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The goal of this project is a mathematical model for the propagation of signals in a neuronal network. The 
focus of this model will be the basic cerebellar circuit and the transfer of information through a small 
portion of this network, centered around the purkinje cell (PC). The cerebellum is involved in adaptive 
motor learning and motor control. It helps to facilitate the maintenance of balance and posture and the 
coordination of voluntary movements [3]. It is a structure located in the back of the brain behind the top 
part of the brainstem, underlying the temporal and occipital lobes of the cerebral cortex[1]. 
 

 
Figure 1: Circuit diagram of cerebellar network; (+)=excitatory, (-)=inhibitory; image reproduced from [2] 

The neural network that will be modeled consists of a small portion of the system outlined in Figure 1. The scope of 
the model will include the excitatory output from granular cells (GrC) that form parallel fibers (pf) leading to the 
dendrites of PCs and the climbing fiber (cf) outputs sent from the inferior olive cells (IO-C) that target the PC as 
well as purkinje cell synapsing onto the deep cerebellar nucleus (DCN)[2]. The small network essentially consists of 
some of the information received and outputted by the PCs.  

 
 
 



 
 

Figure 2: Three layers of the cerebellar cortex depicted; image reproduced from [4]. 

The cerebellar cortex consists of three layers as can be seen in Figure 2. The granular layer is situated 
below the purkinje cell and contains many small granule cells. The large cell body of the purkinje neuron 
forms the purkinje layer., and lastly the molecular layer contains the parallel fibers as well as the dendrites 
of the purkinje cell. [4] 

The afferent input of the cerebellar cortex consists of signals from mossy fibers (mf) and climbing fibers 
(cf). Granular cells (GrC) receive input from four mossy fiber units that synapse onto short, claw-like 
dendrites. GrC’s have unmyelinated axons that ascend to the molecular layer and bifurcate into many 
parallel fibers that are orthogonal to the dendritic tree of the purkinje cell. A climbing fiber originating in 
the inferior olive cells (IO-C) terminates within the main dendrite of the PC where it forms many 
synapses on short spines. The main efferent output of the cerebellar cortical process is the purkinje cell 
which has axons that target neurons in the deep cerebellar nucleus (DCN).  [4] 

The parallel fiber to purkinje cell synapse as well as the climbing fiber to purkinje cell synapse involves 
the release of excitatory neurotransmitter Glutamate. The PC to DCN synaptic transmission is inhibitory, 
involving the neurotransmitter GABA. [4] 

Our methodology consists of two parts. The first part is to model the propagation of signals in individual 
neural cells. This will be done using Hodgkin Huxley partial differential equations for electrical signaling 
in axons and dendrites and a numerical methodology that solves equations like these on an arbitrary tree 
of cables will be employed. The steps to this method are outlined in Dr. Peskin’s online lecture notes from 



the course “Mathematical Aspects of Neurophysiology: Hodgkin Huxley equations” [16]. The HH PDEs 
are a continuous-time dynamical system of nonlinear differential equations used for approximating 
electrical properties of cells with excitable nature such as how action potentials in neurons are initiated 
and propagated [17]. In order to construct this model, the geometry of the cells need to be determined. In 
particular, the diameters and lengths of each axon and dendrite of each of the cell types in question 
(purkinje, granular, inferior olive, deep cerebellar nucleus) need to be known parameters for the model. 
The channel types that each cell has, how these channel types are distributed throughout different parts of 
the cell, along with a quantitative description of the gating properties of each of the channel types need to 
be determined. We will use data from literature perhaps including data from existing mathematical 
models of these individual cells. [5] contains information about the channel types of the purkinje cell. 
Relevant information regarding the dendrites of the Purkinje cell can be found in [6]. Parameter values 
essential to HH PDE’s for the granular cell, parallel fibers, climbing fibers and deep cerebellar nuclei are 
available in [7] and [10]. Data on inferior olive cells and climbing fiber connectivity and morphological 
characteristics are detailed in [14]. The details of the geometric parameters and network connectivity in 
the stomata of the purkinje cell can be found in [8], [13], as well as in the supporting materials section of 
[9]. Detailed information on the trajectories of a single climbing fiber and mossy fiber are found in [11]. 
Connectivity information involving the granular layer of the cerebellar circuit can be found in [12].  

Once we have this information to model the individual cell in the network, the second part is to couple the 
individual neuronal cells with model synapses that incorporate stochastic vesicle release which is a 
mechanism of short-term synaptic depression leading to enhanced transmission of contrast and depressed 
transmission of steady signals. The probabilistic nature of neurotransmitter vesicle release in synapses 
makes it a significant source of noise in the circuit. We can construct a pre-synaptic model of this 
phenomenon and analyze its effects on the short-term dynamics of the synapse. Although there is a lot 
that remains uncertain about synaptic vesicle release, a probabilistic math model that covers the essential 
stochastic docking, undocking, and release of neurotransmitters can be incorporated to create a functional 
network model that connects the individual cells in question. [15] 

Some interesting characteristics that we hope to observe in the dynamic model include the emission of a 
complex spike discharge after PC activation by climbing fibre inputs in addition to the simple spike 
discharge with the waveform of a typical action potential.  

Overall, this project will provide training in the analysis of neuroscientific data, the application of 
mathematical models to physiological systems, as well as develop experience in numerical methods and 
computational skills and is thus well-suited for a student in the TPCN program.  
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