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ABSTRACT 
 
With a deeper understanding of neuronal synchrony and the effects of delay on inhibitory 
networks it may be possible to understand the underlying mechanisms of epilepsy, 
Parkinson’s and autism, among other neurological diseases. In this work, synchronization 
is systematically studied in a generic network of interacting inhibitory neuronal 
oscillators with varying settings and time delays imposed. The amount of delay needed is 
controlled by the properties of the networks to be synchronized. An inhibitory network of 
unidirectional connections as opposed to multidirectional connections has the ability to 
synchronize with a different delay in synaptic firing.  
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I. INTRODUCTION 
 

The study of neuronal synchrony is relevant in the research of a number of 

neurological diseases including epilepsy, schizophrenia, autism, and Alzheimer’s. By 

using computer simulations and mathematical models, networks of neurons can be 

created and studied for synchronization. 

Recent research has rendered new theories concerning how the brain controls 

cognition and action. [1] Cognition is no longer thought of as a solid state, but instead 

adaptive and context dependent. Cognitive functions are related to the coherent behavior 

of neuronal networks. Different regions of the brain must work together to produce an 

appropriate neural response. Neuronal synchrony is believed to be crucial in the 

integration of the different cortical regions.  

Information flow in neuronal systems is not instantaneous. [2] The precision involved 

in synchronization is on the scale of milliseconds. Inhibitory neurons play a significant 

role in the creation of synchronous brain rhythms. There are a number of theoretical 

studies on the role of inhibitory neurons have been focused on the synaptic properties of 

GABA inhibition. GABA inhibition is the decay time of the synapse and the reversal 

potential. [3]  

Few studies have focused on the effect of signal propagation delays in modifying the 

synchrony of inhibitory networks. By understanding signal propagation within neuronal 

networks and how delay can affect the transfer of information, we can gain a better 

understanding of synchrony. Our goal is to systematically investigate the role of signal 

delays on synchronization within an inhibitory network, as well as recreating the findings 

from the previous study done by Ratnadurai et al. The major finding in the previously 
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done work showed that with instantaneous firing of neurons, none of the 1000 networks 

synchronize. As the delay value is increased, the fraction of the networks that 

synchronize increased. [3] 

1.1 Background 

Neurotransmission is the exchange of information over the synapse. The synapse is 

the space between the axon of one neuron and the dendrite of another neuron. Chemicals 

released in this space are known as neurotransmitters. It is an electrical pulse that is sent 

down the axon that causes the neurotransmitters to be released from the end of the axon 

into the synapse. The neurotransmitters cross the synapse and bind to special molecules, 

called receptors, on the dendrite of the second neuron. The receptors convert the 

information into electrical signals that are then transmitted to the cell body and eventually 

to the axon. From there the signal is carried to another neuron or to body tissues such as 

muscles. There are different types of neurotransmitters. Inhibitory neural networks are 

controlled by the GABA neurotransmitter. This neurotransmitter is present within the 

cerebral cortex, which controls thinking, perceiving, and understanding language.  

 
II. MATERIALS and METHODS 

 
2.1 Mathematical model 
 
 The most widely used model of neuronal dynamics is the Hodgkin-Huxley model. 

[1] This conductance based neuron model satisfies the current-balance equation below. 

The equation is the flow of current through the neuronal membrane. 

!!
!"
!" + !!" + !! + !! + !!" = 0                                              (1) 
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 Each neuron within this study is modeled after the Wang-Buzsaki parameters. 

This model is a single compartment neuron model [4] in which the membrane 

capacitance, Cm = 1µF/cm2. The current through voltage gated sodium channel is 

!!" = !!"!!ℎ(! − !!). Similarly, the current through voltage gated potassium channel 

is !! = !!!!(! − !!). The leak current, which results from passive flow of all other 

ions through the membrane, is !! = !! ! − !! . In each of the three previous equations 

the g value is the maximum conductance and the E value is the reversal potential for ion 

channels. The firing frequency of each neuron is dependent on the constant current, !!", 

input into each neuron. [1] The variables, m, h, and n, represent the fraction of open ion 

channels. Each variable satisfies a first order kinetic equation, of the form below, where 

! ≡ !, ℎ,!  and ! = 5.  

!"
!" = (!! 1− ! − !!!)                                              (2) 

The Wang-Buzsaki parameters are used to simulate the dynamics of a fast spiking 

cortical interneuron. [1] The forms of !! and !! are listed in the table below where again 

!   ≡ {!, ℎ,!}, and the parameters are !!" ,!! ,!! = 35, 9, 0.1 !"/!"!; 

!!" ,!! ,!! = 50,−90,−65 !!. [1] 

 

      Table 1 Functions !! and !! for the Wang-Buzsaki neuron model 

! !!(!) !!(!) 
! 0.1(! + 35)

1− !!!.!(!!!")
 4!!(!!!") !" 

! 0.07!!(!!!") !" 1
1+ !!!.!(!!!")

 

! 0.01(! + 34)
1− !!!.!(!!!")

 0.125!!(!!!!) !! 
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2.2 Previous Study 
 

The networks examined in a study done by Ratnadurai et al. had the same neuronal 

dynamics and a standard deviation of 1.1 and a mean of 2.9. Without any delay imposed 

upon the system none of the 1000 

networks synchronized. As 

depicted in Figure 2, when the 

delay is increased the fraction of 

networks that synchronize 

increased. It is at a delay of 12ms, 

that all 1000 networks synchronize. 

[3] When the delay was increased 

above 12ms the 100% synchronization did not continue, but instead the amount of 

networks that synchronized decreased.  

Networks were altered upon determining the optimum amount of delay. In one case, 

the mean was set equal to 3.0, and the standard deviation was set to 0.0. In a third case, 

the networks were made to allow mutual connections of the neurons, meaning neuron A 

could not only connect to 

neuron B, but neuron B 

could also connect back to 

neuron A. [3] In both the 

unidirectional and the 

multidirectional networks, 
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the amount of delay required to synchronize all 1000 networks is the same. In contrast, 

the second network variation proved to synchronize before the original settings. 

2.3 Goals 

 Since this is a previously done study a major goal is to reproduce the findings. 

Using the same procedure and initial conditions it should be possible to recreate the 

results of Ratnadurai et al. After successfully confirming previous results, the same 

analysis of networks with different settings will show how standard deviation in the 

number of neuron connections effects the amount of delay to produce total 

synchronization. Also using the different parameters of the neuronal networks, the 

optimum delay time will be documented and compared to the original network. 

2.4 Created networks 
 

 Three groups of networks were created. Each group consisted of 1000 individual 

networks of 10 neurons. In the first network the settings were taken from the previous 

study, including the 2.9 mean neuron connection and the standard deviation of 1.1. The 

mean neuron connection value was held constant over the three networks, while it was 

the standard deviation value that was edited. The second and third network had a standard 

deviation of 0.0 and 0.5, respectively. These networks were modeled with an adjacency 

matrix to simplify the simulation.  

 From the creation of the adjacency matrices, the networks were fed into a cluster. 

This cluster made it possible to run each network for 12 different time delays between 3 

and 14ms. At each value of delay the network was run 200 times with different initial 

conditions.  
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III. RESULTS 
 

 Due to time constraints, only 15 of the 1000 networks were analyzed and plotted. 

Although the sampling size was severely decreased, the results were still coherent. The 

standard deviation and the connection 

mean value was varied over the 15 

networks, but as a whole, the group 

retained the 1.1 mean connection value and 

the 2.9 standard deviation value.  

In a binary color plot you can see 

the transition from unsynchronized to fully 

synchronized.  The blue represents non-

synchronization and the red represents a 

synchronized network. 

As you can see in Figure 

3 the majority of the 

networks begin to 

synchronize at a delay of 

7ms. Full 

synchronization of all 15 

networks does not take 

place until 12ms.  
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 The synchronization of the networks can also be shown in a simple line graph 

form. In this for you can see how quickly the networks synchronize with such a small 

change in the delay time.  

 Table 2 is includes 

both the number of 

networks synchronized and 

the amount of delay 

imposed on the networks. 

It is at 12ms that all fifteen 

networks synchronize. 

 
 
 

 
 
 
 
 
 
 

IV. DISCUSSION 
 
4.1 Matching previous results 
 
 As mentioned above the number of networks analyzed was a mere fraction of the 

amount of networks Ratnadurai et al. used in the previous study. Although the network 

number was altered the results remained robust. A result of full synchronization at 12ms 

was found in both studies.  

 
4.2 Conclusion and future work 
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 Due to time constraints and the heavy nature of the simulation results regarding 

the different standard deviation value are unable to be presented. With more time a 

cluster program can be used to produce results and information similar to that of the 

recreated findings. Using such a low number of networks and still gaining the same 

results is an impressive feat. For possible future work, it would be interesting to learn an 

optimum sampling size. Knowing the fewest amount of networks needed to result in valid 

responses would save a large amount of processing time within the cluster. Since it is 

time that is the constraining factor, given more time more results will be produced. I have 

intention of continuing research and presenting full results for all three of my created 

grouping of networks at a later date. 
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