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Abstract:  

The development of the optical neuron between the eye and the brain have been studied by many 

people in the past, with the aim of understanding how this connection developed and how its 

process is encoded in our genetics that can only carry about 1Gb of information to the next 

generation. In this report we try to understand this connection by modeling the growth of one 

neuron due to one source of attracting proteins. Eventually going to model it for multiple 

neurons, multiple sources and finally 3-dimensions. 

History and Motivation: 

The first time humans knew that the eye is connected to the brain was discovered by 

Pliny who lived between 273-70 CE. In the second century Galen described how the retina 

network looks like our brains. In 1604, J. Kepler told us that the picture we see with our eyes is 

built on our retina. Later on, in the 19th Century, J. Muller evolved the law of specific nerve 

energies such that he illustrated the sense the organ opens only to the nerve impulse that sends 

the income image to the brain to be analyzed. Then in 1855, B. Panizza wrote his book 

Observations on the optic nerve, and publish it causing the naked eye to be able to see the visual 

projectiles that are projected from the optic nerve to the cerebral, and hence he was able to claim 
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that the visual function’s location is in the visual cortex in the occipital region. After these 

studies, researchers and specialists continued to discover more and more about the human eye. 

 

 The development of the neural network in the brain seem to take on two main factors. 

The first is governed by evolution, while the second is governed by distinctive life experiences. 

The reason people made that assumption is due to the information capacity of the neural 

networks. Where it seems that the information one can gather in those networks can be 

approximated to about 400 TB of memory capacity, while the genome can hold up to 1 GB of 

that information [1]. Thus, the genome must hold the necessary information to enhance and 

rebuild the connections between the eye and the Brain using minimal structural patterns.  

 On the other hand, the growth of the neurites seems to be affected by retinal waves [1], 

[5]. Retinal waves are spontaneous bursts of potentials that propagate through the retina in a 

wave-like pattern. These signals are thought to help develop neural networks. Two neurons 

getting the same retinal waves are to be closer together when reaching to the brain. Thus, 

producing a clearer signal upon transferring information to the brain. However, if the retinal 

waves guiding two neurons are distinct, the neurons are likely to be further away in the target 

location. This part is called the Hebb potential.  

 Roger Sperry, the Nobel prize winner in medicine in 1981, have stated in 1963 the 

Chemoaffinity hypothesis. Stating that the development of the networks in the brain must be 

based on some kind of identification process for chemicals, so that they will develop and be 

distinguished based on those chemical “tags”. Which later on helped constructing the Sperry-

Hebb model. Where the Hebb part of the Model included neuron-neuron correlation. Two 
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chemicals seem to be mainly responsible for these tags, Ephrin A’s are responsible for a 

repulsion from right to left, or left to right. Ephrin B’s are responsible for a vertical attraction.  

 One of the interesting models of the eye-brain connectivity and the development in the 

neuro-tree between the eye and the superior colliculus is the Sperry-Hebb model, which 

combines both retinal waves process in developing neurons and the chemicals responsible for 

guiding the development [1]. 

 Our motivation hence fourth, is to construct a simple model that can mimic the process of 

developing neurons. The benefits from such model, upon constructing it in 3D, can find gaps in 

our understanding of the early stages of the construction of the neural network. In addition, some 

theories have found that Infrared light also affects the development of neurons [2], [3]. This 

information is now applied to help cure or prevent some types of blindness and even delay some 

other diseases that currently have no known guaranteed medications [2]. Which means that the 

better we understand the eye-brain connection the more our potential increases in solving real 

life problems related to the construction or deconstruction of neurons in the brain. Hence, a game 

changer in many fields, especially medicine. 

Theory:  

 Using the information gained from previous trials of modelling the eye-brain connection, 

it seems that there are four factors we need to account for: 

1- EphA protein is responsible for guiding neurons from the eye to the brain, however it 

seems to have a two-dimensional effect were the protein guides neuron from eye to the 

brain, and also guides the neurons from right left. Which means, the information gained 

from the right eye should be processed on the left side of the brain.  
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2- EphB is responsible for another two-dimensional effect. The guidance from this protein 

takes place on the z-axis, height, and the x-axis, where figure 2 shows the center of the 

brain to be our origin. 

3- In [2],[3] there seems to be another factor for the growth of neurons. It seems that the 

neurons are stimulated by infrared light to increase their growth. Some modern studies 

have used this information to regrow neurons between the eye and brain, where some of 

them finds such methodology, I.G, very promising to cure some of blindness diseases and 

even help delay Alzheimer. The IR potential is going to be starting at the eye location 

unlike the previous 2 due to EpA/B. 

4- Neurons do not seem to collide during the growth, this seems to be because each 

connection hold specific information and the more you recall or add information to that 

neuron, the connection shape changes, but rarely, if ever, “collide” with other neurons 

during there making. This is also related to the retinal-waves as explained above. [1] 

For our model, we consider the first 2 factors initially. The two proteins concentrations can 

be described by a diffusive equation with a steady state. Hence, we solve one Laplace equation 

independently in x-y for EphA, as a potential that guides neurons to the super colliculus. 

Afterwards, we solve the same equation in the x-z plane, with slightly similar boundary 

conditions so that we can describe the concentration, hence potential, due to EphB.  

Assumptions and summary of the model: 

The model: Part I: 

In this part we test the potential by making the neurons grow in the direction of gradient. 

However, in nature, the chemicals can have reactions with other chemicals, thus we added 
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random noise to the growth. Afterwards, we construct the growth in a way such that the neuron 

does a test in multiple random directions to search for the highest concentration, then it follows 

that concentration. We include the 3rd factor in the simulation upon as well, the method of doing 

so will be explained in the algorithm part coming later on.  

 

Simplistic potential: 2D- 

We try to introduce a potential that satisfy the boundary condition posed by some of the four 

factors above. Starting by EphrinA conditions, we have the Laplace equation as follows, 

assuming separable solutions: 
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After multiplying by 𝑟2 and separating the variables we have two ODE equations: 
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Where 𝜆 is the separation constant.  

The solution to the angular part is 𝑣(𝜃) = a cos(√𝜆𝜃) + 𝑏 sin(√𝜆𝜃) which result in 𝑣(𝜃) =

𝑎 cos(√𝜆𝜃) for the symmetry condition above.  

Using condition d), we find that 𝜆 = 4𝑛2, 𝑛 ∈ 𝑍. Notice that with this result, the condition c), is 

satisfied as well. Hence we have 

𝑣(𝜃) = 𝑎 cos(2𝑛𝜃) 

The radial part is solved by assuming that 𝑢(𝑟) = 𝑐𝑟𝑘, where c and k are constants.  
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Applying this function in the differential equation above we find that 𝑘 = ±2𝑛. Thus 𝑢(𝑟) =

𝐷 𝑟2𝑛 + 𝐶𝑟−2𝑛, using condition e) above we have 

 𝑢 = 𝐶𝑟−2𝑛 

Hence our function 

  

𝜓(𝑟, 𝜃) = 𝑢(𝑟)𝑣(𝜃) = 𝑎0 + ∑ 𝑎𝑛𝑟−2𝑛cos (2𝑛𝜃)

𝑛=1

    (1) 

We keep the term that is least vanishing at large distances for simplicity, keeping in mind that 

some terms become more efficient at some angles, i.e. at 𝜃 =
𝜋

2
, the second term is dominant all 

the time compared to the first.  
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𝑎1 cos(2𝜃)
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+ 𝑎0   (2) 
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1

2𝜋
∫ 𝜓𝑑𝜃  from 0 to 2𝜋, or simply the initial concentration at te boundary, 𝜃 = ±

𝜋

2
. 

While 𝑎1 =
1

𝜋
∫ cos 𝜃 𝜓𝑑𝜃, from 0 to 2𝜋. Or simply the concentratration at the tip of the source 

𝜓0𝜖 − 𝑎0 = 𝑎1.  

 

For multiple sources in 2D, we can keep the polar form in the following form 

𝜓(𝑟, 𝜃)𝑡𝑜𝑡𝑎𝑙 = 𝑎0

+ ∑ (𝜓0𝜖

𝑠𝑜𝑢𝑟𝑐𝑒 𝑠ℎ𝑖𝑓𝑡𝑒𝑑 𝑜𝑛 𝑡ℎ𝑒 𝑦−𝑎𝑥𝑖𝑠 𝑏𝑦 𝑚

− 𝑎0)
2𝑟2𝑐𝑜𝑠2(𝜃) − (𝑟2 − 𝑚𝑟𝑠𝑖𝑛(𝜃) + (𝑚)2)

(𝑟2 − 𝑚𝑟𝑠𝑖𝑛(𝜃) + (𝑚)2)2
      (3) 

We introduce here a 3D case that represent chemical concentrations by both EphA and 

EphB. 

 The potential in 3D has a similar BC conditions, a solution to Laplace equation with the 

boundary conditions for 𝜃, 𝜙, that prohibits propagating backwards into the brain. In addition to 

symmetric. 

∇2𝜓3𝐷 = 0 is solvable in spherical coordinates. Where the solution is known to be, after 

imposing symmetry with respect to 𝜙, as: 
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𝜓3𝐷 = ∑ 1
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We know that the solution decays with distance, and 𝜓𝜙 = 0|
𝜙=±

𝜋

2
, thus the only values that are 

not zero in the sum are the values where 𝑚 = 𝑒𝑣𝑒𝑛 𝑛𝑢𝑚𝑏𝑒𝑟 = 2𝑛, 𝑙 → 2𝑙. Thus: 
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This equation has the property that at large distances from the source, the azimuthal part 

is negligible, while it has an effect at short distances. The equation above is for a single source in 

3D located in the middle of the brain hemispheres. 

This equation can be further simplified as follows. 
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Figure (1), the origin of the coordinate in located in between the hemispheres of the 

brain. In the 3D case 𝜙 is out of the page. 

Part II: Retinal waves: 

 It seems that retinal waves help guiding the neurons in approaching the same area in the 

brain [1]. The possibility of a potential occurring in the retina is totally random, non-the-less the 

potential seems to be concentrated at the center. We matched the curve of concentrations of rods 

and cones on the retina with the value of the potential, of step size, hence, the neurons growing 

from the center will have a shorter time to reach the brain due to the higher potential they receive 

from retinal waves. The algorithm below helps making neurons growing to be as close as 

possible in 2D (see figure 2 for the 2D case).   
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Figure 2, the evolution of multiple neurons, one by one, the reach to the potential (concentration 

of chemicals), source, taking into account the repulsion between the neurons. Credits to Prof. 

Gabitov. 

 The growth algorithm in figure 2, is as follows: 

1- A neuron starts growing from the center of the retina. 

2- At each step, the neuron measures multiple directions for the highest potential. Then 

chooses the highest potential direction and moves with a constant step size. 

3- Noise is introduced to simulate realistic scenario of having an abundance of chemicals 

that may affect the concentration. 
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4- The following neurons follow the same steps 1-3, with the exception that if the highest 

potential path has been used by a previous neuron, the latter one uses the second highest 

potential unless it is also occupied, where it goes to the next highest.  

5- In 3D if we measure, 6 directions in 2D, we need to measure 36 in 3D. under the same 

conditions. 

6- In both cases, 2D and 3D, the neuron stops growing when 𝑟 ≤ 𝜖 (radius of the source).  

 

 Now, before stating the algorithm used to build the code, there needs to be a summary 

about it so that one can relate between it and the pictures below: 

 lots of experiments have been done so far that give us a picture on how nerves grow. First 

of all, one needs to know that the nerves growth locations are on the back of the eye as shown in 

Figure 3, and these locations are energized by electrical impulses as mentioned in the first page. 

Then this energy/simulation is taken by the sensitive receptors which receive the picture seen 

from the eye. Finally, the cornea identifies the electrical field by the surface density of the 

receptor, where the density of the receptors is the highest in the center and becomes low on the 

margin. We may consider the distribution of the intensity of energizing pulses can have a similar 

form; in addition, it may be considered as a rapid symmetric. Now, let’s say the cornea’s surface 

cannot be any shape except being spherical, then the distribution of the potential can be 

presented alongside the line of intersection in Figures 3 and 4. (I.G) 
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Figure 4 Potential profile 𝑈(𝜑) as function of angle 𝜑. Credit Professor Ilder R Gabitov 

 

Also, based on approved experiments, it was proved that the nerve growth rate changes based on 

the intensity of stimulation [6]. The higher the growth means the higher the intensity is affecting 

it. Therefore, we may say the nerve that is in the center (which contains the highest stimulation 

potential among other nerves) leads the growing process first and faster than other surrounded 

nerves. Hence, this central nerve is considered to be the guideline of the growth for all the other 

nerves. Furthermore, when the central nerve reaches its end, it will be joining the location where 

the largest concentration of attractant is. While for the other nerves will try to find their locations 
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Figure 3 Author NMPV collab Franco Valoti, © 2017 nature-microscope-photo-video, 
all rights reserved 
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based on the level of stimulation and the type of their attractant. By that, this process will be 

demonstrated in 2-D growth using the same attractor type.  

Therefore, the algorithm of stimulating the central nerve is as the following: 

1. Beginning from the nerve’s growth point, the central nerve with a growth of length l will 

randomly estimate attractant concentrations in multiple directions; 

2. After the nerve chooses the direction with the highest concentration, then the first step will be 

fixed by the nerve.  

3. The previous step will be repeated multiple time for the required steps until the nerve reaches 

the attractant source that has the largest concentration and then join the visual cortex.  

Demonstrated as the following:  

 

 

 

 

 

The growth algorithm of the remaining nerves is the same as the growth of the first nerve, 

however, the choice of direction includes checking for intersections with a nerve of a higher 

hierarchy. If there is a possible intersection, the corresponding direction is excluded and the 

direction of the maximum attractant concentration is selected from the remaining set of 

measurements. 

For the other nerves, their growth process is still the same except the choice of their direction. 

They may still grow and try to reach the visual cortex as long as they do not intersect with a 

First step 

Randomly 
testing  
several 
directions 

Selection of the  
direction with 
highest  
level of 
concentration 

Fixing 
position of 
the first 
step 

⋯ 

Connectio
n to a 
visual 
cortex 

Growth of other nerves:   at each step checking if 

there is no intersection with “higher ranking” 

nerve. If so selecting lower weight direction.  
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nerve of a higher ranking. If such an intersection occurs, then its direction is not counted and the 

direction of the maximum attractant concentration is chosen from the rest estimations.  

Considering the radial symmetric, an attractant distribution model is shown below in Figure 4. 

Which show the spatial distribution of concentration. Also, the performance of the model of the 

nerves’ growth based ion concertation was considered in case the distribution of attractant was 

smooth. While the presence of noise, structural disorder, is more reliable since it represents the 

real situation her. Therefore, Figure 5 shows the attractant distribution where the noise is 

presented. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Spatial distribution of attractant concentration. 

Credit: Professor Ilder R Gabitov  
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 Figure 5 Illustration of attractant distribution with spatial disorder  

    Credit: Professor Ilder R Gabitov  

 

 

 

Part III: Code, results and conclusion: 

 2D case code: 

2 4 6 8 10
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This figure shows the simulation of track of neuron’s growth in a 2-D single source case, three 

neurons are located at a starting position which are in different position in y-direction but same 

position in the x-direction. And then the neurons will grow to the source. 

The following are code to completing the simulation. 

This is the main function of the simulation, it was composed by calling other partial functions. 

The behavior of each function is commented in the code, and later will be introduced in details. 

source_r = 1 * 10^-3; 

neuron = [0 -0.003]; 

step_size = 1*10^-4;  %changed size bigger to lower the running time                     

%a0,a1=1; 

source = [0.1,0]; 

psi_0 = 1; 

n = 0; %record number of movements. 

hold on; 

while true 

%     if n == 10 

%         break; 

%     end 

    theta = get_theta(neuron,source); %get the angle of move 

    new_neuron = move(neuron,step_size,theta); %move the neuron 

    final_neuron = make_noise(new_neuron,step_size); %make noise 
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    neuron = final_neuron; %update the neuron 

    if_reach = check_reach(neuron,source,source_r);%check if reach 

    plot(neuron(1),neuron(2),'r.'); %record the position of neuron 

    if if_reach == true %if neuron reach the source and its radius 

        break; %end the growth,else, keep going. 

    end 

    n = n+1; 

end 

hold off; 

 

 

function [x,y] = pick_direction(nerve_x, nerve_y) 

    delta = .01; %growth rate of nerve 

    m = 40; % number of direction to try 

    angles = rand(m,1)*pi - pi/2; 

    x_list = nerve_x + delta*cos(angles); 

    y_list = nerve_y + delta*sin(angles); 

    force_list = protein(x_list, y_list); 

    [~, index] = sort(force_list); 

    x = x_list(flipud(index)); 

    y = y_list(flipud(index)); 

end 

 

This function determines the direction that the neuron wants to grow,, the direction was 

determined by random distribution. 

function new = move(original,step_size,theta) 

if original(2) > 0 

    y = -cosd(90-theta)*step_size; 

else 

    y = cosd(90-theta)*step_size; 

end 

x = sind(90-theta)*step_size; 

new = [original(1)+x original(2)+y]; 

This function grows the neuron with the given direction it wants to grow(theta), and the step size 

which means the total length it grows every time. Here if the neuron’s current position in y is 

higher than the source, it will move down, and if it is lower than the source, it will move up. 

 

function [final_move] = make_noise(move,step_size) 

final_move = move; 

num = randi(100); 

if num<=50 

    final_move(2) = move(2) - step_size/4; 
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else 

    final_move(2) = move(2) + step_size/4; 

end 

final_move = final_move; 

We know the neuron’s growth will be influenced by the repulsion, so here I simulate the random 

repulsion will happen to the neuron, it may higher or lower the y-position of the neuron, and the 

possibility for both cases are the same, the noise is a quarter of the total movement. 

 

function if_reach = check_reach(neuron,source,source_radius) 

distance = sqrt((neuron(1)-source(1))^2 + (neuron(2)-source(2))^2); 

if distance > source_radius 

    if_reach = false; 

else 

    if_reach = true; 

end 

This function checks the linear distance from the neuron to the center of the source, if the 

distance is smaller than the radius of the source, that means the neuron already touches the 

source, the growth of the neuron will stop, return true value here, otherwise return false and the 

growth keeps going. 

 

With the code above, we can simulate the growth of neuron from initial position to the source 

whatever where is their initial position. 

 

 

 Results and conclusion: 

It seems that the results held as expected for the 2D, single source, case. Where the 

evolution of the neurons from the eye to the source was not affected by overlapping neurons. 

This shows that our simplistic model of the evolution, with one-by-one evolution can be further 

improved to consider stimulus by infrared light, multiple sources in 2 and 3D.  

Such model can help improve our understanding of the growth mechanisms of neurons. 

Such understanding will improve the optimizing mechanism in information stored in genes, help 
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cure some blindness and brain related diseases, and help in developing smarter robots that can 

mimic such optimization methods. 
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