parameters (soma size, 
dendrites size and structure). The orientation (0-1800) of LGN 
neuron with respect to the stimulating electrode represents the angle 
at which the extracellular deep brain stimulation towards LGN 
neuron is performed. A reduced dendrite structure was used in the 
model using Bush–Sejnowski algorithm to decrease the 
computational time while conserving its input resistance and total 
surface area. The major finding is that an input potential of 0.4 V is 
required to produce the action potential in the LGN neuron which is 
placed at 100 µm distance from the electrode. From this study, it can 
be concluded that the neuroprostheses under design would need to 
consider the capability of inducing at least 0.4V to produce action 
potentials in LGN.  
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I. INTRODUCTION 

LAUCOMA is the major ophthalmological challenge for 
the eastern Arabian population. Glaucoma destroys 

retinal ganglion cells (RGC), the neurons which connect the 
eye to the visual brain. Without these cells, visual signals 
cannot reach those parts of the central nervous system that 
give rise to perceptions. Since human ganglion cells do not 
grown anew and once lost are gone forever, the only practical 
means of restoring vision to those blinded through glaucoma is 
a neuroprostheses that interfaces visual neurons of the brain to 
stimulating electrodes driven by an image capture system and 
electronic circuitry. This involves navigating the electrodes 
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and penetrating the brain tissue to reach the target side. One of 
the identify target side is the lateral geniculate nucleus (LGN) 
neurons. 

LGN neurons have relay neurons that are present along the 
visual pathway. LGN structure is organized into six layers of 
which the top four are parvocellular and the bottom two are 
magnocellular layers [1]. Functionally, these magnocellular 
layers are known to receive strong drive from parasol RGCs 
while the parvocellular layers receive strong drive from 
midget RGCs. These distinct cell functional classes may be 
identifiable on the basis of their morphological properties [2]-
[4]. Morphologically, the neurons in the respective layers also 
vary in their soma size, number of dendrites, dendritic 
arborisation, and dendrites orientation. Although there are 
differing interpretations of the ways in which the 
morphological and functional variables may be related [5]-[7], 
an analysis of geniculate organization has been significantly 
performed to the recognition correlation between functional 
and morphological variables. Stimulation of LGN neurons of 
different morphologies produces different firing patterns. 
These firing patterns are the expressions of the functional 
mechanism of those neurons. This can significantly be applied 
for the LGN neuro prosthesis study when neurons lack the 
input from RGC’s due to the neurological disorders like 
glaucoma. The objective of this study is to investigate the 
required input potential to produce an action potential in the 
LGN neuron by means of simulation. 

II. FINITE ELEMENT MODEL 

An electrophysiological model of LGN neuron has been 
developed by using the finite element method in the COMSOL 
Multiphysics modeling environment. The LGN neuron was 
modeled as a single compartment with soma and dendrites. A 
platinum electrode (σ = 94.35 × 10-5 S/m and εr = 1) of 50 µm 
diameter with silica insulation (σ = 10-14 S/m and εr = 4.2) was 
also modeled to provide necessary current stimulus needed for 
the neuron excitation, with σ and εr being the conductivity and 
relative permittivity of the material respectively [8]-[10]. LGN 
neuron and electrode models were coupled by positioning in a 
homogeneous isotropic volume conductor mimicking the 
tissue medium as physiological saline (σ = 1 S/m and εr = 80). 
The tissue domain surrounding the electrode was modeled 
cylindrically (1.6 mm diameter and 1.6 mm height) with the 
outer boundary set to 0 V, and the electrode contact set to the 
stimulus voltage. 

The current balanced (1) by a Hodgkin-Huxley type of 
model was used to model the neuron’s plasma membrane. 
This equation is balanced by the stimulus current and the 
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currents associated with the channels in the cell membrane 
[11], [12]. 

 

KsKdrNaHTsti IIIIII
dt

dv
C                                  (1) 

 
where V is the membrane potential, C (= 1 µF/cm2) is the 
membrane capacitance, Isti is the stimulated current, IT is the t-
type calcium current, IH is the hyperpolarization current, INa is 
the sodium current, IKdr is the delayed rectifier potassium 
current, and IKs is slow potassium current. Equation (2) is used 
to solve for IT: 
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where P (= 0.0001 S cm-2) is the maximum permeability, mT 
and hT are the activation and inactivation variables, CaO (= 2 
mV) and CaI (= 0.00005 mV) are the extracellular and the 
intracellular concentrations of Ca2+ respectively, and Z (= 2), 
F (= 96485 C mol-1), R (= 8.3144621 J K−1 mol−1), and T (= 
309 K) are the valence, the Faraday constant, the gas constant 
and the absolute temperature respectively.   

The equations used to solve for IH, INa, IKdr, and IKs are: 
 

   433  VmgI hhH
                                                         (3) 

 

   NaNaNaNaNa EVhmgI  3                                            (4) 

 

   KKdrKdrKdr EVmgI  4                                               (5) 

 

   KKsKsKsKs EVhmgI  3                                               (6) 

 
where gh, gNa, gKdr, gKs are the maximum conductance for their 
respective channel. While the activation and inactivation 
variables mT, hT, mh, mNa, hNa, mKdr, mKs, and hKs were solved 
using common solver (7) of variable  with numerical 
parameters obtained from [11], [12]. 

 

     
/1  dt

d                                  (7) 

 
The model parameters are summarized in the Table I. 
In the reduced morphology model with two compartments 

(one for soma and the other for dendrites), the dendrites are 
replaced with cylindrical structure conserving the input 
resistance and the total surface area. The soma sizes simulated 
are 10, 15, and 20 um in diameter that represent various sizes 
in different layers of LGN structure. The dendritic cylinder 
size parameters are shown in Table II. 

 
 
 

TABLE I 
ELECTRICAL PARAMETERS OF SOMA AND DENDRITES OF NEURON 

Variable Value / Expression 

0.0005 S/cm2 

0.03 S/cm2 

0.003 S/cm2 

0.0007 S/cm2 

   Ve  841613.01

1  

      VV ee  


8.190549.01350599.0

333.0
204.0  

  Ve  8425.01

1  

  Ve  85181.01

1  

 
The reduced method consists of merging dendritic branches 

into equivalent cylinder, which preserve the axial resistance of 
the original branches. If the cross-sectional area of the 
equivalent cylinder equals the sum of each individual cross-
sectional area, this is equivalent to summing parallel 
resistances because: 
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where R (j) are the axial resistances of the collapsed branches.  

 
TABLE II 

THE MORPHOLOGICAL PARAMETERS OF THE REDUCED DENDRITE STRUCTURE 

BASED ON THE BUSH–SEJNOWSKI ALGORITHM 

Length 
(µm) 

Diameter 
(µm) 

Surface 
Area (µm2) 

No. of primary  
dendrites collapsed 

70.2 12.3 5425 43508 

85.7 8.5 2261 18133 

90 7 1979 15871 

 
The radius (r) of the equivalent cylinder is then given by:  

 









 

i
irr 2                                                                         (9) 

 
where ri are the radii of the collapsed branches. The length (l) 
of the equivalent cylinder is taken as an average of the lengths 
of the collapsed branches (li), weighted by their respective 
diameters (ri), such as: 
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This modification of the Bush–Sejnowski algorithm was 

added to accommodate the merging of branches of very 
different length, which is often encountered while reducing 
dendritic morphologies [13]. 
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Because the total membrane area is not conserved in this 
method, the reduced model may not have a correct input 
resistance although the axial resistance is conserved. This is 
compensated by introducing in each equivalent cylinder a 
dendritic correction factor (Cd), which rescales the values of 
conductance (gi) and membrane capacitance (Cm). Cd was 
estimated such that the reduced model has the correct input 
resistance and time constant. The dendritic correction factor is 
calculated from the ratio of the total surface area of the 
dendritic segments to their equivalent cylinders 

Stimulation parameters such as amplitude and pulse 
duration were altered while keeping the frequency constant to 
150 Hz as this parameter is believed to be the safe frequency 
for deep brain stimulation. To alter the morphological 
parameters such as dendritic population and its size, and soma 
size, a reduced structure was modeled while conserving the 
input resistance and total surface area. The orientation of the 
LGN neuron with respect to stimulating electrode was altered 
in the range of 0-1800. 

III. RESULTS 

The response of the LGN neuron is dependent on the 
stimulation parameters such as pulse amplitude, pulse duration 
and frequency. A single pulse was first used to stimulate the 
LGN neuron with the pulse amplitude ranging 0.1-2 V and the 
pulse duration 5 ms. The resting membrane potential (RMP) 
of LGN neuron was maintained at -65 mV.  

Fig. 1 shows the firing of the LGN neuron for various input 
stimulus varying the pulse amplitude. The stimulation is 
provided by the electrode placed in extracellular medium at 
100 um distance from the neuron. The potential was measured 
at the surface of the somato dendritic membrane. The channels 
incorporated are IT, INa, IKdr, and IKs. The result explains that 
the input voltage over 0.4 V is required to produce the Ca2+ 
spike. The spike initiated immediately after the stimulation by 
slightly hyperpolarizing and then sharply depolarizing.   

 

 

Fig. 1 Generation of Ca2+ spike when stimulated with varying pulse amplitude and constant 5 ms pulse duration 
 

Keeping the pulse amplitude constant to 1 V and varying 
the pulse duration from 5 ms to 20 ms, the Ca2+ spikes 
generated are shown in Fig. 2. An extended pulse duration did 
not generate an extra Ca2+ spikes but maintained a constant 
membrane potential above the RMP at -59 mV after the Ca2+ 
spike. Instead of applying constant 1 V for long duration, a 
short duration stimulus of 5 ms at 150 hz frequency was 
applied. Then a continuous firing of LGN neuron was 
observed at the membrane surface as shown in Fig. 3. 

This illustrates that the LGN neuronal membrane is in tonic 
mode where each stimulus spike generates one action potential 
spike and thereby preventing its membrane potential to 
hyperpolarize (potentials higher than RMP) which will lead to 
burst mode. 

The contribution of each current during the TC neuron 

firing after electrical stimulation was also studied. A 1 V 
extracellular stimulation for 5 ms from 100 um distance was 
applied while currents are measured at the somato dendritic 
surface. It is the t-type calcium current, INa is the sodium 
current, Ik is the delayed rectified potassium current, Ika is the 
slow potassium current and Ic is the membrane capacitive 
current. It can be seen that the somato dendritic membrane 
current density is the highest with the sodium current. 

In the reduced model with only two voltage-dependent 
currents, IT, IH, and leakage currents shows the basic features 
of generation of Ca2+ spikes. The baseline membrane 
potential is now shifted to -70 mV towards the hyperpolarized 
membrane potential. When the stimulus was applied to the 
neuron in the hyperpolarized state, the Ca2+ spikes were 
generated continuously as shown in Fig. 5. 
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Fig. 2 Generation of Ca2+ spike when stimulated with varying pulse duration and constant 1 V pulse amplitude 
 

 

Fig. 3 Continuous firing of LGN neurons when stimulated with stimulus of 5 ms pulse duration, 1 V pulse amplitude and 150 Hz frequency. 
 

 

Fig. 4 1V extracellular stimulation 
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Fig. 5 Continuous firing of LGN neurons when stimulated with 
stimulus of 0.1 ms pulse duration, 1 V pulse amplitude and 150 Hz 

frequency 

IV. CONCLUSION 

Glaucoma is the major ophthalmological challenge for the 
eastern Arabian population. Glaucoma destroys retinal 
ganglion cells (RGC), the neurons which connect the eye to 
the visual brain. Since human ganglion cells do not grown 
anew and once lost are gone forever, the only practical means 
of restoring vision to those blinded through glaucoma is a 
neuroprostheses. One of the identify target side for the 
neuroprostheses is the lateral geniculate nucleus (LGN) 
neurons. This research studied the action potential of LGN 
based on a range of input potentials. This is an important 
aspect in the designing of neuroprostheses. From this study, it 
was found that an input potential of 0.4 V is required to 
produce the action potential in the LGN neuron which is 
placed at 100 µm distance from the electrode. Besides this it 
was also found that the sodium current has a higher influence 
on the somato dendritic membrane current than any other 
currents studied. 
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