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Abstract 

A systems biology approach for bio-molecular

interactions within the Axon Initial Segment 

by 

Piyush Bhardwaj 

Abstract: The axon initial segment (AIS) region is crucial for action potential initiation due to 

the presence of high density voltage gated sodium channels (Nav). Nav channels consist of an 

AIS motif, with several serine residues responsible for the recruitment of Nav channels into the 

structure of AIS through interactions with ankyrin-G (AnkG). In this study, a series of 

computational experiments were conducted to understand the impact of serine-specific 

phosphorylation on Nav-AnkG binding. The simulation results indicate that Nav channels, with 

all serine sites available for phosphorylation, bind to AnkG with a strong affinity. Moreover, 

according to the mutational experiment in this study, the initial concentration of AnkG is also 

important for the accumulation of Nav channels in AIS. The findings from the study suggest 

that an ankyrin-G mutation could play an important role in Alzheimer’s disease (AD) 

pathogenesis by reducing the number of Nav channels. 

Keywords-Ankyrin G (AnkG), Alzheimer’s disease (AD), Casein kinase 2 (CK2), Voltage 

gated sodium channel (Nav), Voltage gated potassium channel (Kv ), Serine (S)  and Glutamate 

(E)
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Chapter 1 

Introduction 

The brain is an integral and central part of the human nervous system. Together with the spinal 

cord, the brain makes up the central nervous system (CNS). As well as the CNS, the human 

body contains the peripheral nervous system (PNS) (Bear et al 2016). The brain is divided into 

three different parts: forebrain, midbrain and hindbrain, and it also contains four lobes: frontal, 

temporal, parietal and occipital (Fig 1.1) (Bear et al 2016). The frontal lobe is associated with 

reasoning, motor function, emotions and cognitive function. The parietal lobe, located behind 

the frontal lobe, contributes to information processing (Ackerman 1992). The temporal lobe is 

situated at the side of the head and is involved in hearing, memory and emotions. The occipital 

lobe, found at the back of the brain, comprises the primary visual cortex (Bear et al 2016).   

The brain consists of specialized cells known as neurons (Fan and Markram 2019). 

Approximately 100 billion neurons are present in the human brain. Neurons are accommodated 

in two different compartments: the soma-dendritic and the axonal (Kole et al. 2008; Kole and 

Stuart 2012; Leterrier et al. 2015). Similar to any other cell, a neuron has a cell body, which 

consists of soma, mitochondria, polyribosomes, Golgi apparatus and endoplasmic reticulum 

(ER). The soma contains the nucleus of the neuron (Bear et al 2016). There are different classes 

of neurons on the basis of their shape, such as unipolar, multipolar and bipolar (Fig 1.2). The 

multipolar shape is the most common type of neuron and it has multiple dendrites attached to 

its cell body followed by a long axon covered with a myelin sheath, with the last part known 

as the axon terminal. The myelin sheath in CNS-related neurons is made up of 

oligodendrocytes; however, in PNS-related neurons, the sheath is made up of Schwan cells 

(Quarles 2002).  

The dendrites receive synaptic inputs and these inputs are integrated into the outputs. The 

outputs are delivered by the axon to the axon terminals that then release the output to the next 

neuron in the form of neurotransmitters, such as dopamine, acetylcholine, serotonin, glutamate 

and aspartate. The speed of output to the axon terminals depends on the presence of the myelin 

sheath and, in the absence of myelin sheath, the output travels at a very low speed (Bear et al 

2016).  

Both CNS and PNS contain various types of neurons and are responsible for the multiple 

functions of the human body, including the collecting, distributing and integrating of neuronal 
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information. PNS consists of sensory and motor neurons, whereas CNS consists of interneurons 

(Byrne 2016). All three types of neurons connect the brain with the rest of the body. Sensory 

neurons receive synaptic signals and send them to interneurons in the brain or spinal cord where 

the integration of the signals takes place with the output then delivered through motor neurons 

to the target cells (Byrne 2016). The brain and spinal cord work as a team to analyse the 

information received by the sensory neurons. Almost every input received by the human body 

is transferred to the brain by the spinal cord for analysis. However, in a few instances where 

the human body is in danger, the spinal cord can act alone as an automated defence system to 

save time and produce an output without the brain (Byrne 2016).  

The flow of information from the dendrites to the axons involves various neurological 

processes and these processes are facilitated through neuronal polarity (Leterrier et al. 2015). 

Neuronal polarity refers to the compartmentalization of the neurons, which is based on the 

morphology and function of the axons and dendrites. Proper molecular arrangements in 

neurons are responsible for the neuronal polarity and the directional flow of information. 

Communication, and the transmission of information between neurons, is accomplished 

through action potentials (AP). An AP is defined as the change in membrane potential due to 

the efflux and influx of cations. The AP is initiated in the initial part of the axon called the axon 

initial segment (AIS) (Kole and Stuart 2012). AIS, the initial part of the axon, acts to distinguish 

between the somato-dendritic and axon compartments (Fig.1.3). This is a complex structure 

containing various proteins with different functions (Jones and Svitkina 2016; Li et al. 2005). 

The main proteins in AIS are voltage-gated sodium channels (Nav), voltage-gated potassium 

channels (Kv), microtubules, casein kinase 2 (CK2) and ankyrin-G (AnkG) (see the review in 

chapter 2). The maintenance of neuronal polarity requires the correct assembly of the proteins 

present in the AIS.  

Alterations in neuronal polarity due to mutation or injury to AIS-related proteins can cause 

various neurogenerative diseases, including Alzheimer’s disease (AD), which is the most 

common cause of dementia in humans (William and Laura 2013). AD-oriented studies  suggest 

that variation in the functions of AIS proteins is due to the loss of proteins that are essential for 

the proper functioning of the AIS region (Sun et al. 2014). Ankyrin-G (AnkG), one of the AIS 

proteins, is found in lower concentrations in AD transgenic mice as compared to wild type 

mice. This lower population of AnkG can cause various abnormalities in AIS mechanisms. For 

example, alteration in the filtering capability of AIS, which are responsible for the entry of 

dendritic proteins into the axons (Sun et al. 2014). Alteration in AnkG concentration leads to 
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the loss of Nav and Kv present in the AIS region. The AnkG concentration affects the ion 

channels concentration in AIS because the interactions of AnkG with the ion channels restrict 

them to the AIS region (Leterrier et al. 2015). Restriction of the high density of voltage-gated 

ion channels in AIS is the main reason why this region act as AP initiator zones. 

Fig 1.1 - Structure of the human brain. Above picture shows four different lobes of the 

human brain. This figure is produced using Servier Medical Art (http://smart.servier.com) 

Fig 1.2 - Structural classification of neurons. Bipolar neurons comprise one axon and one 

dendrites. Unipolar consists only one neurite that extends from the cell body and the multipolar 

neurons have a cell body with single axon and multiple dendrites This figure is produced using 

Servier Medical Art (http://smart.servier.com).  

http://smart.servier.com/
http://smart.servier.com/
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Fig. 1.3 - General structure of a neuron - A neuron containing nucleus and all the essential components. Axonal region initiate from the axon 

hillock followed by a non-myelinated region known as the axon initial segment (AIS). Axon region after AIS is covered by myelin sheath and the 

gaps between myelin sheath are called nodes of Ranvier (NOR), which have similar molecular characteristics to those of the AIS. All together all 

these components initiate and propagate the AP crucial for neurotransmission between neurons. This figure is produced using Servier Medical Art 

(http://smart.servier.com)

http://smart.servier.com/
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1.1 Why Systems Biology? 

Systems biology is the combination of theory, experiments and modelling with the main aim 

to provide the link between the various field of biology such as genetics, molecular biology, 

biochemistry, enzymology and biophysics (Bruggeman et al .2007). Systems biology describe 

the molecular mechanisms in an organism at the molecular and system-level and helps in 

making the relationship between molecular characterization and physiological behaviour. This 

type of relation explains the influence of the molecular organization on the functions of an 

organism. System biology contains two types of approaches: Top-down and Bottom-up 

(Bruggeman et al .2007). Top-down method deals with the extraction of information by data 

analysis originated from proteomics, metabolomics, flux analysis or combinations of these 

studies (Bruggeman et al .2007). This method helps in the characterization of unknown 

molecular mechanism within the cell. However, Bottom-up method rely on the pre-existing 

molecular knowledge (Bruggeman et al. 2007). 

Biological systems are very complex because their characteristics can be explained in different 

ways and that makes it very hard to study them and predict the behaviour of a system. Biologists 

have been using models in the form of block and arrow diagrams for a very long time, but these 

types of models do not give any details about the structure or any explicit explanation about 

the system drawn. Data collected from confocal microscopy, calcium imaging, fluorescence 

tagging of proteins and other techniques, contribute to the vast knowledge about molecular and 

cellular interactions (Bailey et al. 2002) and show the complexity of the system. It is very 

challenging to continue to research these systems both in vivo and in vitro. We need better 

dynamic hypotheses and tools to understand the results of these experiments. Modelling, based 

on the biophysics of the problem, is very useful in developing assumptions about complex 

systems. Modelling helps to mimic the physical environment by using mathematical equations 

to develop platforms to test hypotheses (Bower and Bolouri 2000). Results obtained from 

computer simulations can be compared to existing models and validated using experimental 

data; this can lead to the development of new hypotheses (Kulasiri and He 2017). We can use 

the data acquired by modelling to create accurate methods for laboratory experiments with the 

help from mathematical explanations of the models.  

Unravelling mechanisms involves in the recruitment of numerous proteins in AIS and make 

this region complex. It is necessary to understand the behaviour, structure and function of 

multiple proteins within the AIS structure, especially the voltage-gated ion channels and AnkG. 
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AnkG recruits proteins into the AIS region that are essential for the maintenance of neuronal 

polarity (Buffington and Rasband 2011). Experimentally, it is challenging to understand the 

functionalities and interactions of AIS proteins. Therefore, we need the help of mathematical 

modelling to understand the mechanisms involved in the functioning of the AIS region. 

Exploring AIS proteins using systems biology approaches could be very helpful in elucidating 

their properties on different levels. In addition, modelling and simulation can help us to explain 

the role of AIS proteins in AD pathogenesis by comparing  results with the outcomes of AD 

involvement in in  vivo and in vitro studies.   

1.2 Aims and Objectives 

The aim of this study is to understand the importance of the AIS region in maintaining neuronal 

polarity and plausible mechanisms for AP initiation. The objectives of our study are as follows:   

1) Development of a hypothesis for multi-site phosphorylation events occurring in Nav 

channels 

Phosphorylation, one of the post-translation modifications (PTM) by various protein kinases, 

such as casein kinase 2 (CK2), can also be an essential factor in maintaining AIS region and 

its functions (Rasband 2008; Yamada and Kuba 2016). Phosphorylation is necessary at various 

levels in this region. Phosphorylated Nav channels have a very strong binding affinity towards 

AnkG (Kole et al. 2008). In this region, the Nav channels have high density because of their 

anchoring by AnkG (Kole et al. 2008). Nav channels have four different serine sites as potential 

targets for CK2 facilitated phosphorylation (Rasband 2008). In this objective, we develop a 

hypothesis for the sequence of multi-site phosphorylation in Nav channels and examine the 

consequences of the presence or absence of these serine sites on the Nav -AnkG complex using 

a mathematical model of the hypothesis.  

2) Effects of phosphorylation of Nav channels on its binding with AnkG

AnkG, as a master organizer, is responsible for the recruitment of various proteins into the AIS 

region, including Nav channels. In this region, a high density of Nav channel is required to 

depolarize the membrane. In this objective, develop the probabilities (propensities) of 

phosphorylation within the Nav channel and, on the basis of these probabilities, will estimate 

the number of species in our model. We also construct a conceptual model to study AnkG and 

Nav channel binding using chemical kinetics.     
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3) Mutational and sensitivity analysis and association of the AIS region with AD

pathogenesis. 

The last objective of our study is to conduct a sensitivity analysis by mutating AnkG, or any 

other residue present within the Nav channel, such as glutamate, and test the consequences on 

the recruitment of Nav channels into the AIS region. We also test the interaction between Nav

channel and AnkG by randomising kinetic parameters.  In addition, we attempt to understand 

the relationship of AIS mutations with AD pathogenesis, and compare the results with studies 

by other research groups.  

This thesis is structured as follows: Chapter 1 introduces the AIS, the motivation for this study, 

why computational modelling is necessary for investigating this region, and also the aims and 

objectives of this study.  In chapter 2, we discuss the latest publications and experimental 

findings for a better understanding of the AIS structure, function, and the consequences on its 

neurological functions after mutation. We also use parameter estimation methods and several 

computational modelling approaches, including computational software, in the literature 

review section. Chapter 3 comprises the development of the model, including assumptions. 

Chapter 4 includes the parameter findings with the help of the literature and simple 

mathematical calculations, followed by Chapter 5, which consists of the results and conclusion. 

Chapter 6 contains limitation of this study and future directions.  
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Chapter 2 

 Literature review  

The AIS is a non-myelinated region found at the beginning of the axons of neurons and the 

size of this region varies between 10 to 60 µm in length (Jones & Svitkina, 2016). During the 

developmental stage of AIS, this region has been shown to grow in cultured neurons after three 

to four days (Jones & Svitkina, 2016). The development of the structure of AIS  is an internal 

process and does not require any extracellular processes (Boiko et al. 2003; Leterrier and 

Dargent 2014) (Fig.1.1).  This region is important for maintaining the neuronal polarity 

(structure, shape and functions) by acting as a diffusion barrier and cytoplasmic selective filter 

(Jones and Svitkina 2016; Leterrier et al. 2015; Rasband 2010). The barrier and filtering 

capability of the AIS region restricts the entry of dendritic proteins into this region and prevents 

the transformation of AIS into dendrites. The main function of the AIS is to act as an AP 

initiator zone. AP initiates in the AIS structure due to its molecular organization, which is 

heavily enriched with voltage-gated ion channels, especially Nav and Kv channels (Lemaillet, 

Walker, and Lambert 2003; Rasband 2009; Gulledge and Bravo 2016). The presence of ion 

channels and other proteins in the AIS structure  depend on a scaffolding protein known as 

AnkG (Satake et al. 2017; Kole et al. 2008).  

This chapter contains the literature review on topics such as AIS structure, its components and 

their function; how AIS region is responsible for the initiation of AP, medical conditions, such 

as Alzheimer’s disease (AD) due to alterations in the AIS proteins; and also approaches for 

computational modelling.  

The AIS structure comprises three membranes: plasma,  spectrin-actin and microtubule-related 

(Jones and Svitkina 2016). Together, these membranes form the AIS structure, which contains 

different types of proteins that are essential for the proper functioning of this region. Every 

individual protein within the structure of AIS are necessary for the correct organization and 

maintenance of the AIS structural assembly. The detailed architecture of this is explained in 

Fig (2.1).
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Figure 2.1 - Intracellular structure of the AIS region - The plasma membrane of the AIS comprises ions channels (Nav and Kv channels) and 

cell adhesion molecules (CAMs), such as NF186 and NrCAM that are restricted by AnkG. The initial part of AnkG (the membrane binding 

domain (MBD)) is specific for anchoring the Nav, and Kv channels (Kv 7.2/7.3) and CAMs at the plasma membrane. Proteins, binding with AnkG 

have a specific amino acid sequence called AnkG binding motifs (ABM), which are absent from Kv 1.1/1.2 and the reason for their binding with 

PSD 93 (purple circle). CK2 also presents at the plasma membrane and this enhances the interaction between AnkG and the Nav channels.  The 

spectrin-actin membrane present beneath the plasma membrane contains actin and β-IV spectrin and they also restrict entry into the AIS structure 

through interaction with AnkG. After the MBD, the presence of a spectrin binding domain (black rectangle) in AnkG is responsible for the binding 

between β-IV spectrin and AnkG.  Following the second membrane, AIS contains a microtubule-related membrane that comprises bundles of 

microtubules known as microtubule fascicles. Microtubule fascicles are also restricted by AnkG due to interactions with an EB3 protein (yellow 

circle). Moreover, microtubule fascicles contain tau proteins (orange circle) and dynein and kinesin motors. The kinesin and dynein motors are 

responsible for the transport of proteins (big green circles) from one end of the AIS region to the other while the microtubule fascicles act as the 

road for these molecular motors. Moreover, CDK5 (red triangle) in the microtubule membrane is responsible for the phosphorylation of NDEL-

1, a protein essential for binding with the dynein motor. This figure is produced using Servier Medical Art (https://smart.servier.com).

https://smart.servier.com/
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2.1 Plasma membrane  

The plasma membrane is the topmost layer of the AIS structure and contains voltage gated ion 

channels, such as Nav and Kv channels and also cell adhesion molecules (CAMs). All these 

proteins play critical roles in the proper functioning of AIS, such as AP generation. 

2.1.1 Nav channels  

Nav channels are highly enriched in the plasma membrane of the AIS region (Baranauskas, 

David, and Fleidervish 2013; Katsuki et al. 2009) (Fig 2.1). Major isoforms of Nav channels 

are Nav 1.1, 1.2, 1.3 and 1.6 (Akin et al. 2016; Jones and Svitkina 2016). Out of the four 

isoforms, all are found in the structure of AIS, except for Nav 1.3. In the early developmental 

stage, Nav 1.2 is present in the AIS but is later replaced by Nav 1.6 in adult CNS  (Ogawa and 

Rasband 2008). The mechanism involved in this replacement is still unknown. Nav 1.1 and Nav 

1.6 are present in the proximal (beginning) and distal (end) parts of the AIS region, respectively 

(Ogawa and Rasband 2008; Yoshimura and Rasband 2014). The proper functioning of the Nav 

channel depends on its internal structural organization.    

The Nav channel has four domains (I-IV) and every domain has six transmembrane segments 

(TS1-TS6) (Jones and Svitkina 2016) (Fig 2.2, 2.3). TS1- TS4 of all the four domains are 

sensitive towards voltage and are known as voltage sensing segments. However, the TS5-TS6 

segments of all domains are known as pore forming segments and are responsible for the entry 

of Na+ ions during voltage changes in the membrane as sensed by the voltage sensing segments. 

Of all the voltage sensing segments, the TS4 segment is highly unstable. The TS4 segment gets 

stabilized within the domain due to ionic pair interactions between the positively charged 

residue of TS4 and the negatively charged residue of TS2. As soon as the voltage sensing 

segments sense an incoming voltage input, the ionic pair between TS4 and TS2 breaks and this 

results in conformational changes in the Nav channel due to the outward movement of the TS4 

segment (DeCaen et al. 2009). (Fig 2.3). The presence of the Nav channel in the AIS region is 

highly dependents on AnkG.    

Clustering of the Nav channels in the AIS is carried out by binding with AnkG. The Nav channel 

has an ankyrin-binding motif (ABM) present between domains II and III that binds to the 

membrane-binding domain (MBD) of AnkG (Boiko et al. 2003; Leterrier and Dargent 2014) 

(Fig.2.3). To understand the accumulation of Nav channels into the AIS region, Fache et al. 

(2004)  conducted an experiment using chimeric CD4 containing a  II-III linker of Nav 1.2. In 
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this experiment chimeric CD4 is supposed to mimic the function of Nav 1.2 channels due to the 

presence of the II-III linker of Nav 1.2 in chimeric CD4. When chimeric CD4 was then 

transfected into laboratory-extracted neurons the results clearly showed that chimeric CD4 was 

restricted to the AIS region. This restriction was due to the interaction of chimeric CD4 with 

the MBD of AnkG (Fache et al. 2004).  

Similar to the AIS region, Nav channels are also present in the soma region of neurons. 

However, the density of Nav channels in this region are different and more extensive than those 

in the soma region (Rasband 2010). The high number of Nav channels in the AIS region is 

supported by Kole et al. (2008), and their experiment suggests that the density of Nav channels 

in this region is higher by 50-fold than in the soma and they also conclude that AIS requires a 

minimum Nav channel density of 2500 Psµm-2 for AP initiation and backpropagation (Kole et 

al. 2008). The high density of Nav channels in the structure of the AIS supports the AIS skeleton 

to overcome the load induced during AP initiation. Moreover, due to their high density, Nav 

channels in the AIS activate and deactivate much faster than the Nav channels present in the 

soma. Due to the high density of Nav channels in the AIS region, the membrane potential 

changes at a lower voltage as compared to the soma. The density of Nav channels in the AIS 

region can be influenced by other proteins present, such as the fibroblast growth factor 14 

(FGF14) and subunits of Nav channels (Ogawa and Rasband 2008; Yoshimura and Rasband 

2014). Mutations of FGF14 can result in the loss of Nav channel density in the AIS. According 

to in vitro studies, Nav channel mutations result in a reduction in the frequency of Nav channels 

and the Na+ current in the AIS region (Xu and Shrager 2005). Therefore, reductions in Nav 

channels can be responsible for the high voltage requirement to initiate an AP. 

Overall, Nav channels in the AIS region are the key players and any alteration can disturb the 

initiation of AP there due to the large voltage requirement. Mutations in the Nav channel can 

develop medical conditions in humans, such as cognitive impairment and poor coordination of 

hand, speech and eye movements, known as the spinocerebellar ataxia (poor coordination 

between hands, speech and eye movements  (Ogawa and Rasband 2008). Moreover, alteration 

in Nav channels may be responsible for the breakdown of AnkG when activated by Ca2+-

dependent cysteine calpain and this process is known as the proteolysis (Kole and Stuart 2012). 

Proteolysis of AnkG can result in the disruption of the AIS structure due to the weak binding 

of proteins with AnkG.  
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Figure 2.2 - Crystallographic structure of a Nav channel. The green region at the corners 

represents the transmembrane segments (TS1-TS4) of the four domains (I-IV) and the blue 

region refers to the pore-forming segments formed by TS5-TS6 of each domain. In the middle, 

the gap shows the path for the influx and efflux of Na+ ions during opening and closing of Nav 

channels due to changes in the membrane potential (Catterall , 2014).  
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Figure-2.3 – Schematic representation of Nav channels. The Nav channel comprises four 

domains (I-IV) (green) and each domain contains six transmembrane segments (TS1-TS6). Out 

of the six trans-membrane segments TS1 – TS4 are voltage sensing segments while TS5 and 

TS6 are pore forming segments. Na+ ions are transported through the TS5 and TS6 segments 

when the Nav channels are open. Various phosphorylation sites are present in Nav channels and 

they enhance the interaction of these channels with AnkG after phosphorylation by CK2. 

Binding the Nav channels with AnkG depends on the AIS motif between the II and III domains 

of the Nav channels. (A) represents the Nav channel at its resting state (no change in voltage 

across the membrane), where the TS4 of all four domains is stabilized inside this structure due 

to the ionic pair interactions between the positively charged residues (lysine or arginine) of 

TS4 and the negatively charged residues of TS2. (B) shows the outward movement of the TS4 

segments in all domains. The movement of TS4 segments is due to changes in the membrane 

voltage. As voltage sensing segments (TS1-TS4), recognize the strong voltage input, the ionic 

pair between the TS4 and TS2 segments of all domains break and the TS4 segment moves 

outwards, which leads to conformational changes in the Nav channels. Conformational changes 

result in the movement of Na+ ions from outside the membrane to inside the membrane. The 

influx of Na+ ions results in a change in the membrane voltage from negative to positive; this 

is called the depolarization of the membrane. This figure is produced using Servier Medical 

Art (https://smart.servier.com).  
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2.1.2 Kv channels 

The Kv channel is another type of voltage gated ion channel present in the plasma membrane 

of AIS region. Kv channels are different in structure and formation as well as function compared 

to Nav channels. Kv channels contain only one domain with six transmembrane segments (TS1-

TS6) (Fig 2.4) (Papandréou et al. 2015). Out of the six segments, TS1 to TS4 are known as 

voltage sensory modules and the remaining two segments (TS5 and TS6) are pore-forming 

modules. Kv channels consist a tetramerization domain (T1) at the N-terminal and this is 

responsible for the binding of Kv β subunits and other proteins, such as kinesin motors. Kv β 

subunits increase the binding affinity of Kv channels towards the AIS. There are several 

isoforms of Kv channels, such as KCNQ2/3, Kv 1.1/1.2/1.4, and Kv 2.2, all of which are 

completely different from each other (Papandréou et al. 2015). Kv 1.1 and Kv 1.2 can be found 

at the end segment of the AIS region and share space with Nav 1.6 (Rasband 2010). 

The accumulation of different Kv channel subunits into the AIS region is different from each 

other. Kv 2/3 or Kv 7.2/7.3 is restricted in the AIS by AnkG because of the presence of ABM,  

similar to the Nav channels (Jones and Svitkina 2016; Ogawa and Rasband 2008). However, 

Kv 1.1 and 1.2 do not bind with AnkG due to the absence of ABM and are anchored into 

structure of AIS through postsynaptic density protein 93 (PSD93) or chapsin 11 (Leterrier and 

Dargent 2014; Yoshimura and Rasband 2014). PSD93 is a part of the PDZ domain family that 

contains the membrane-associated guanylated kinase family of scaffolding proteins (MAGUK) 

(Ogawa & Rasband, 2008). Kv channel trafficking in AIS is enhanced phosphorylation by 

cyclin dependent kinase 5 (CDK5).  

In the AIS region, the Kv channels modulate AP firing as well as the shape, initiation and spike 

patterning by restricting neuronal excitability and repolarizing the membrane by allowing an 

efflux of K+ ions from the membrane. (Rowan, Tranquil, and Christie 2014; Sánchez-Ponce, 

and DeFelipe 2012). Mutation in any of the Kv channels can lead to alterations in these 

functions. Moreover, mutation in particular Kv channel subunits (KCNQ 2/3 or Kv 7.2/7.3 ) can 

cause epilepsy in new-born human babies (Jensen et al. 2017) due to a defect in Kv channel 

trafficking into the AIS region, which can reduce the size of the K+ current.     
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Figure 2.4- Crystallographic structure of the Kv channel. The brown extensions at the 

corners represent the transmembrane segments (TS1-TS4) serving as voltage sensing modules. 

TS5-TS6 are known as pore forming segments (blue and green region). Due to the change in 

membrane potential, conformational changes occur within the Kv channel and this results in 

the opening of the channel (centre blue and green region). Opening of Kv channel helps in 

changing the membrane voltage from positive to negative due the efflux of K+ ions (Fatemeh, 

2012). 
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Figure -2.5 Schematic representation of the Kv channel. Both channels, Kv 1 (left) and Kv 7 

(right), have almost similar structures of a single domain divided into six transmembrane 

segments (TS1-TS6). The TS4 segment comprises positive residues that act as a voltage 

sensing module and, together with TS1-TS3, T5 and T6 comprise the pore forming segments. 

Several amino acids in both types of Kv channels act as the trafficking determinants (TDs) 

(black circle) and are responsible for the maintenance, expression and trafficking of the Kv 

channels (Papandréou et al. 2015). The TDs at Kv channels also regulate the interaction of Kv 

channels with other proteins. The N-terminal of Kv 1 channels consists of a tetramerization 

domain (T1) and this serves as a binding site for the kinesin motors and β subunits of the Kv 1 

channel. The C-terminal of the Kv 1 channel has a binding motif that is responsible for the 

restriction of the Kv 1 channel into the AIS region through PSD 93 (orange circle). Kv 7 

channels have TDs (black circle) near the C-terminal and are responsible for the binding of 

CAMs. Tethering the Kv 7 channels into the AIS region depends on ABM, which is present at 

the end of the C-terminal. This figure is produced using Servier Medical Art 

(http://smart.servier.com). 
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2.1.3 Cell adhesion molecules (CAMs)  

CAMs of the L1 family are also enriched in the AIS region. Neurofascin 186 (NF186) and 

neuronal cell adhesion molecules (NrCAM) are examples of CAMs available in the plasma 

membrane of the AIS. Both NF186 and NrCAM have a AnkG binding motif and this motif 

helps in the interaction of CAMs with AnkG (Fig. 2.1)(Jones and Svitkina 2016). Mutation of 

NF186 results in the inhibition of gephyrin, which weakens the GABAergic synapses by 

inhibiting the clustering of GABAA receptors (GABAAR). Overall, CAMs maintain the 

GABAergic synapse between the axon terminal and the AIS region, which is crucial for AP 

initiation. In-vivo studies reveal that NF-186 is important for stabilizing the AIS region, and 

the recruitment of NrCAM into this region (Kriebel et al. 2011; Zonta et al. 2011).  

 

2.2 Spectrin-Actin membrane  

The second membrane of the AIS structure lies beneath the plasma membrane and is composed 

of βIV spectrin and actin (Fig 2.1). The main function of this membrane is to  provide 

mechanical support to the AIS region (Zhang and Rasband 2016). 

 2.2.1 Spectrin 

The spectrin family of cytoskeleton proteins was first noticed in erythrocytes as a rod shape, 

and it is a tetramer with two units each of α and β subunits (Tse et al. 2001). It is antiparallel 

heterodimer made up of α and β subunits with a length of ~100 nm that interact in a head to 

head way resulting in the formation of a tetramer ~200 nm long (Goodman et al. 1995; Viel 

and Branton 1996). In the erythrocyte membrane, the subunits of spectrin have 106 residues 

and they form a helix bundle (Berghs et al. 2000). The α subunit of spectrin has 20 repeats of 

spectrin and an SH3 domain at the ninth segment (Saka et al. 2014). Two EF-hand motifs are 

present between the 20th spectrin repeat and the C-terminal (Berghs et al. 2000; Jones and 

Svitkina 2016). The β subunit of spectrin has 17 spectrin repeats, an actin-binding domain with 

protein 4.1, adducin and phosphatidyl-inositol 4, 5-biphosphate (PIP2) at the N-terminal and a 

pleckstrin homology domain (PH) towards the C-terminal (Saka et al. 2014). All β spectrin 

binds with AnkG on spectrin repeat 15.  

In mammals, the five genes of β spectrin are present but βIV-spectrin is found in the AIS region, 

which has been localized in the mouse at chromosome 19q13.13 by Jones and Svitkina (2016) 

and Tse et al. (2001). After alternative splicing, the βIV-spectrin generates six isoforms, from 
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βIV-spectrin Σ1 to Σ6. βIV-spectrin Σ1 is the longest isoform and has 36 exons and 2559 amino 

acids. In the brain, the size of βIV-spectrin Σ1 is ~9.0 kb and this has been detected on day 19 

during development; the concentration of the βIV-spectrin Σ1 continues to increase until 

adulthood (Berghs et al. 2000). The βIV-spectrin Σ6 isoform does not have any actin-binding 

domain at the N-terminal, and a total of nine repeats of spectrin are present in the full size of 

4.7 kb (Komada and Soriano 2002). 

The recruitment of βIV spectrin is highly dependent on AnkG (Yang et al. 2007). The ERQES 

domain (a specific domain) with positively and negatively charged residues, is present after the 

17th repeat and before the PH domain. This proline-rich domain is not present in other β spectrin 

isoforms and is highly charged because of the presence of glutamate, glutamine and arginine 

at 23.3%, 8.8%, and 26.6%, respectively (Komada and Soriano 2002). The βIV-spectrin and 

AnkG play a crucial role in the correct localization of membrane proteins in the AIS region. 

According to various studies, the βIV-spectrin participates partly in the localization of AnkG 

and, together, they help the AIS region act as a  barrier and decrease the concentration of 

somato-dendritic proteins, such as GluR1 and telecephalin, before they enter the AIS region 

(Nishimura et al. 2007). An optical tweezer experiment by Winckler, Forscher, and Mellman 

(1999) showed that βIV-spectrin regulates the lateral mobility of L1 CAMs, and  this function 

of βIV-spectrin indirectly depends on the interaction of L1 CAMs with AnkG .  

According to genetic studies on C. elegans, β-spectrin maintains the function of nerve axons 

to overcome the stress that occurs during movement, so a deficiency of β-spectrin can lead to 

paralysis (Baines 2010).   

2.2.2 Ability of actin and AIS to act as barriers This actin-based structure provides passage 

to axonal proteins and restricts the entry of dendritic proteins into the axon (Balasanyan et al. 

2017). In cultured cortical neurons, the existence of actin can be noticed at three days-in-vitro 

(DIV 3) by 58% and 100% by DIV 7  (Watanabe et al. 2012). The actin patches available at 

the axons are higher than in the dendrites and, in the AIS region, they are present 13 µm away 

from the cell body (Watanabe et al. 2012). SEM imaging reveals the structure of actin by 

showing the presence of actin filaments and synaptopodin. Synaptopodin is a protein, known 

as the actin-interacting regulatory protein, that has multiple binding sites for α-actinin 

(Sánchez-Ponce, and Blázquez-Llorca  2012). α-actinin comes from the family of actin-binding 

proteins that crosslinks and bundles actin filaments. α-actinin creates short branched packages 

of actin filaments (Sánchez-Ponce, and Blázquez-Llorca 2012). All actin filaments are present 
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towards the positive end of the cell body (Watanabe et al. 2012) and they result in the formation 

of a diffusion barrier and this prevents the entry of unnecessary protein into the axon.  

Clustering of transmembrane proteins with the spectrin-actin based cytoskeleton via AnkG is 

essential for the creation of the diffusion barrier in AIS. The diffusion barrier develops when 

all the proteins are available in this region. According to the picket fence model, the formation 

of the diffusion barrier reduces the mobility of membrane proteins in the structure of AIS 

because of the crowding of the proteins. In contrast, Albrecht et al. (2016) conducted a study 

to propose a new model called the ‘actin fence model’. To test this model, single 

glycosylphosphatidylinositol-anchored GFP (GPI-GFP) trajectories were measured within the 

AIS of primary rat hippocampal neurons using high-density single-particle tracking (SPT). SPT 

analysis was undertaken at different time points. Reduction in the mobility of GPI-GFP in the 

AIS region was noticed after DIV 3. The outcomes of this study revealed that GPI-GFP was 

restricted in this region because of the actin cytoskeleton and there was also a reduction 

observed in the mobility of membrane proteins between adjacent actin rings (Albrecht et al. 

2016). In contrast, Nakada et al. stated that the formation of barrier takes place at DIV 10; 

however, treatment with jasplakinolide (an actin promoting agent) enhanced the 

polymerization of f-actin resulting in the creation of a barrier at DIV 5 (Nakada et al. 2003).  

2.3. Microtubule-related membrane  

The microtubule-related membrane is essential for the transportation of various proteins that 

act as a pathway for the molecular transporters or molecular motors. Moreover, various post-

translation modifications (PTMs), such as phosphorylation acetylation, also contribute to the 

correct functioning of the microtubules. 

2.3.1 Microtubules (MT) 

MTs are hollow in shape with a 25 nm diameter (Hoogenraad and Bradke 2009; Kapitein and 

Hoogenraad 2011) (Fig 2.1). In the AIS region, MTs are present in bundles known as fascicles. 

Fascicle formation may occur because of the interaction of MT with AnkG through an end 

binding protein (EB) (Jones and Svitkina 2016). MT fascicles are collections of MTs that align 

parallel to each other and then cross-link into a bundle. There are three to seven fascicles in 

total, and the number of MTs present in fascicles range from 2-25 (Chung et al. 2016; Jones 

and Svitkina 2016).    
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MTs consist of αβ-tubulin, tau, an end binding protein, spastin and motor proteins. αβ-tubulin, 

a heterodimer made up of straight protofilaments (Chung et al. 2016; Tapia, Wandosell, and 

Garrido 2010). Tubulin dimers maintain the MT dynamics. MT requires the histone deacetylase 

6 (HDAC6) enzyme to deacetylase tubulin and tau (Tsushima et al. 2015). HDAC6 is involved 

in axon development, and the inhibition of HDAC6 can cause the loss of AIS assembly (Tapia, 

Wandosell, and Garrido 2010; Tsushima et al. 2015). Microtubule-associated proteins, such as 

tau, end binding protein (EB), spastin and motor proteins, maintain the dynamics of the MTs 

(Kapitein et al. 2010; Chung et al. 2016) . The EB protein is found in three forms EBs (1-3), 

and are known as plus-end tracking proteins. EB1 and EB3 have unique roles and play a part 

in axonal transport. EB3 acts as a link between AnkG and MT through the EB homology 

domain (Leterrier et al. 2011; Leterrier and Dargent 2014). The properties of MTs are modified 

with the help of CK2. A number of experimental analyses have provided evidence showing 

that inhibition of CK2 increases the acetylation of tubulin by three times the rate and impairs 

the function of the MTs (Sanchez-Ponce, Muñoz, and Garrido 2011). Post-translational 

modifications (PTMs) of tyrosination, detyrosination, polyglutamylation and polyglycylation, 

are examples of modifications that take place in MTs (Leterrier and Dargent 2014). MAP 

dysfunction leads to various diseases, such as AD, amyotrophic lateral sclerosis, multiple 

sclerosis, and chronic traumatic encephalopathy, in athletes suffering  concussion (Chung et al. 

2016; Kapitein and Hoogenraad 2011). 

The presence of MTs in the form of fascicles and their involvement in cargo transport make 

MTs a noteworthy member of the AIS region (Jones and Svitkina 2016; Nakata and Hirokawa 

2003). MT also plays a vital role in structure of the AIS by maintaining its functions and 

assembly. 

2.3.2 MT-based protein transport  

MTs participate in protein trafficking with the help the kinesin and the dynein superfamily 

(Gumy and Hoogenraad 2018; Leterrier and Dargent 2014; Xiao and Jan 2009). An alteration 

in any of these motors results in damage to the assembly of AIS and forces the axons to acquire 

the molecular characteristics of dendrites (Sanchez-Ponce, Muñoz, and Garrido 2011). The 

motor protein binds with the motors and moves along with MTs. Adenosine triphosphate 

(ATPs) is the energy source for the mobility of these motors (Encalada and Goldstein 2014; 

Jenkins et al. 2012).  
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Figure 2.6 - Schematic representation of a microtubule in the AIS.  Microtubules are located 

in the AIS in the form of bundles called fascicles. Each fascicle contains 2-25 microtubules 

parallel to each other. Microtubules act as pathways for the transportation of proteins through 

the molecular motors, kinesin (brown hexagon) and dynein (gold hexagon). Kinesin motors 

move towards the plus end of the microtubule and dynein motors move towards the minus end. 

Transportation of protein cargo (green circle) towards the axon terminal and soma is 

accomplished by kinesin and dynein motors, respectively. The dynein motors are accompanied 

by NDEL1 (red outlined rectangle) that are responsible for the activation of dynein motors.  A 

microtubule consists of tau (orange circle) and the hyper-phosphorylation of tau can disrupt 

the function of other proteins present in this region. The activity of the microtubules is 

maintained by CDK-5 kinase (blue triangle).  Microtubule binding with AnkG relies on the 

EB3 protein (yellow circle) and this binding is important for the correct localization of the 

microtubules within the AIS region. This figure is produced using Servier Medical Art 

(http://smart.servier.com).  
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2.3.2.1 Kinesin motors  

Kinesin motors move along MT towards their minus end (Leterrier and Dargent 2014). The 

kinesin family has 45 types of kinesin proteins (Barry et al. 2014). Kinesin-1 is the main motor 

for axonal transport (Fig 2.6). It contains a heavy chain dimer at the N-terminal and two kinesin 

light chains at the C-terminal.  KIF5A, KIF5B, KIF5C are three isoforms of kinesin-1 (Leterrier 

and Dargent 2014). The N-terminal of kinesin has a stalk domain (responsible for dimerization 

through the coiled-coil region), and the C-terminal is a binding site for protein that needs to be 

transported (Barry et al. 2014). KIF5 is known for the transport of the vesicle associated 

membrane protein (VAMP2) and the amyloid precursor protein (APP) to the axon, and N-

methyl-d-aspartate (NR2B) transport by, KIF17, to the dendrites (another protein from the 

kinesin family) (Xiao and Jan 2009). Song et al (2009) conducted a number of experiments 

using chimeric KIF17, with a KIF5B tail, and chimeric KIF5B, with a KIF17 tail, to understand 

the presence cytoplasmic selective filter transport in AIS. Outcomes indicate that chimeric KIF 

17 took VAMP2 as cargo, and chimeric KIF5B took NR2B as cargo; hence, the results showed 

no evidence of VAMP2 in the axons while, on the other hand, NR2B was found in both axons 

and dendrites. This indicates that KIF5B can transport cargoes in both axons and dendrites and 

the presence of a cytoplasmic filter in the AIS region has been found between DIV 3 and 5 

(Song et al. 2009). Transport through kinesin motors is important for neuronal polarity because 

kinesin family proteins are responsible for the precise supply of the components in both axons 

and dendrites (Jenkins et al. 2012). 

 2.3.2.2 Dynein motors 

Another motor that also co-localizes with kinesin is called dynein, which moves along the 

microtubules but towards the minus end (Kuijpers et al. 2016; Vallee et al. 2004) (Fig 2.6). The 

dynein motor is known for the transportation of Golgi bodies from the axons and the rerouting 

of soma-dendritic protein cargos to the soma. Activation of the dynein motor depends on the  

nuclear distribution element like 1 (NDEL1) (Egan, Tan, and Reck-Peterson 2012; Klinman, 

Tokito, and Holzbaur 2017). The presence of CDK-5 was also noticed in the AIS region and 

this promotes the phosphorylation of NDEL1 (Klinman, Tokito, and Holzbaur 2017). The 

phosphorylated form of NDEL 1 binds with the dynein motor. Alterations in CDK-5 impair 

the formation NDEL-dynein binding; thus, affecting the assembly of the AIS structure   to 

changes in protein transport (Kapitein et al. 2010; Klinman, Tokito, and Holzbaur 2017). 
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NDEL1 enrichment in the AIS region is due to it binding with AnkG, while the subsequent 

depletion of NDEL1 results in the inactivation of the dynein motor and this allows the entry of 

dendritic proteins into the proximal axon. Binding of NDEL1 and AnkG occurs at the C-

terminal of NDEL1. The activation of dynein forces the cargo containing dendritic proteins to 

move back to the soma. Strong binding between dynein motors and MTs prevent the exclusion 

of dynein motors from the AIS structure (Klinman, Tokito, and Holzbaur 2017).  

2.4. Importance of AnkG in AIS 

The ankyrins are a group of scaffolding proteins. In vertebrates, ankyrin is present in three 

isoforms: AnkR, AnkB, and AnkG, that have similar molecular structures (Leterrier and 

Dargent 2014; Smith and Penzes 2018). AnkR is known as the first isoform of ankyrin and is 

crucial for the maintenance of the shape and functioning of erythrocytes (Smith and Penzes 

2018). AnkB is present in tissues, including the brain, thymus, and heart and skeleton muscles. 

In the heart, AnkB plays a critical role in the organization of the transport and ion channels, as 

the correct localization of these components is necessary for correct Ca+ signalling and heart 

function. The third, and most important, ankyrin, AnkG, can be found in almost all tissues of 

the brain, epithelium, kidney, and muscles. In the brain, AnkG is available in three different 

isoform protein sizes, i.e., 190 kDa, 270 kDa and 480 kDa (Smith and Penzes 2018). AnkG is 

crucial for AIS assembly and the maintenance of neuronal polarity (Cunha and Mohler 2009). 

AnkG is the first protein that clusters at the proximal axon; however, the mechanism behind 

this is still unknown. The presence of AnkG in the proximal axon maybe due to teamwork 

between the multiple domains present at AnkG (He, Jenkins, and Bennett 2012). 

AnkG is the chief organizer of the AIS region because the accumulation and expression of 

almost all AIS proteins depends on AnkG. AnkG consists of an MBD at the N-terminal made 

up of 24 ankyrin repeats, a spectrin-binding domain, a serine-rich domain (only in the 270 and) 

480 kDa isoforms with a long tail and a C-terminal domain (Fig.2.7). The MBD of AnkG is 

responsible for the recruitment of ion channels (Nav, Kv), molecular motors and CAMs (NF186, 

NrCAM) into the AIS (Carolina 1998; Cunha and Mohler 2009; Hedstrom, Ogawa, and 

Rasband 2008; Nelson and Jenkins 2017; Zhou et al. 1998). The interaction of AnkG with the 

second membrane, the spectrin-actin membrane, is accomplished by the spectrin binding 

domain with the help of a ZU5 motif of 160 amino acids. Other motifs, DAR999 and S2417, 

are also essential for the interaction of spectrin with the small and large isoforms of AnkG 

(Smith and Penzes 2018). A regulatory domain, also known as the death domain, is an 
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unstructured domain with 300 amino acids, which regulates the interactions of all proteins with 

AnkG binding domains (Nelson and Jenkins 2017).  

 

One of the most important functions of AnkG is to maintain neuronal polarity. Neuronal 

polarity in the AIS region is maintained by the correct localization of AIS proteins and depends 

highly on AnkG. AnkG interacts with the ion channels, spectrin isoforms and actin, and 

stabilizes them within the structure (Smith and Penzes 2018). The tight interaction of proteins 

with AnkG within the AIS region favours AP initiation. Injury or mutations can cause weak 

binding between AIS-related proteins and AnkG. The weaker binding of proteins with AnkG 

increases the probability of the removal of protein from the structure (Leterrier et al. 2010) 

Every membrane protein within this region is directly or indirectly associated with AnkG. 

AnkG and its binding members are known for targeting the GABAergic inter-neuronal 

presynaptic inputs that are necessary for controlling the AP firing frequency and the excitability 

of neurons in the brain region (Ango et al. 2004). GABAergic interneurons are composed of 

GABAAR clusters, and the organization of GABAergic interneurons is dependent on the 

binding of GABAAR with a  scaffolding protein, called gephyrin, which is indirectly associated 

with NF186 (Smith and Penzes 2018).  

 

Any alteration in AnkG results in the disassembly of the AIS structure and a disruption in 

neuronal polarity (Le Bras et al. 2014) (Fig.2.8). A mutation in AnkG has a direct impact on 

the expression of membrane proteins and their functions. The absence of AnkG can cause 

disturbances in the filtering or transport capability of the AIS region where unnecessary 

proteins or dendritic proteins enter the axon region. The entry of these dendritic proteins forces 

the axon to adapt dendritic molecular characteristics and this means the axon will perform the 

same functions as the dendrites. The loss of actin, spectrin, and CAMs by 90%, 90%, and 98%, 

respectively, has been noticed in AnkG mutated mice (Hedstrom, Ogawa, and Rasband 2008). 

A study of purkinje cells with an AnkG mutation demonstrated the importance of AnkG in AIS 

by observing no voltage gated ion channels (Nav and Kv channels) due to the absence of AnkG. 

The lack of ion channels suggested the absence of interactions between the voltage gated ion 

channels and AnkG in AIS. The absence of voltage gated ion channels can also lead to the non-

initiation of AP and their generation at the AIS (Zhou et al. 1998). 
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Figure. 2.7 Pictorial representation of the structure of AnkG. AnkG is responsible for the 

recruitment of some important proteins in the AIS region, such as ion channels, CAMs and 

others. AnkG comprises a membrane binding domain (MBD) (blue circles) made up of 24 

ankyrin repeats. The MBD is responsible for anchoring both the Nav and Kv channels and 

CAMs in AIS. Recruitment of ion channels into AIS play a crucial role in AP initiation in this 

region. Close to the MBD, AnkG has a spectrin binding domain (black rectangle) which binds 

β-IV spectrin with AnkG and provides strength to the spectrin-actin membrane to perform 

functions, such as cytoplasmic filters and diffusion barriers. Actin, in the AIS, is connected to 

AnkG through β-IV spectrin because the N-terminal of β-IV spectrin binds with actin and the 

C-terminal binds with the spectrin binding domain of AnkG. Alongside the spectrin binding 

domain, AnkG contains a serine rich domain that is only present in AnkG with size of 270 

and480 kDa. The final domain of AnkG is known as the regulatory/death domain and its 

function is to maintain the interactions between all the proteins and AnkG by regulating all the 

domains present in AnkG. 
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Figure 2.8 - Pictorial representation of the role of AnkG in the AIS region. All the purple 

arrows represent the relationships between AnkG and other proteins and the relationships 

between AnkG and the specific function of the AIS region (diffusion barrier, action potential 

or neuronal polarity). In the AIS, AnkG maintains the neuronal polarity (light grey). Neuronal 

polarity is maintained by diffusion barrier ability of the AIS region. For this region to act as a 

diffusion barrier is only possible when all the necessary proteins are recruited correctly. 

Recruitment of proteins in AIS region is dependent on AnkG. Moreover, the correct 

localization of proteins in the AIS region promotes the initiation of AP (red rectangle).  As 

shown in figure 2.8, AnkG recruits the Kv and Nav channels and CAMs (black rectangle) and 

they are responsible for the depolarization and repolarization phase of the AP process, 

respectively. CAMs bind with the gephyrin protein, which plays a crucial part in the 

GABAergic synapses (gold sphere). In addition, AnkG also recruits β-IV spectrin and this is 

associated with actin, together, they act as a diffusion barrier and this helps in maintaining 

neuronal polarity. AnkG also has a relationship with microtubules (blue rectangles) connected 

through the EB3 protein. Microtubules act as the pathway for the molecular motors (kinesin 

and dynein) (blue rectangles) and are responsible for the transport of protein through the axons. 

The transport ability of molecular motors also plays a part in maintaining neuronal polarity by 

transporting the correct proteins in and out of the axons. The activation of the dynein motors 

depends on AnkG because NDEL-1 is an activator, and this binds to the dynein motors after 

interaction with AnkG.  The red dotted line indicates the alteration in proteins due to the 

mutation in AnkG and this has a direct negative impact on AP initiation in the AIS region.  
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2.5 History and Mechanisms behind AP  

The history of AP is fascinating. Luigi Galvani (1786) became the first researcher to introduce 

the relationship between electricity and movement in living organisms (DuBois 2010). He 

noticed movements in frog legs after using an electric scalpel. His associate, Alessandro Volta, 

continued his work and invented the galvanic cell. Another scientist, Carlo Matteucci, also 

conducted experiments on frog muscles by considering them to be electric conductors and, on 

the basis of his work, German physician Emil du Bois-Reymond discovered AP (DuBois 2010). 

Moreover, results from AP studies in frogs influenced scientists to conduct experiments in 

plants and, in 1873, Sir John Scott Burdon Sanderson, encouraged by Charles Darwin, 

recorded the first AP in insectivorous plants (DuBois 2010). The voltage clamp techniques 

developed by Cole and Marmont (1949) helped in understanding APs. The results collected 

from voltage clamp techniques were used by Hodgkin and Huxley (1952) for the development 

of a mathematical model explaining AP generation in the axon of giant squid (explained in 

section 2.6). Moreover, upgrades in patch clamping techniques developed by Neher and 

Sackman, in 1976, assisted in the proper understanding of currents passing through single ion 

channels (DuBois 2010). 

AP is defined as the change in membrane potential (membrane voltage or transmembrane 

potential) from the influx and efflux of cations (Na+ and K+) due to the activation and 

inactivation of voltage gated ion channels (Fig 2.9). AP is one of the most crucial mechanisms 

in the human brain and is essential for communication between neurons.  The AIS region acts 

as an AP initiator zone due to its molecular organization and, especially, the presence of high 

densities of voltage gated ion channels (Nav and Kv channels) (Coombs, Curtis, and Eccles 

1957). The structural organization of this region supports to overcome the electricity induced 

by the soma during AP and prepares for the following AP (Kole and Stuart 2012). The AIS 

region is heavily populated with all the key players associated with AP, such as Nav , Kv  and a 

Na+/K+ pump. Proper functioning of all these proteins is necessary for the independent steps 

involved in AP. Nav channels are responsible for the depolarization phase, and the 

repolarization (positive to negative) phase depends on the Kv channels. Moreover, the 

hyperpolarization phase is regulated by a Na+/K+ pump (Platkiewicz and Brette 2010). 

Depolarization is defined as the movement of the inside membrane voltage from negative to 

positive and repolarization is the movement/change of the membrane voltage from positive to 

negative. Hyperpolarization is the phase where the membrane is highly negatively charged 

(beyond its resting value) (Platkiewicz and Brette 2010; Schmidt-hieber, Jonas, and 
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Bischofberger 2008).  Nav and Kv channels work using passive transport because the movement 

of ions takes place from a higher to a lower gradient. Moreover, the Na+/K+ pump relies on 

active transport and uses adenosine tri-phosphate (ATP) as an energy source. The detailed 

mechanisms of AP within neurons are explained in Fig (2.9). 

 

 Figure -2.9 Schematic representation of change in neuronal membrane due to AP. The 

AIS membrane comprises a voltage gated ion channel (Nav, Kv), Na+/K+ pump and leak 

channels (LK and LNa).  A) represents the membrane in the resting state where the influx and 

efflux of cations (Na+ and K+ ions) are almost zero. At the resting state, the Nav and K+ channels 

remain shut. The membrane voltage in the resting state in most neurons lies near to -70 mV.  

During the resting stage, the net charge inside the membrane is negative, while it remains 

positive outside the membrane. The inside membrane has a higher K+ ion concentration than 

Na+ ions. However, the outside membrane contains a higher Na+ ion concentration than K+ 

ions. B) demonstrates the disturbance in the movement of ions due to stimuli (electric current, 

light, pressure (mechanical and osmotic)). Stimuli introduce conformational changes into the 

ion channels and this results in the opening of the Nav and Kv channels. As the Nav channel 

opens, an influx of Na+ ions occurs and the concentration of Na+ ions inside the membrane 

increases. This change in the ionic concentration inside the membrane tends to move the inside 

voltage towards a positive value (-70 mV to +40 mV) and the outside voltage becomes 

negative; this is known as depolarization. When the Kv channel opens an efflux of K+ ions takes 

place with the voltage inside the membrane moving again towards its resting value (+40 mV 

to -70 mV); this is called repolarization. Due to the slower movement of Kv, ions the channel 

membrane potential reaches beyond -70 mV. To generate another AP, the membrane potential 

should reach a resting value (-70 mV) and this step is accomplished by a Na+/K+ pump. The 

Na+/K+ pump takes three Na+ ions from outside the membrane and two K+ ions from inside the 

membrane. The black sphere in the figure represents the other proteins present inside the 

membrane. They cannot pass through due to the absence of a structure similar to ion channels 

and their larger size as compared to the ions. This figure is produced using Servier Medical Art 

(http://smart.servier.com) 

http://smart.servier.com/
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2.6 Hodgkin and Huxley’s Approximation for AP  
 

Hodgkin and Huxley (1952) introduced a model explaining mathematically how AP is 

produced within the axon of giant squid. Hodgkin and Huxley's (HH) model gave differential 

equations defining capacitance, current and membrane potential during AP. Their model 

provides for the involvement of ion channels in action potentials. Voltage gated ion channels, 

such as the Nav, Kv and leak (L) channels, were introduced into the model. Leak channels 

maintain the resting potential and the other two channels are responsible for the influx and 

efflux of Na+ ions and K+ ions, respectively. Hodgkin and Huxley mentioned in their research 

that Nav and Kv channels have different gates embedded in their membranes. The Kv channel 

comprises four gates denoted as n and all gates are activation gates. However, the Nav channel 

contains three activation gates (m) and one inactivation gate (n). Hodgkin and Huxley’s model 

explains the production of AP through equations and by using a circuit diagram (Fig 2.10). 

 

Figure 2.10- Circuit diagram used in the HH model. Ic, INa , IK  and IL are capacitive currents 

through the Nav channel, Kv channel and leak channels, respectively. GNa, GK, GL represent the 

conductance of Na+, K+
 and leak ions, respectively. GNa and GK are voltage dependent and GL 

is a constant in the HH model.  ENa, EK, EL are the equilibrium potentials of the Na+, K+ and 

leak ions and CM represents the membrane capacitance. Stim, in the circuit, is the external 

current applied to the electrode. Vin and Vout are the voltages coming in out from the circuit.  
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Hodgkin and Huxley used an electrical circuit with two major components, membrane 

capacitance and ions, flowing through channels. 

Ic = Cm *dVm/dt……………………………………… (2.1) 

Ic is the capacitive current and Cm is the membrane capacitance (µF/cm2) and this is defined as 

the rate of change in the charge of the membrane voltage (Vm (t)). The behaviour of the electric 

circuit used in HH model can, therefore, be written as: 

Cm *(dVm/dt) + Iionic = Iext………………………………. (2.2) 

Eq. (2.2) demonstrates the change in membrane potential due to the passing of ions through 

the membrane. Iext is the current from the external source (intracellular electrode) applied to the 

giant squid axon in the model. In the HH model, the total ionic current (Iionic) is the sum of the 

three types of current in the membrane: the sodium (INa), potassium (IK), and leak (IL). The Iionic 

current is assumed through Ohm’s law: 

V= I*R …………………………………………………….(2.3) 

where V is the voltage, I, is the current and R is the resistance. Eq. ( 2.3) can be written in terms 

of conductance (G) and G is the inverse of the resistance (G= 1/R). Unit of V is (mV).  

I = G*V …………………………………….. (2.4) 

So, considering all the equations above, Iionic can be written as: 

Iionic = GNa (Vm-ENa) + GK(Vm -EK) + GL(vm-EL)………………(2.5) 

GNa, GK and GL represent the conductance of the potassium, sodium and leak channels.  The 

individual ionic currents can be positive or negative. This depends on whether the membrane 

voltage is below or above the equilibrium potential. The unit of G is m.mho/cm2. In Eqs. (2.5) 

ENa, EK and EL are the equilibrium potentials for each ion (Na+, K+, L+).  

The movement of ions from the ion channels is based on the behaviour of gates present in the 

respective channels and the conductance of particular channels relies on these gates. The Eq. 

(2.6, 2.7) indicates the relationship between conductance and the gates within the channels and 

currents due to the movement of ions through their respective channels. The Kv channel 

comprises four identical gates denoted as n, and the Nav channel also comprises four gates but 

three are identical (m) and one is different (h). The conductance of the Nav and Kv channels can 

be written as:   
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 GK= n4*GKmax ……………………………………………….(2.6) 

GNa = m3*h* GNamax…………………………………………… (2.7) 

Eq. (2.6) n refers to the activation gate and n4 represents the four n gates of the Kv channel. 

gkmax is the maximum conductance when all the gates are open. Eq. (2.7) explains that the Nav 

channel conductance is equal to the product of all the gates (three activation gates (m3) and one 

inactivation gate (h)), and gNamax is the maximum conductance when all the activation gates 

are open.   

From Eqs. (2.6) and (2.7) we can modify Eq. (2.5): 

Iionic= m3*h* GNamax (Vm-ENa) + n4*GKmax  (Vm -EK) + GL(Vm-EL)…………(2.8) 

Eq. 2.8 explains the total ionic current passing through the membrane during AP.  

2.7. AD and Neurological Conditions Related to AIS Dysfunction  

AD is the most common neurodegenerative disease in humans thus, it is the most common 

cause of dementia and as yet there is no known cure for AD. The main characteristics of AD 

are its progressiveness and unalterable cognitive function and memory loss. The exact 

pathophysiology and pathogenesis of the disease is not known. The two categories of AD, 

based on the age of onset, are early-onset or familial AD (FAD) and sporadic AD (SAD). Only 

5% of all AD cases are FAD and 90-95% are SAD (William and Laura 2013). Several 

hypotheses have been introduced to describe the cause of AD over recent decades. The current 

three main hypotheses are the amyloid deposition hypothesis, the cholinergic hypothesis and 

the tau hypothesis (Checler and Turner 2012; Craig, Hong, and McDonald 2011; Hardy and 

Higgins 1992; Kametani and Hasegawa 2018; Karran, Mercken, and Strooper 2011; Maccioni 

et al. 2010). An explanation for all physiological changes that occur during the development 

of AD is still unknown.  

The accumulation of extracellular neurotic plaques containing amyloid-β (Aβ), and 

neurofibrillary tangles (NFTs), consisting mainly of the hyperphosphorylated forms of the 

microtubule-associated protein, tau, are the two main markers for AD (Goedert and Spillantini 

2006). Most AD patients have SAD, but three genes have been associated with FAD: amyloid-

β protein precursor (AβPP), presenilin-1 (PS1) and presenilin-2 (PS2). FAD is clinically similar 

to SAD but has an earlier onset (Hardy et al. 2002; Pimplikar 2009). Aβ and tau are the 
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significant components of the neurofibrillary tangles (NFT), which are very well known in AD 

pathogenesis (Tsushima et al. 2015).  

The cholinergic hypothesis was the first hypothesis to exist to explain AD pathogenesis; it 

focussed mainly on the loss of cholinergic activity in the brains of AD patients. Experimental 

studies have revealed the role of acetylcholine in learning and memory. Studies on young 

subjects by blocking cholinergic activity with scopolamine results in the impairment of 

memory and this defect was reversed by using the cholinergic agonist physostigmine (Craig et 

al. 2011). By implementing this theory, early clinical trials were performed using other 

acetylcholinesterase inhibitors (AChEIs). Currently, there are three AChEIs (donepezil, 

rivastigmine and galantamine) that are used for the treatment of mild to moderate AD. These 

AChEIs are approved by the Food and Drug Administration (Canada). The results of clinical 

trials show that AChEIs provide a small improvement in AD symptoms. However, even after 

two years, no visible improvements were noticed in subjects taking AChEIs. Not all AD 

patients showed positive results after treatment with AChEIs. These negative factors all 

contribute to the failure of cholinergic activity (Craig et al. 2011). 

According to the tau hypothesis, the hyperphosphorylation of tau plays a critical role in AD 

pathogenesis. Under pathological conditions, tau self-aggregates into paired helical filaments 

(PHFs) and these PHFs later turn into NFTs (Maccioni et al. 2010). NFTs will impact MT 

function and disturb its dynamics. MT dynamics are very important for the correct protein 

transport by the kinesin and dynein motors. The disassembly of MT leads to cell death (Hardy 

and Higgins 1992; Kametani and Hasegawa 2018). 

Amyloid β protein (AβP) deposits in the brain and is the primary causative agent of AD 

pathology. According to studies in healthy or young brains, Aβ is removed by β or γ-secretase 

but, in aged brains, the Aβ degradation rate declines and this leads to its deposition. After the 

deposition of Aβ, NFTs, cell loss, and dementia follow. This hypothesis is known as the 

"amyloid cascade hypothesis." Mutation of the amyloid precursor protein (APP) results in its 

clustering near β or γ-secretase sites. These are responsible for the high production of Aβ. γ-

secretase cleaves to 90% of APP, and the remaining APP is cleaved by β-secretase and 

followed by the C-tail in APP being cleaved by γ-secretase. The main product of this pathway 

is APPα, C83, p3 and Aβ (minor product) (Hardy and Higgins 1992; Checler and Turner 2012). 

The structure of AIS is responsible for the correct molecular trafficking to maintain neuronal 

polarity and the initiation of AP (Brachet et al. 2010). The region maintains neuronal polarity 
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with the help of different types of proteins clustered in this region. Key proteins in the AIS 

region, such as AnkG, voltage-gated ion channels, MTs and kinesin and dynein motors, can 

cause severe neurological and medical conditions after mutation. Several studies have observed 

the association of AIS proteins in diseases like epilepsy, bipolar disorder, schizophrenia and 

many more. Alteration in the voltage-gated ion channels in this region can disrupt the proper 

signalling between neurons  (Kress and Mennerick 2010; Leterrier et al. 2010; Yoshimura and 

Rasband 2014). Studies indicate the degeneration of axons in patients with multiple sclerosis 

(MS) and the improper localization of Nav channels may be due to the altered axonal transport 

that occurs as a result of this disease. Table 1 demonstrates the diseases or disorders that are 

associated with AIS. 

Inadequate functioning of Nav channels can cause various epileptic phenotypes, such as 

generalized epilepsy with febrile seizure plus (GEFS +), benign familial neonatal-infantile 

seizures (BFNS), epileptic encephalopathy early infantile 6, 11, and 13 (EEEI 6, 11 and 13), 

Ohtahara syndrome, intractable childhood epilepsy with generalized tonic-clonic seizures 

(ICEGTC) and Dravet syndrome (DS) (Fujiwara et al. 2003; Huang et al. 2017; Jr 2005; Rima 

et al. 2013; Saeed et al. 2014). The  Kv channel is equally important as the Nav channel because 

it repolarizes the membrane during AP and any mutation in this channel results in the 

development of various disorders, such as episodic ataxia (EA1), BFNS, benign childhood 

epilepsy with centro-temporal spikes (BECTS), temporal lobe epilepsy (TLE) and autism 

(Blair 2012; Guglielmi 2015; Zuberi et al. 2010). AnkG, as the master organizer, may be the 

common target in pathogenesis of several diseases because of its necessary interaction with the 

intracellular proteins of the AIS region. Bipolar disorder, AD, schizophrenia and Angel-man 

syndrome are some of the disorders related to AnkG mutation (Bi et al. 2012; Buffington and 

Rasband 2011; Harty et al. 2013; Kaphzan et al. 2011; Peltola et al. 2016; Rueckert et al. 2013). 

One study observed long-term loss of memory in a rat model after reductions in the length of 

AIS (Evans et al. 2015). Together, all AIS proteins are very important and any changes in the 

structure of AIS have a negative impact on neurological function. 

 



44 
 

Table 1- List of neurological conditions associated with various proteins present in AIS: 

AIS 

Protein  

Disorder  Source 

Nav GEFS+ - Epilepsy syndrome with febrile 

convulsions 

BFNS - Recurrent seizures in newborn babies 

EEEI (6, 11, 13) - Tonic spasms occur within three 

months of life. Can be 100 times per day for up to 10 

seconds each   

ICEGTC - Children in the first year of life with 

recalcitrant seizures and cognitive decline 

DS - Severe clonic seizures activated by fever in the 

first year of life   

(Fujiwara et al. 2003) 

(Jr 2005) 

(Huang et al. 2017) 

 

(Huang et al. 2017) 

 

(Rima et al. 2013) 

Kv EA1 - Severe discoordination with or without 

muscle movement  

BFNS - Recurrent seizures in newborn babies 

BECTS - Idiopathic epilepsy with seizures generally 

occurring in sleep in children from 2-13 years of age   

TLE - Seizures in the temporal lobe; it is a location 

or focal form of epilepsy  

Autism - Disorder with difficulty in speech, 

nonverbal communication and repetitive behaviour  

(Zuberi et al. 2010) 

 

 

(Saeed et al. 2014) 

 

(Blair 2012) 

 

(Guglielmi 2015) 

AnkG Bipolar disorder - Disorder with manic depression  

AD - Neurodegenerative disease and the main cause 

of dementia  

Schizophrenia - Disorder with abnormal behaviour, 

not understanding reality and unrealistic thinking 

and difficulty in speech  

Angel man syndrome - Genetic disorder with 

specific facial appearance, seizures and speaking 

problems 

(Zhu et al. 2017) 

(Sun et al. 2014) 

 

(Bi et al. 2012) 

 

 

(Kaphzan et al. 2011) 
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2.7.1 Possible role of AIS in AD  

Mutation or injury of AIS can cause various neurological medical conditions, such as epilepsy, 

schizophrenia, bipolar disorder, AD, and many more. In this section, we make a possible 

connection of AIS with AD pathogenesis.  

 In an AD mouse model, the area around Aβ plaques showed synaptic losses, axonal swelling 

and mutation in the neuronal network (Marin et al. 2016). Aβ plaques could damage the near 

or around region of AIS by targeting AnkG and βIV spectrin (Marin et al. 2016; Sohn et al. 

2016). Moreover, a study on AD transgenic mice showed a decrease in the density and length 

of this region (Sohn et al. 2016). Alterations in the density and length may be the result of the 

calpain-mediated proteolysis of AnkG and βIV spectrin (Buffington and Rasband 2011; Marin 

et al. 2016). The proteolysis of AnkG reduces its concentration and dismantles the structure of 

AIS by loosening the proteins anchored by AnkG. Dismantling of this structure results in the 

disruption of neuronal polarity by abolishing the functions of important proteins present in this 

region. 

 MTs are one of the main components of the AIS region and are found in an impaired state 

after the inhibition of histone deacetylase 6 (HDAC6) (Fig.2.11) (Tapia, Wandosell and 

Garrido 2010; Tsushima et al. 2015; and Kadavath et al. 2015). A study on HDAC6 stated that 

inhibition by inducing extracellular soluble Aβ or HDAC6 inhibitors (TSA, valproic acid, 

sodium butyrate) into AIS has shown that inhibition could lead to the excessive acetylation of 

tau and tubulin, and this deteriorates MT function. This may be because of the acetylated tau 

loses its binding capability to MT and this increases the mobility of the EB3 protein. However, 

stabilized MT has EB3 proteins with low mobility (Sohn et al. 2016; Tsushima et al. 2015). 

Another possibility is that the acetylated tau may be attached to other AIS proteins impairing 

their functions in AIS (Sohn et al. 2016) (Fig 2.11). 

The abnormal hyperphosphorylation of tau has also been noticed in the AIS region, leading to 

the impairment of MT dynamics and this is possibly responsible for the distortion of tau into 

the soma-dendritic compartment via mutations in the transport motor proteins (Kinesin and 

Dynein) in MTs (X. Li et al. 2011; Sohn et al. 2016) (Fig. 2.11). An experimental investigation 

of the rtg4510 mouse strain revealed that hyperphosphorylation of tau reduces AP firing 

frequency via disrupting MT dynamics by preventing binding of the EB3 protein to MT. This 

study also displayed the relocation of the AIS region after abnormal hyperphosphorylation and 

this relocation may increase the AP threshold (Gong and Iqbal 2008; Hatch et al. 2017) 
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(Fig2.11). Other than tau, hyperphosphorylation of FGF14 also impacts on the density of AIS 

by inhibiting the activity of GSK-3. Consequently the inhibition of this kinase family member 

reduces the expression of the FGF14-Nav complex (Hsu et al. 2017). Sun et al. (2014) observed 

the effect of miRNA-342-5p on the hippocampal neurons of AD transgenic and wild type (WT) 

mice. Western blot analysis showed a significant decrease in AnkG protein levels in APP/PS1 

hippocampal neurons at 2, 3, 5 DIV (Sun et al. 2014). Another study by the same research 

group was undertaken on the cytoplasmic filtering capability of the AIS. They employed 

dextrans of different sizes, 10 kDa and 70 kDa, in WT and AD mice. The diffusion of small 

dextrans (10 kDa) into axons was noticed in both types of mice, but the 70 kda dextran did not 

pass into the axons in WT mice. However, in AD mice 70 kDa dextran was found in the axons. 

This indicates a defect in the cytoplasmic filtering capability of the AIS region in AD mice. 

Defects in the filtering mechanism could be due to the low levels of AnkG in AD mice (Sun et 

al. 2014).    

On the other hand, SH-SY5Y cells showed no change in AnkG-related mRNA levels but 

displayed low AnkGs levels. These results indicate that the direct targeting of AnkG mRNA 3` 

UTR by miRNA-342-5p represses the translation process of proteins but not mRNA 

degradation. The low level of AnkG proteins could affect protein filtering and trafficking 

(Fig.2.11) in the AIS region and may contribute to AD pathogenesis (Sun et al. 2014). 
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Figure.2.11- Possible connection of various dysfunction in the AIS region with AD 

pathogenesis. The introduction of Aβ plaques into AIS or the inhibition of HDAC-6 can alter 

the function of HDAC-6 proteins. HDAC-6 prevents the excessive post-translational 

modification of tau. Mutations of HDAC-6 could destabilize the function of MTs by altering 

the function of the EB3 protein (EB3 connects MT with AnkG). Hyper-acetylation or hyper-

phosphorylation of tau causes it to bind to other proteins associated with the structure of AIS 

and alters their functions.  The hyper-phosphorylation or hyper-acetylatiuon of tau can relocate 

AIS or they enter the somato-dendritic compartment after destabilizing MT, which is 

responsible for the correct protein transportation. Destabilized MT reduces AP firing frequency 

by altering the AIS region. The loading of Aβ onto this structure could be responsible for the 

proteolysis of AnkG and β-IV spectrin. The breakdown of AnkG and β-IV spectrin, dismantles 

the assembly of AIS by reducing AIS density. Inhibition or mutation of the GSK-3 protein can 

cause hyper-phosphorylation of FGF-14, and this lowers its concentration in the Nav channels 

and FGF 14 in the AIS region and dismantles its structure.  All alterations in AIS proteins 

function due to mutations or inhibition could play a role in AD pathogenesis especially 

proteolysis of AnkG and the hyper-phosphorylation or hyper-acetylation of tau.  
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2.8. Computational Approaches in Neuroscience  

Computational methods in neuroscience and other research fields help in understanding the 

complexity of biological processes mathematically and allow a user to apply logic tests and 

create hypotheses through simulations. We can use MATLAB or C or Python or R to write 

simulation codes but this is time-consuming and requires high proficiency in programming 

languages and mathematics. However, there are several software packages are available online 

such as Virtual cell software (explained in section  2.8.1) and more (Table 2 and Table 3) in 

which . These online simulation software that makes the modelling easy for biologists without 

any prior knowledge of programming and mathematics (Fig.2.12.). The list of software that is 

useful for neuronal simulations is in Table. 2.  

Reaction-diffusion modelling involves the modelling of diffusion and the reactions of 

biochemical substances in complex 3D structures. These types of simulators can help in 

understanding the processes involving the transformation of inputs into outputs in neurites and 

at synapses. Many studies use data related to the morphology of neurons to identify how the 

conversion of inputs into outputs take place within neurons. Various resources are available for 

obtaining morphological data (Table.3.).   

Table 2. List of software related to cognitive, hardware and system biology-based modelling 

Modelling 

type 

Software  References  

Cognitive 

process 

modelling 

• MIIND 

• The Virtual 

Brain   

• The Brain 

Operation 

Database 

System   

http://miind.sourceforge.net 

http://www.thevirtualbrain.org 

http://bodb.usc.edu/bodb 

Hardware-

based 

modelling 

• NeMo 

• GeNN 

• SpiuNNaker 

http://nemosim.sourceforge.net 

http://sourceforge.net/projects/genn 

http://apt.cs.man.ac.uk/projects/SpiNNaker 
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Table 3. List of simulators related to reaction-diffusion modelling- and morphology-related 

modelling 

Modelling type Simulators  References 

Reaction-

diffusion  

• Mcell 

• STEPS 

• NeuroRD 

http://www.mcell.cnl.salk.edu 

http://steps.sourceforge.net 

http://krasnow1.gmu.edu/CENlab/software.html 

Neuronal 

morphology 

• Neuromorphic 

• TREES 

toolbox  

• CX3D 

• NETMORPH 

• NeuGen  

http://neuromorpho.org 

http://www.treestoolbox.org 

http://www.ini.uzh.ch/~amw/seco/cx3d 

http://netmorph.org 

http://atlas.gcsc.uni-frankfurt.de/~neugen 
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Figure.2.12 - Pictorial representation of various simulators widely used for modelling neurons. These simulators work in different computer 

languages and provide various platforms to conduct research. A researcher can choose any simulation tool according to their requirements. 

(http://www.neuron.yale.edu/neuron,http://genesis-sim.org,http://moose.sourceforge.net,http://www.psics.org,http://www.nest-initiative.org, 

http://www.briansimulator.org,http://topographica.org,http://www.math.pitt.edu/~bard/xpp/xpp.html, http://nengo.ca).

http://nengo.ca/
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2.8.1. Vcell 

The National Resource for Cell Analysis and Modelling developed the virtual cell modelling 

and simulation framework (Vcell)  (Moraru et al. 2002; Slepchenko and Loew 2012). In Vcell, 

we can create models for complex biological processes with the help of experimental data and 

theoretical assumptions. Vcell helps in evaluating hypotheses by testing models by converting 

biological processes into mathematical equations (ordinary differential equations (ODE) and 

partial differential equations (PDE)) (Resasco et al. 2012; Slepchenko and Loew 2012). 

Simulation results can be downloaded and transported to other Vcell users. Vcell provides a 

secure server to store the results.  

Vcell creates models using two workspaces: I) BioModel; and II) MathModel (Moraru et al. 

2002; Resasco et al. 2012; Slepchenko and Loew 2012; Schaff and Loew 1999). Biological 

models provide the mathematical descriptions required for simulations and these can be 

transferred into Math-Model. In Math-Model, the user can introduce mathematical descriptions 

by typing them in using Vcell mark-up language. In the Bio-Model, the mathematical 

description is read-only (Slepchenko and Loew 2012). The Bio-Model refers to a multilayer 

structure. Its first layer is called physiology, which acts as a container. Physiology helps in 

defining the molecules, species and reactions within biological systems (Fig 2.13.) (Slepchenko 

and Loew 2012). Their location in the cell structure and their interaction within the structure 

can be obtained from the physiology (Moraru et al. 2002). Vcell works on reaction kinetics, 

mainly the general, mass action and Michaelis-Menten laws. The mass action and Michaelis-

Menten laws are available automatically in Vcell, and user end general kinetics can also be 

entered (Slepchenko and Loew 2012). The Bio-Model provides a platform to apply various 

computational techniques and modelling in the same model with the help of applications 

(Resasco et al. 2012). Applications can be deterministic, stochastic, hybrid deterministic-

stochastic and network free (Fig 2.13.). These applications can be compartmental where the 

topology and size of the compartments are well defined and simulated through differential 

equations for deterministic applications or stochastic algorithms for stochastic applications. In 

the spatial model, the geometry of compartment is defined and simulated through PDE for 

deterministic applications and/or by using the stochastic agent-based simulation algorithm, 

SmolDyn, for stochastic applications (Moraru et al. 2002; Resasco et al. 2012). The 

deterministic application is applicable when the concentration of molecules in the



52 
 

system is high. In the deterministic mathematical model, ODE regulates the functions of the 

single independent variable (Slepchenko and Loew 2012). However, the stochastic approach 

is helpful when the concentration of molecules in the system is low. The hybrid deterministic-

stochastic approach is defined as stochastic simulation within a Bio-Model application having 

spatial geometry, for at least one species specification, and is set to ‘Force Continuous. 

Network free does not require generating a network for to simulation (Slepchenko and Loew 

2012). These applications include geometry, simulations and parameters.  

Various cell biology research groups have used Vcell in their research to create and solve 

models, and some have produced new models using Vcell. Some of the published work shows 

the capability of Vcell in cell biology by building models of various biological processes, as 

listed below (Slepchenko and Loew 2012) 

• A quantitative study of calcium dynamics  

• Nucleocytoplasmic transport 

• Compartmental and spatially-resolved modelling of cell signalling 

1. Compartmental modelling of G-protein receptor signalling 

2. A spatial model of gradient sensing in chemotaxis  

• Analysis of fluorescence microscopy data  

• Modelling of cell electrophysiology 

• Intracellular transport    

• Deterministic and stochastic modelling of gene regulatory networks 

• Modelling of actin dynamics 

Biological models need to be solved numerically; therefore, Vcell provides various solvers 

such as: ODE, PDE and stochastic  (Slepchenko and Loew 2012). The ordinary differential 

equations (ODE) solver includes algorithms with fixed and variable time steps. PDE solvers 

have two categories, semi-implicit and fully implicit. The semi-implicit category also has two 

groups, compiled and interpreted. The complied group is more efficient and users have to 

include an integration time step, while the interpreted group has better error annotation. The 

fully implicit PDE solver converts PDEs to ODEs and there is no need to specify the integration 

step that is necessary for the semi-implicit solver. The stochastic solver does the simulation by 

generating random numbers with the help of Monte Carlo methods (Slepchenko and Loew 

2012) 
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Figure 2.13 - Overview of the Vcell software
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2.9 Parameter Estimation methods 

Improved technologies in biology have produces a vast amount of data to describe the 

structures and mechanisms behind biological interactions (Zhan and Yeung 2010). These types 

of research data are very useful in developing a mathematical model for better understanding 

of biological systems. In computational biology, one of the systems by which we can define 

models is by a set of ordinary differential equations (ODEs) where the main aim is to elaborate 

the structure of the system and to estimate the unknown parameters (Lillacci and Khammash 

2010). Parameters, such as rate constants and the synthesis and decay rates of macromolecules 

from experimental findings, are crucial. The unavailability of these parameters is very common 

in modelling, risking the originality of the model (Liu and Niranjan 2017). Estimation of 

unknown parameters is a central topic in computational biology. A well-structured ODE model 

should consist of the ODE structure, a set of experimental data, a noise model and the 

distribution of parameters. An example of the ODE system is-  

dx/dt = f(x, Ɵ , t)………………………………………………………...(2.9) 

In Eq. (2.9) x is the vector of the states of the system, f is the vector of N ODEs and Ɵ is the 

vector of the kinetic parameters. The ODE system consists of a number of observable 

(biological observed state) 

Another example of an ODE system is the Lotka-Volterra or prey-predator model: 

y’= αy- ayz                           y(0) = y0> 0………………………………… (2.10) 

z’= -bz+βyz                         z(0) = z0> 0…………………………………. (2.11) 

Eq. (2.10) and (2.11) describe the predator (z) and consumed prey (y). In this model, four 

parameters play a critical role in the growth rates of prey (α); the death rates of predators (b); 

the rate at which prey eaten by a predator (a); and the rate at which predator populations 

increase after consuming prey (β) (Reali, Priami, and Marchetti 2017). 

Parameter values greatly impact the output of the model. An incorrect parameter estimation 

method provides an incorrect set of parameters and these can alter the aim of the model.  Two 

main methods of parameter estimation are a single-point estimation, in which a single 

parameter set is found, and the second is distribution-based inference carried out using 

Bayesian inference (Lillacci and Khammash 2010; Riaz et al. 2016). By using the second 

method we can explain the capability of the model by knowing which set of parameters is 
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useful and which should be neglected. Bayesian inference is used when stochastic simulations 

are considered for study. Stochastic simulation runs each condition in a different way and gives 

a close to accurate behaviour of the biological interactions (Liu and Niranjan 2017; Reali, 

Priami, and Marchetti 2017; Zhan and Yeung 2010). On the other hand, deterministic 

simulation outputs the average behaviour and the results are always the same after the model 

parameters are fixed. However, stochastic simulations are slower than deterministic 

simulations because they run several events at the same time. As parameters play a very crucial 

role in the process, there are several approaches by which the modeller can estimate the 

parameter values.  

2.9.1 Biomarker identification 

Omics technologies, such as proteomics, genomics, lipidomics and metabolomics, generate a 

large amount of data. Characterization of samples from these studies is very problematic. 

Sample properties, such as gene expression and others, are known as features. Features are 

used to classify the samples and sets of these features are called biomarkers. Choosing the 

wrong set of features can lead to poor classification results (Reali, Priami, and Marchetti 2017).  

min c(Ɵ)  

g(Ɵ) ≤ 0                                                                                         

h(Ɵ) ≤ 0 (2.12) 

lb ≤ Ɵ ≤ ub  

Ɵj  R or Z, j=1…………….p 

In Eq. (2.12), Ɵ is the vector dimension p ≥ 1 containing the parameter estimates. The solution 

consists of parameters that minimize function, c. Cost function, c, is also known as an objective 

function. The objective function converts the problem into mathematical equations and 

estimates the required parameters. The objective function optimizes the problem directly when 

parameters and variables are present in low numbers. In the case of high numbers, the  need 

for other approaches is required, such as the least square method or Markov chain and Monte 

Carlo methods (MCMC).(Reali, Priami, and Marchetti 2017; Riaz et al. 2016; Weiner 2007).  
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2.9.2 Least square method  

The least-square method is used when a problem contains continuous parameters and objective 

functions. It is often applied in resolving parameters in models associated with diabetes, 

biological pathways and pharmacology/pharmacokinetics (Reali, Priami, and Marchetti 2017).  

r (Ɵ )= Xmodel (ti, Ɵ) – Xexperiment (ti)……………………………………….. (2.13) 

In Eq. (2.13), Xmodel is the output at time (ti ) and i= 1……..n. We can calculate the residual (r) 

when the experimental data is known at time point (ti ).  

C(Ɵ )= ∑ ri (Ɵ )2 …………………………………………………………….. (2.14) 

By adding weight to the Eq. (2.14), it becomes a weighted least square problem.  

 Cw(Ɵ )= ∑ wiri (Ɵ )2…………………………………………………………….. (2.15) 

where the weight in (Eq. (2.15) is the reciprocal of the standard deviations used in the 

experiments.  

2.9.3 Markov Chain Monte Carlo (MCMC) method  

MCMC methods are a group of approaches used for parameter estimations in which Markov 

chains are applied for the determination of the next step that use information from the current 

step. Rejection and acceptance of a set of parameters is carried out by Monte Carlo methods. 

There are several types of algorithms to implement MCMC methods to estimate the posterior 

distribution of parameters (Kuzmanovska 2010; Riaz et al. 2016; Weiner 2007). Algorithms, 

such as the Hamiltonian Monte Carlo (HMC), uses Hamiltonian dynamics and a random 

variable (P) is generated with every iteration and each variable has its own distribution.   

Metropolis-Hastings (MH) is another algorithm used for parameter estimations (MacKay 

2003). Suppose Ɵ is the variable that needs to be sampled and the target distribution is P(Ɵ). 

The current sample for the Markov chain is referred to as Ɵn and Ɵ* is the potential candidate. 

The MH algorithm works on the proposal density, Q, (Ɵn|Ɵ*) and Gaussian density is the most 

common proposal density. Proposal density relies on the current point (Ɵn) to determine the 

candidate point with the help of the current point. Generation of the candidate point is followed 

by the calculation of probabilities for the current (PƟn) and candidate (PƟ*) points, respectively 

(Jones et al 2011). The candidate point is now accepted and the quantity computed: 

a = P (Ɵ*). Q (Ɵn|Ɵ*) / P (Ɵn) . Q (Ɵ*|Ɵn)……………………………………. (2.16)  



57 
 

Q (Ɵn|Ɵ*) and Q (Ɵ*|Ɵn) are cancelled from Eq. (2.16) because they are equal in the Gaussian 

proposal density. If the results get rejected, the methods then again use the last set of 

parameters. For example, the new state, Ɵ*, is set equal to the previous state, Ɵn. This process 

runs continuously until the accepted parameters are not generated (Kuzmanovska 2010; Reali, 

Priami, and Marchetti 2017; Riaz et al. 2016).      

2.10 Kinetic Laws for Mathematical Modelling  

Kinetic laws, such as the mass action rate law, the Michaelis-Menten rate law and the Hill rate 

law play a central role in understanding the complexity of biological systems. In mathematical 

modelling, the use of these laws is extensive because they define the changes in the 

concentration of species involved within a reaction. (Voit, Martens, and Omholt 2015).  

2.10.1 Mass action law 

 The mass action law is defined as the rate of any chemical reaction proportional to the product 

of the masses of the reactants (McLean 1938). For example:   

 

N2 + 3H2                         2NH3…… ……………………………………………. (2.17) 

 

Reaction(2.17) is a reversible reaction which describes the formation of ammonia (NH3) from 

nitrogen (N) and hydrogen (H). Kf and Kr represent the association and dissociation rates for 

the formation of NH3 and its decomposition into N2 and 3H2. So, according to the mass action 

law, the ODEs for reaction (2.17) are as follows: 

d[N2]/dt = - Kf[N2 ][ H2]
3+ Kr [NH3]

2 ………………………….……….. (2.18) 

d[H2]/dt = 3{- Kf[N2 ][ H2]
3+ Kr [NH3]

2}……………………………….. (2.19) 

d[NH3]/dt = 2{ Kf[N2 ][ H2]
3- Kr [NH3]

2}……………………………….. (2.20) 

where [N2], [H2] and [NH3] are the initial concentrations of N2, H2, and NH3, respectively, and 

Eq. (2.18), (2.19) and (2.20) explain the change in concentration of N2 and H2 in the formation 

of NH3 and the decomposition of NH3 into N2 and H2.  

 

 

 

Kf 

Kr 
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2.10.2 Michaelis- Menten rate law  

The Michaelis-Menten rate law is generally applicable to reactions where an enzyme is used 

to catalyse the reaction (Kulasiri and He 2017). For example, the disintegration of acetylcholine 

into choline and acetic acid is catalysed by the acetylcholinesterase enzyme. In an enzyme-

catalysed reaction, the substrate binds to the enzyme to form an enzyme-substrate complex and 

this then decomposes into the final product. After decomposition, the enzyme is, again, ready 

to act as a catalyst for another reaction.   

 

E + A            EA  E+P…………………………….. (2.21) 

 

Reaction (2.21) includes two reactions, the first reaction is a reversible reaction, which results 

in the formation an enzyme-substrate complex (EA) after mixing enzyme (E) and substrate (A). 

The second reaction is irreversible, where P is the final product and E is released for another 

reaction. Kf and Kr are the forward and reverse rates for the formation and decomposition of 

EA. Kp is the reaction rate constant for the formation of P. The ODEs for reaction (2.21), on 

the basis of the mass action law, are written as: 

d[E]/dt = -Kf[E][A]+ Kr[EA]+Kp[EA]………………………..…………………. (2.22) 

d[A]/dt = -Kf[E][A]+ Kr[EA]…………………………………….…………….... (2.23) 

d[EA]/dt = Kf [E][A]- Kr [EA]-Kp[EA]…………………………..………………(2.24) 

d[P]/dt = Kp[EA]…………………………………………………..…………….. (2.25) 

Eq. (2.22, 2.23, 2.24 and 2.25) illustrate the changes in the concentrations of E, A, EA and P 

where [E], [A], [EA] and [P] are the initial concentrations.  

According to the Michaelis-Menten equation, we can write Eq. (2.25) as d[P]/dt = Vmax 

[A]/Kd+[A] where Vmax = KP*[total concentration of enzyme (ET)] and according to the mass 

conservation law ET= [E]+[EA]. Kd = Kr/Kf   is the dissociation constant for the formation of 

EA  

 

 

Kf 

Kr 

Kp 
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2.10.3 Hill rate law 

The Hill rate law was first used in 1910 to illustrate the binding of oxygen with haemoglobin. 

Following this it has been widely used in the fields of biochemistry, pharmacology, physiology, 

and others. Hill rate law helps in better understanding of kinetics involves in reactions with 

sigmoidal behaviour. Reactions having high substrate concentration exhibit the sigmoidal 

behaviour (Weiss 1997). Reaction with low substrate concentrations behave differently 

because rate increase with increase in substrate concentration. At high substrate concentration, 

after increase in concentration no change occur in reaction velocity due to no change in rate. 

Hill rate law also explains the interactions between ligand and receptors. Overall, the Hill rate 

law determines the minimum number of ligand molecules required to bind to a receptor in order 

for it to function correctly. This law also enlightens the cooperativity between two chemical 

species (Kulasiri and He 2017; Weiss. 1997).   

 

R+ nL                       RLn…………………………………………… (2.26) 

 

where R is the receptor, L is the ligand and n is the number of L that bind to R with reaction 

rate constants, Ka and Kb.  

Now assume there are two ligands (L) binding to one receptor (R); so, according to the Kulasiri 

and He (2017), the reaction (2.26) can be modified to: 

  

R+L                   RL………………………………………………..  (2.27) 

 

RL+L                  RL2………………………………………………. (2.28) 

 

ODEs for reactions (2.27) and (2.28) are as follows: 

d[R]/dt = -K1a[R][L]+ K1b [RL]…………………………………… (2.29) 

d[L]/dt = -K1a[R][L]+ K1b [RL]- K2a[RL][L]+ K2b[RL2]………….. (2.30) 

d[RL]/dt = K1a [R][L]- K1b[RL]- K2a[RL][L]+ K2b[RL2]…………… (2.31) 

Ka 

Kb 

K1a 

K1b 

K2a 

K2b 
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d[RL2]/dt = K2a[RL][L]- K2b[RL2]………………………………….. (2.32) 

Eq. (2.29) to (2.32) explain the changes in concentrations of R, L, RL and RL2. Let us assume 

now that P is the final product and is proportional to [RL2].  

then dP/dt = K3 [RL2]…………………………………………….…. (2.33) 

According to the Hill rate law, we can write -   

dP/dt = Vmax [L]2 /K2
0.5+[L]2……………………………………….…(2.34) 

where Vmax is the maximum reaction rate during double ligand binding with receptor (R). 

Eq. (2.34) is similar to the Michaelis-Menten equation if n =1.  

Summary 

In this chapter, we explored the background of the AIS region and its structure, the mechanism 

behind AP initiation and AIS-related dysfunction. After an extensive review of various proteins 

in AIS, such as AnkG, Nav, Kv, microtubules, CK2, and others, shows that they play an 

essential role in maintaining AIS assembly and the generation of AP. The initiation and 

propagation of AP in this region is a very complicated process and requires teamwork from 

AIS proteins. AnkG, scaffolding proteins can be considered as the main and complicated 

protein present in AIS. This is because the mechanisms behind the recruitment of AnkG into 

AIS is still unknown. This is the main protein because mutations of AnkG result in disruption 

of AIS assembly due to a lack of protein populations (Nav, Kv, microtubules, CK2) which are 

essential for AIS maintenance. Moreover, the Nav channels play a critical role in AP initiation 

in the AIS region because of their presence in high densities. Nav channel anchoring on AnkG 

and CK2 in this region also regulates the interactions between these two proteins. Experimental 

evidence has shown the inhibition of CK2 can alter Nav channel trafficking into the AIS region. 

We also reviewed the latest computational methods, parameter estimation approaches and 

several kinetic laws. In the next chapter, we develop the model includes assumptions and 

ordinary differential equations (ODEs). 
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Chapter 3 

Model development  

Because of the enormous amount of data involved in molecular biology it is not easy to provide 

logical reasoning for every reaction occurring in a biological system. However, the use of 

mathematical models is beneficial for explaining biological processes using both mathematics 

and data generated in laboratories together. There are two types of mathematical models: first, 

models based on mathematics; and secondly, models based on experimental findings and 

human thinking (Gunawardena 2014). Mathematical models comprise assumptions developed 

from a combination of ideas and from the literature. Assumptions in the model dictate the 

conclusions; and the assumptions are based on logic. If the assumptions are made accurately, 

there is a greater possibility that the conclusions are also correct. Based on the conclusions, it 

is possible to predict the behaviour of a system, including the type of interactions taking place 

within the system (Bailey et al 2002). Incorrect assumptions can result in conclusions 

containing errors but can still predict the behaviour of the system based on the percentage 

accuracy of the assumptions. Complexity in a model does not guarantee correct predictions for 

any system; however, even a simple model with correct assumptions can draw accurate 

conclusions and explain the behaviour of complex systems (Bailey et al 2002). Predictions by 

mathematical models have the ability to surpass human predictions. Biological processes 

depend on various factors, such as rate constants and the initial concentration of proteins. Use 

of mathematical models can help in predicting the parameters influencing protein interactions 

within a biological system.  

In this chapter, we develop a model with the aim of understanding the accumulation of Nav 

channels within the AIS structure. In order to do that, we will test various factors, such as serine 

specific phosphorylation by CK2, that occur within Nav channels and the influence of AnkG 

concentration on Nav-AnkG binding. This is because experimental evidence suggests that Nav 

channel recruitment depends on AnkG. Moreover, we will also perform mutational and local 

sensitivity analyses to identify the important parameters influencing Nav- AnkG binding. 

3.1. Importance of Phosphorylation by CK2 and Target Identification in the 

AIS region 

Protein phosphorylation by protein kinases is the addition of a phosphate group to another 

protein (Ubersax and Ferrell 2007).  This is one of the most critical process that is reversible 
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and dynamic and is involved in many cellular processes, such as metabolism, differentiation, 

motility and translation (Bian et al. 2013; Ubersax and Ferrell 2007). According to Cerda and 

Trimmer (2010), 30% of proteins are targets for phosphorylation (Cerda and Trimmer 2010). 

Extensive experimental investigation shows that protein kinases play dynamic roles in the AIS 

region, especially CK2, which is abundant in the brain (Nishi, Shaytan, and Panchenko 2014;  

Xu and Cooper 2015). CK2, a serine/threonine-specific kinase, is acidophilic in nature  and 

mediates phosphorylation of various proteins in AIS (Meggio and Pinna 2003). CK2 is 

constitutively active and does not require any second messenger or phosphorylation event to 

be activated (Bian et al. 2013; Meggio and Pinna 2003). During the development stage, the 

early  presence of CK2 in neurons has been observed even before axon formation and CK2 

inhibition experiments report of the shortening of axons by 30% (Sanchez-Ponce, Muñoz, and 

Garrido 2011).  

The mechanism for the recruitment and accumulation of proteins into the AIS is still not fully 

understood. The presence of high-density proteins there is because of AnkG but AnkG 

transportation to the AIS region is still unknown (Leterrier and Dargent 2014; M. Xu and 

Cooper 2015; Zhou et al. 1998).  Recruitment of Nav channels into the AIS structure does not 

depend only on AnkG but also on CK2 (Leterrier et al. 2010). CK2 facilitates the 

phosphorylation of Nav channels to increase their affinity towards AnkG (Rasband 2008; 

Yamada and Kuba 2016). Phosphorylation of various sites present in the AIS motif of Nav 

channels modulates the channel and its subtypes  (Schafer et al. 2009). Experimental records 

have shown the presence of  61 phosphorylation sites in Nav 1.2, 28 in Nav  1.1, and 13 in Nav  

1.6 (Baek et al. 2014; Fache et al. 2004). Nav channels have four potential phosphorylation 

sites within its AIS motif, named as serine at positions 1112, 1123, 1124 and 1126 (Fig.3.1). 

Mutational studies on these four serine sites in Nav channels showed a massive reduction in 

Nav channel concentrations in AIS. However, a single mutation by replacing each serine with 

alanine one by one did not alter Nav channel trafficking (Bréchet et al. 2008; Fache et al. 2004). 

In contrast, double and triple serine mutations have shown a large reduction in Nav channel 

concentrations in the structure of AIS. Out of four serine sites, any single serine mutation, 

together with a glutamate (E1111) mutation, impairs the segregation of Nav channels in the AIS 

structure (Bréchet et al. 2008; Fache et al. 2004). Moreover, the E1111 residue is also critical 

for Nav channels trafficking towards AIS (Bréchet et al. 2008) (Fig.3.1). E1111 in the AIS 

motif is not a phosphorylation site for CK2 but still plays a significant part in Nav channel 

trafficking. This may be because of the acidic nature of E1111, which enhances  
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phosphorylation near serine or threonine (Bréchet et al. 2008; Fache et al. 2004) (Fig.3.1). 

Target (serine) identification with phosphorylation is discussed in fig.3.2 (Meggio and Pinna 

2003; Nishi, Shaytan, and Panchenko 2014). 

 

 

Figure.3.1 Schematic representation of the AIS motif within Nav channels. Nav channels 

comprise four domains (I-IV), and each domain contain six transmembrane segments (TS1-

TS6) (explained in Fig 2.2). The AIS motif (enlarged area) is located between the II and III 

domains of Nav channels. The AIS motif is made up of different 27 amino acids, including 

three main ones: as serine (S) at positions S1112, S1123, S1124 and S1126; glutamate (E) at 

positions (E1111 and E1115); and aspartate (D) at position (D1113). Serine is important 

because phosphorylation of Nav channels is accomplished by CK2, and CK2 is specific for 

serine or threonine. The presence of negative residues, such as glutamate and aspartate, are also 

significant because they provide support for the CK2 mediated phosphorylation of serine. 

Moreover, glutamate and aspartate assist CK2 in the identification of serine as a target for 

phosphorylation (explained in Fig 3.2). This figure is produced using Servier Medical Art 

(https://smart.servier.com).        
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Figure 3.2. Consensus sequence for CK2 mediated phosphorylation. Letters in the figure 

represent the amino acids located within the AIS motif of the Nav channels. S represents the 

serine residues; E refers to glutamate, and D to aspartate. D and E assist CK2 in identifying 

serine suitable for phosphorylation. The position of residues within the motif is represented by 

n-1, n, n+1 and so on. The potential target of CK2 for phosphorylation is serine/threonine 

residues in a motif surrounded by any of the acidic residues, such as glutamate (E) and aspartate 

(D). CK2 mediated phosphorylation of serine/threonine requires at least one acidic residue 

between the n-4 to n+7 positions. The most favourable serine for CK2 mediated 

phosphorylation is when an acidic residue is present at the n+3 position within a motif (Fig 

3.2). In some instances, phosphorylation by CK2 is enabled when an acidic residue is present 

at the n+1 position and this is the second most preferred position after n+3. The minimum 

consensus sequence for CK2 phosphorylation is S/T, X, X, D/E/pS/pT, where S/T is serine or 

threonine in the n position followed by any type residue at the n+1 and n+2 positions. At the 

n+3 position, D/E/pS/pT stands for aspartate (D) or glutamate (E) or phosphorylated serine/ 

threonine (pS/ pT), respectively. Phosphorylated serine or threonine mimics the function of 

acidic residues and makes serine/threonine at the n position suitable for CK2 phosphorylation. 

The presence of basic residues (lysine, proline, and lysine) at the n+1, n+2 or n +3 positions 

have a negative impact on CK2 mediated phosphorylation. In this figure, the presence of a 

negative residue (E) at n+3 in the sequence makes S at the n position suitable for 

phosphorylation by CK2. S at the n position is phosphorylated first because it is near the N-

terminal when compared to the other serine residues. Similarly, other serine residues in the AIS 

motif can be identified as a target for CK2 by assuming them at n positions and by checking 

nearby for the presence of negative residues (D/E/pS/pT) .    



65 
 

3.2. Assumptions for the Model  

General assumptions for the model are as follows:  

a) We consider the AIS region as a cylinder with a length of 40 µm and diameter of 1.5 µm 

(Gulledge and Bravo 2016). A total six species are present in our model, as AnkG and CK2. 

and the four Nav channels are classified into four Nav species (NaA, NaB, NaC and N1111).  

b) Nav channels in the AIS region contain 100-300 molecules/µm (Kole and Stuart 2012).The  

AnkG concentration will be ten times higher than in the Nav channels, and binding between 

AnkG and Nav channels is nearly stoichiometric (Srinivasan, Elmer and Bennet 1988). 

c) Based on established laboratory data, Nav channels have four phosphorylation sites (denoted 

as S1=S1112, S2= S1123, S3=S1124, and S4=S1126) and all these sites within the AIS motif 

of Nav channels are responsible for the strong interactions between the Nav channels and AnkG 

(Cantrell, Scheuer, and Catterall 2018).  

d) The phosphorylation sequences of all four sites in the Nav species are: 

• We assume the phosphorylation of S1 as the first preference for CK2 because regions 

near S1 (E, S1, D, F, E (Fig 3.1)) fulfil the criteria of the minimum consensus sequence 

(S/T, X, X, D/E/pS/pT) for CK2 phosphorylation. The presence of acidic residues at the 

n+1 and n+3 positions make S1 the most suitable site for phosphorylation by CK2. 

• S3 also fulfils the minimum criteria for the consensus sequence (S/T, X, X, D/E/pS/pT) 

(Fig 3.1). S3 also has acidic residues at the n+1 and n+3 positions, similar to S1. 

However, S3 is assumed to be the second preference after S1 because S1 is located near 

the N-terminal.   

• We assume that S4 is the third phosphorylation site because of the presence of an acidic 

residue (D) at the n+1 position (Fig3.1). The fourth, and final phosphorylation site will 

be S2 (S2, pS, E, pS, D) (Fig 3.1) because the region nearer S2 fulfils the minimum 

consensus sequence due to the presence of phosphorylated S or T at the n+1 and n+3 

positions.   

e) All combinations in Fig 3.3 represent Nav channels with different phosphorylation 

conditions. We assume a total of four Nav channel species in this model based on 

phosphorylation events occurring within the channels. For example; 0000 in Fig.3.3 defines 

that none of the sites (S1-S4) in the Nav channel are in the phosphorylated form. However, 
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1111 in Fig 3.3 indicates that all sites (S1 to S4) in the Nav channels are in the phosphorylated 

form.  

We assume five phosphorylation conditions: no phosphorylation, single phosphorylation, 

double phosphorylation, triple phosphorylation and all phosphorylated. The no 

phosphorylation signifies that all serine sites are in the non-phosphorylated state. We do not 

consider any Nav species in this model as not being phosphorylated because, without any serine 

phosphorylation, Nav -AnkG interactions are impossible (Brachet et al. 2008). Similarly, no 

Nav species is assumed on the basis of a single phosphorylation condition for the same reason 

as for the no phosphorylation condition (Brachet et al. 2008). However, four Nav species in the 

model are assumed based on double phosphorylation, triple phosphorylation and all 

phosphorylation (Fig 3.3). 

f) In the model, all the interactions between all Nav species with AnkG are based on mass action 

kinetics. 

g) In this model, serine related phosphorylation of Nav channels by CK2 is taken as normal 

reversible reaction based on the mass action law. Together with the serine residues importance, 

main aim is to understand the binding of CK2 with Nav channels. Protein kinases have 

significant effect on the target protein they are binding. Protein kinases go on and off by auto-

phosphorylation, by binding with inhibitor or activator proteins or small molecules. Their 

activity is highly regulated. However, this is not the case with CK2 due to its pleiotropic nature. 

CK2 does not require any mediator for activation to perform its functions. CK2, specific for 

serine/threonine is constantly active and if there is any regulation of CK2 activity by any 

molecule or internal process not enough explanation is present in the literature. CK2 role in the 

AIS is not limited at AIS, CK2 not only phosphorylate Nav and Kv channels but also AnkG. 

Another main reason for considering mass action law to explain the phosphorylation of 

Nav species (NaA, NaB, NaC, N1111) is that there is no adverse effect of CK2 manipulation on 

the Nav channel availability before binding with AnkG (Brechet et al. 2008). CK2 alteration 

only impact the binding affinity of Nav channels with AnkG (Brechet et al. 2008). Another 

justification is the concentration of CK2, there is no ample evidences which describe the exact 

population of CK2 at AIS. Literature suggested that CK2 present in abundance in brain, but 

CK2 concentration particularly at AIS is still unknown. In the present model, phosphorylation 

of all four Nav species occurs at same association (Kon) and dissociations rates (Koff) (Table 5).  
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Figure.3.3 Classification of Nav species in the model.  No Nav species in the model are 

considered to be in the no phosphorylation or single phosphorylation conditions. In double 

phosphorylation, two serine sites are phosphorylated and a total six combinations are made. 

Out of the six, only the first three combinations are considered for Nav-AnkG binding. These 

three combinations are considered as one and named NaB in the model. Combinations in the 

double phosphorylation condition, other than first three (NaB), are neglected on the basis of 

the absence of a S1 site because the affinity of Nav channel  binding with AnkG is high in the 

presence of the S1 site (Brachet et al. 2008).  In the triple phosphorylation condition, all 

combinations favour Nav-AnkG interaction. We, therefore, consider the first three 

combinations because of the presence of S1 and assume them as another Nav species (NaA) in 

the model; the fourth combination in the triple phosphorylation condition is taken as the third 

Nav species (NaC) even in the absence of a S1 site because phosphorylation of remaining three 

serine sites  (S2, S3 and S4) can favour Nav-AnkG interactions but with a low affinity (Brachet 

et al. 2008). The fourth Nav species (N1111) in the model is based on the presence of all serine 

sites being in the phosphorylated state. 
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3.3. Development of Ordinary Differential Equations (ODEs) for the Model  

In this section, we develop reactions and ODEs for CK2 facilitated phosphorylation of Nav 

channels and for interactions between the AnkG and Nav channels. In our model, species such 

as NaA, NaB, NaC and N1111, mimic Nav channels and every species has a different number of 

activated phosphorylation sites. NaA contains three activated phosphorylation sites, NaB has 

two sites, NaC also has three sites but without S1, and N1111, has all four sites available for 

phosphorylation. ODEs in this section explain the dynamic changes in the concentration of 

species in the model. The reactions and ODEs for phosphorylation of Nav species in model are 

as follows;   

 

NaA+CK2                         pNaA …………………………………………………… (3.1) 

 

Reaction (3.1) explains the phosphorylation of species NaA. Phosphorylation is carried out by 

CK2 and three serine sites (S2, S3, S4) out of four in NaA are phosphorylated by CK2. The 

phosphorylated form of NaA is denoted as pNaA. K01 is the forward rate at which pNaA is 

formed after interaction between NaA and CK2; K10 is the reverse rate for breaking pNaA into 

NaA and CK2. The ODEs for reaction (3.1) are obtained from the mass action law as follows:  

d[NaA]/dt = -K01[NaA][CK2] + K10[pNaA]……………………….….…………. (3.2) 

d[CK2]/dt =   -K01[NaA][CK2] + K10[pNaA]……………………………………. (3.3) 

d[pNaA]/dt = K01[NaA][CK2] - K10[pNaA]………………………………………(3.4) 

d[NaA]/dt = d[CK2]/dt = -{d[pNaA]/dt} …………………………………………. (3.5) 

The dynamic changes in the concentrations of NaA, CK2 and pNaA are described by a set of 

ordinary differential equations (ODEs) in Eqs. (3.2, 3.3 and 3.4). [NaA], [CK2] and [pNaA] 

are the initial concentrations of NaA, CK2, and pNaA, respectively. By simplifying Eqs. (3.2), 

(3.3) and (3.4), changes in the concentrations of NaA and CK2 are equal to the negative of the 

change in the concentration of pNaA Eq. (3.5).  

K01 

K10 
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NaB + CK2                                       pNaB        …………………………………………... (3.6) 

 

Reaction (3.6) is a reversible reaction and represents the phosphorylation of NaB. NaB has 

only two serine sites out of four for phosphorylation by CK2. The phosphorylated form of NaB 

is denoted by pNaB. K02 is the forward rate for the formation of pNaB and K20 is the reverse 

rate for the formation of NaB and CK2 from pNaB. Changes in the concentration of the species 

present in reaction (3.6) are explained through ODEs obtained from the mass action law.   

d[NaB]/dt = -K02[NaB][CK2] + K20[pNaB]………………………………………. (3.7) 

d[CK2]/dt = -K02[NaB][CK2] + K20[pNaB]………………………………………. (3.8) 

d[pNaB]/dt = K02[NaB][CK2] - K20[pNaB]………………………………………. (3.9) 

d[NaB]/dt = d[CK2]/dt= -{d[pNaB]/dt} …………………………………………. (3.10) 

[NaB], [CK2] and [pNaB] are the initial concentrations of NaB, CK2, and pNaB, respectively. 

By simplifying Eqs. (3.7), (3.8) and (3.9) changes in the concentrations of NaB and CK2 are 

equal to the negative of the change in the concentration of pNaB (3.10).  

 

NaC+CK2             pNaC…………………………………………………… (3.11) 

 

Reaction (3.11) is a reversible reaction representing the phosphorylation of NaC. Similar to 

NaA, it also has three serine sites available for phosphorylation but without the S1 site. K03 is 

the association rate of NaC and CK2 for the formation of pNaC, and K30 is the reverse rate for 

the dissociation of pNaC into NaC and CK2. ODEs explaining the changes in the 

concentrations of NaC, CK2 and pNaC are obtained using the mass action law.  

d[NaC]/dt = -K03[NaC][CK2] +K30[pNaC]……………………………………… (3.12) 

d[CK2]/dt = -K03[NaC][CK2] +K30[pNaC]……………………………………… (3.13) 

d[pNaC]/dt = K03[NaC][CK2] - K30[pNaC]……………………………………… (3.14) 

d[NaC]/dt = d[CK2]/dt = -{d[NaC]/dt} ……………………………………..……(3.15) 

K02 

K20 

K03 

K30 
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By simplifying Eqs. (3.12) (3.13) and (3.14) changes in the concentrations of NaC and CK2 

are equal to the negative of the changes in concentration of pNaC. [NaC], [CK2], and [pNaC] 

are the initial concentrations of NaC, CK2, and pNaC (Eq. 3.15).  

 

N1111+CK2                        pN1111……………………………………………. (3.16) 

 

Reaction (3.16) is a reversible reaction that shows the phosphorylation of all sites present in 

N1111 by CK2. The product is denoted by pN1111, which is the phosphorylated form of N1111. 

K04 is the forward rate for the formation of pN1111 after phosphorylation of N1111, and K40 is the 

reverse rate for the decomposition of pN1111 into N1111 and CK2. By using the mass action law, 

ODEs for the changes in concentration of N1111, CK2 and pN1111 are as follows: 

d[N1111]/dt = -K04[N1111] [CK2] + K40[pN1111] …………………………………………. (3.17) 

d[CK2]/dt = -K04[N1111] [CK2] + K40[pN1111] …………………………………………. (3.18) 

d[pN1111]/dt = K04[N1111] [CK2]-K40[pN1111] ………………………………………...…. (3.19) 

d[N1111]/dt = d[CK2]/dt= -{d[pN1111]/dt} ……………………………………….………. (3.20) 

By simplifying Eqs. (3.17), (3.18), (3.19), the concentrations of species N1111 and CK2 are 

equal to the negative of the change in concentrations of pN1111 (3.20). [N1111], [CK2] and 

[pN1111] represent the concentrations of N1111, CK2 and N1111, respectively  

Reactions and ODEs for the interaction between AnkG (G) and pNaA, pNaB, pNaC 

After phosphorylation of all Nav species in the model phosphorylated NaA, NaB and NaC bind 

to AnkG (G). All reactions and the equation, below, explain the accumulation of Nav channels 

into AIS after binding with AnkG at different phosphorylation conditions within the Nav 

channels. 

 

pNaA + G                          pNaA*G………………………………………………….……. (3.21) 

 

Reaction (3.21) is a reversible reaction that explains the binding between (G) and pNaA. K05 

refers to the association rate by which pNaA and G interact with each other and form pNaA*G. 

K05 

K50 

K04 

K40 
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K50 is the reverse rate for the dissociation of pNaA*G into pNaA and G.  Changes in the 

concentrations of pNaA, G and pNaA*G are explained through ODEs obtained using the mass 

action law.  

 

d[pNaA]/dt = -K05[pNaA][G]+K50[pNaA*G] ………………………………………… (3.22) 

d[G]/dt = -K05[pNaA][G]+K50[pNaA*G] ……………………………………………… (3.23) 

d[pNaA*G]/dt = K05[pNaA][G] – K50[pNaA*G] ……………………………………… (3.24) 

d[pNaA]/dt = d[G]/dt = -{d[pNaA*G]/dt} ……………………………………………… (3.25) 

By simplifying Eqs. (3.22, 3.23, and 3.24) changes in the concentrations of the pNaA and G 

species are equal to the negative of the changes in the concentration of pNaA*G. [pNaA], [G] 

and [pNaA*G] are the initial concentrations of pNaA, G, and pNaA*G, respectively.    

 

pNaB+G                     pNaB*G……………….……………………………………..…. (3.26) 

 

Reaction (3.26) is a reversible reaction that involves the interaction between pNaB and G and, 

together, they form a pNaB*G. K06 refers to the rate of formation of the pNaB*G complex and 

K60 is the reverse rate for the dissociation of pNaB*G into pNaB and G.  Changes in the 

concentrations of pNaB, G and pNaB*G are explained through ODEs obtained using the mass 

action law.  

 d[pNaB]/dt = -K06[pNaB][G] + K60[pNaB*G] ……………………………………….  (3.27) 

d[G]/dt = -K06[pNaB][G] + K60[pNaB*G] ……………………………………..………. (3.28) 

d[pNaB*G]/dt = K06[pNaB][G] – K60[pNaB*G] ……………………………………..…. (3.29) 

d[pNaB]/dt = d[G]/dt= -{d[pNaB*G]/dt} ……………………………………….……… (3.30) 

By simplifying Eqs. (3.27 to 3.29), changes in the concentrations of pNaB and G are equal to 

the negative of the change in the concentrations of pNaB*G. [pNaB], [G], and [pNaB*G] are 

the initial concentration of pNaB, G and pNaB*G. ODEs are generated by using mass action 

law. 

K06 

K60 
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 pNaC + G         pNaC *G   …………………………………………………. (3.31) 

 

Reaction (3.31) is a reversible reaction that involves the interaction between pNaC and G to 

form the pNaC *G complex. K07 is the forward rate for the formation of pNaC *G and K70 is 

the reverse rate for the decomposition of pNaC *G into pNaC and G. Changes in the 

concentrations of pNaC, G and pNaC*G are explained by generating ODEs using the mass 

action law.   

d[pNaC]/dt = -K07[pNaC][G] + K70[pNaC *G] …………………………………. (3.32) 

d[G]/dt = -K07[pNaC][G]+K70[pNaC *G] …………………………………….…. (3.33) 

d [pNaC *G]/dt = K07[pNaC][G] – K70[pNaC *G] ………………………………. (3.34) 

d[pNaC]/dt = d[G]/dt = - {d[pNaC *G]/dt}……………………………………….(3.35) 

By simplifying Eqs. (3.32, 3.33 and 3.34), changes in the concentrations of pNaC and G are 

equal to changes in the concentration of pNaC *G. [pNaC], [G] and [pNaC *G] are the initial 

concentrations of pNaC, G and pNaC *G. 

 

pN1111+G             pN1111* G………………………………………………. (3.36) 

 

Reaction (3.36) is a reversible reaction, where pN1111 and G interact with each other and form 

pN1111* G. K08 is the forward rate for the formation of pN1111* G and K80 is the reverse rate for 

decomposition of pN1111* G into pN1111 and G.    

d[pN1111]/dt = -K08[pN1111] [G]+K80[pN1111* G] …………………………………. (3.37) 

d[G]/dt = -K08[pN1111] [G]+K80[pN1111* G] …………………………………..…. (3.38) 

d[pN1111* G]/dt = K08[pN1111][G]-K80[pN1111* G]………………………………… (3.39) 

d[pN1111]/dt = d[G]/dt = -{d[pN1111* G]/dt}………………………………………..(3.40) 

K08 

K80 

K07 

K70 
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By simplifying Eqs. (3.37), (3.38), (3.39), changes in the concentrations of pN1111 and G are 

equal to the negative of the change in concentration of pN1111* G. [pN1111], [G] and [pN1111* 

G] represent the concentrations of pN1111, G and pN1111* G, respectively.   

3.4 Initial Concentration of Nav Species in the Model    

The initial concentrations of individual Nav species (NaA, NaB, NaC, and N1111) in the model 

are assumed on the basis of the total concentration of the Nav channel in AIS as mentioned in 

Kole and Stuart (2012).  Eq. (3.41) represents the total concentration of Nav species present in 

the model and equals the sum of all individual Nav species in the model (Kole and Stuart 2012). 

Eq. (3.42), defines the initial concentration of NaA and is equal to λ1*Nav. Similar to Eq. (3.42), 

the initial concentration of all individual Nav species in the model can be determined from Eqs. 

(3.43 – 3.45) and  λ is set to 0.25 in Eq. (3.42 -3.45).     

Natotal = NaA +NaB +NaC+ N1111 ……………………………………………. (3.41) 

NaA = λ1 *Nav………………………………………………………………… (3.42)  

NaB = λ2* Nav………………………………………………………………… (3.43) 

NaC = λ3 *Nav ………………………………………………………….…… (3.44) 

N1111 = λ4 *Nav………………………………………………………………. (3.45) 

 λ1 =λ2= λ3= λ4 = 0.25…………………………………………………………. (3.46) 

Summary  

In this chapter, we develop a model that includes assumptions about the AIS structure and the 

different species present in the system; the development of different Nav species based on 

different phosphorylation conditions; the development of the phosphorylation sequence within 

the Nav species; and ODEs for phosphorylation of all Nav species and the binding of 

phosphorylated Nav species  with AnkG. A model including all these assumptions may help in 

a better understanding of Nav channel accumulation in the AIS structure after interaction with 

AnkG under different phosphorylation conditions. In the next chapter, we determine the kinetic 

parameters for the model from experimental findings about AIS and calculate the concentration 

of all species using simple mathematics. 
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Chapter 4 

Parameters 

In this chapter, we determine the kinetic parameters and calculate the concentrations of all 

species in the study. In our model, we consider a total of six species, denoted as NaA, NaB, 

NaC, CK2, AnkG and N1111, and all are present in one system (AIS). According to the 

assumptions developed in section 3.2 (a), the AIS region, where all six species of our study are 

present, is cylindrical in shape with a length of 40 µm and a diameter of 1.5 µm. All parameters 

for our model, including their initial concentrations and rate constants, will be estimated with 

the help of the literature review, and based on experimental studies undertaken with AIS and 

its proteins.  

4.1 Initial concentration of the Species in the Model 

The initial concentrations of all six species in the model are based on the assumptions discussed 

in section 3.2. 

Initial concentration of Nav species  

Experimental evidence suggests that the number of Nav channels in the AIS region is 100-300 

molecules/µm (Kole et al 2012). For our model, we fix the number at 200 molecules of Nav 

channel/µm and assumed an AIS region with a length of 40 µm and a total number of Nav 

channels as 1.32*E-14(µM). Due to a lack of data about the exact number of Nav channel 

subunits in AIS, all the Nav species (NaA, NaB, NaC, and N1111) considered in our models are 

divided equally and the sum of all species is equal to the total concentration of the Nav species 

1.32*E-14(µM). We calculate the individual concentrations of all Nav species in our model from 

Eq. (3.41) to 3.46).  

NaA +NaB +NaC+ N1111 = 1.32*E-14…………………………………. (4.1) 

NaA = λ1* 1.32*E-14 from Eq. (3.42) 

λ1=0.25 from Eq. (3.46) 

NaA= 3.32*E-15……………………………………………………. (4.2) 

Similarly, we calculate NaB, NaC and N1111 and, as we divided all the Nav species equally, the 

initial concentrations of NaA, NaB, NaC and N1111 are all 3.32*E-15 (µM).  
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Initial AnkG (G) concentration  

AnkG is known as the master organizer in the AIS structure because it is responsible for the 

recruitment of the many proteins present, including Nav channels. The accumulation of AnkG 

in AIS is still debatable, but its early presence in AIS during the development stage signifies 

its importance. In our model, the total number of AnkG molecules is ten times higher than in 

the Nav channels and the binding with these channels is nearly stoichiometric. Therefore. the 

initial concentration of AnkG molecules in our model is 1.32*E-14(µM )(Srinivasan, Elmer and 

Bennet 1988).  

Initial CK2 concentration 

In the brain, more than 300 substrates are available for CK2 mediated phosphorylation (Meggio 

and Pinna 2003; Nishi, Shaytan, and Panchenko 2014). We do not have data on the exact 

number of CK2 molecules required for phosphorylation of Nav channels, so, we estimated the 

CK2 concentration based on the Nav species described in our model. We assume that one 

molecule of CK2 is enough to phosphorylate the single serine site present within the Nav 

species.  With the help of this assumption, we estimate the CK2 concentration in our model. 

According to section 3.2 (e), NaA, NaB, NaC and N1111 have three, two, three and four active 

serine sites, respectively, and these sites are phosphorylated by CK2.  

CK2= 3 (NaA) +2(NaB) +3(NaC) + 4 (N1111) ………………. (4.3) 

Substituting NaA, NaB, NaC and N1111 values from section 4.1 to Eq. (4.3 

CK2= 3(3.32*E-15) + 2 (3.32*E-15) + 3 (3.32*E-15) + 4 (3.32*E-15) ………………. (4.4) 

CK2 = 3.98*E-14 ………………………. (4.5) 

3.98*E-14 (µM), is the concentration of CK2 necessary to phosphorylate all the species of Nav 

present in our model. 

 

 

  



76 
 

Table 4-Initial concentration of all species considered in the model 

Protein  Initial concentration (µM) Source 

1. NaA 3.32*E-15 Calculated 

2. NaB 3.32*E-15 Calculated 

3. NaC 3.32*E-15 Calculated 

4. N1111 3.32*E-15 Calculated 

5. CK2 3.98*E-14 Calculated 

6. G=AnkG 1.32*E-13 (Srinivasan, Elmer and 

Bennet n.d.) 

NaTotal  1.32*E-14 (Kole and Stuart 2012) 

 

4.2 Rate Constants for Phosphorylation of Nav species and their Binding with 

AnkG  

In the AIS structure, proteins, especially Nav channels, are phosphorylated by CK2, which 

enhances their binding affinities with AnkG and results in the accumulation of Nav channels in 

the AIS region (Fache et al. 2004). In this study, CK2 is considered to be three times greater 

than the total Nav species present. As mentioned in section 3.5, Nav species are divided equally 

in our model. Based on the higher concentration of CK2 and the equality among Nav species, 

we consider that no competition is present between any species in our AIS system for CK2. 

For our study, Kon and Koff for all phosphorylation reactions are, 1*E12 (µM-1s-1) and 1*E6 (s-1), 

respectively (Ubersax and Ferrell 2007). 

In our model, we discuss the binding of the phosphorylated form of Nav species with AnkG. 

The association (Kon) and dissociation rates (Koff) of all four species are different while binding 

with AnkG. The differences in the association and dissociation rates of Nav species with AnkG 

are because of their differences in phosphorylation conditions (Bréchet et al. 2008). 

 pNaA binding with AnkG 

As discussed in section 3.2 (e), NaA has three sites, out of four (S1 to S4) available for 

phosphorylation by CK2. In the case of NaA, according to our assumption, the S1 site is always 

present.  We take the average of three Kon and Koff  values one by one when S2 to S4 are absent 

from the Nav channels (Bréchet et al. 2008). In our model, NaA binds with AnkG with an 
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association rate (Kon) of 1.71*E12 (µM-1s-1) and a dissociation rate (Koff) of 3.4*E-3 (s-1) (Table 

5). 

 pNaB binding with AnkG 

In NaB species, two out of four serine sites are available for phosphorylation by CK2. The 

presence of the S1 site is compulsory because, in the case of double phosphorylation, its 

absence can lead to impairment of NaB channel binding with AnkG. Kon and Koff  are considered 

to be 8.2*E11 (µM -1s-1) and 3.4*E-3(s-1), respectively, (Table 5)(Bréchet et al. 2008).   

pNaC binding with AnkG 

Another Nav species in our model is NaC, which also takes part in triple phosphorylation (Fig 

12). It contains three sites in the phosphorylated state and one in the non-phosphorylated state. 

As discussed in section 3.4 (e), NaC is different from NaA because S1 is not present in the 

phosphorylated state. Kon and Koff are taken as 8.9 *E11 (µM-1s-1) and 3.3*E-3 (s-1), respectively 

(Bréchet et al. 2008).  

pN1111 binding with AnkG 

N1111, the last species in our model, has all serine sites (S1-S4) available for CK2 facilitated 

phosphorylation. We use N1111 as the control in our study because the study undertaken by 

Bréchet et al. (2008).  Nav channels with all phosphorylation sites available have a high binding 

affinity with AnkG. For the control, Kon is 4.24*E12
 (µM-1s-1) and Koff is 2.1*E-3 (s-1) (Table 5). 
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Table 5- List of kinetic parameters for the model  

 

 

Rate 

constants  

Biological meaning Values  Source 

K01 Association rate for NaA and CK2 1*E12 (µM-1s-1) (Ubersax and Ferrell 

2007) 

K10  Dissociation rate of pNaA into NaA 

and CK2  

1* E6 (s-1) (Ubersax and Ferrell 

2007) 

K02 Association rate for NaB and CK2 1*E12 (µM-1s-1) (Ubersax and Ferrell 

2007) 

K20 Dissociation rate of pNaB into NaB 

and CK2  

1* E6 (s-1) (Ubersax and Ferrell 

2007) 

K03 Association rate for NaC and CK2 1*E12 (µM-1s-1) (Ubersax and Ferrell 

2007) 

K30 Dissociation rate of pNaC into NaC 

and CK2 

1* E6 (s-1) (Ubersax and Ferrell 

2007)  

K04 Association rate of N1111 and CK2 1* E12 (µM-1s-1) (Ubersax and Ferrell 

2007) 

K40  Dissociation rate of pN1111 into 

N1111 and CK2 

1* E6 (s-1) (Ubersax and Ferrell 

2007) 

K05  Association rate of pNaA and G 1.71*E12(µM-1s-1) (Bréchet et al. 2008) 

K50 Dissociation rate of pNaA *G into 

pNaA and G 

3.3*E-3 (s-1) (Bréchet et al. 2008) 

K06 Association rate of pNaB and G 8.2±2.6*E11(µM-1s-1) (Bréchet et al. 2008) 

K60 Dissociation rate of pNaB*G into 

pNaB and G 

3.4±0.2*E-3 (s-1) (Bréchet et al. 2008) 

K07 Association rate of pNaC and G 8.9±0.2*E11 (µM-1s-1) (Bréchet et al. 2008) 

K70 Dissociation rate of pNaC*G into 

pNaC and G 

3.3±0.4*E-3 (s-1) (Bréchet et al. 2008) 

K08 Association rate of pN1111 and G 4.24*E11 (µM-1s-1) (Bréchet et al. 2008) 

K80  Dissociation rate of pN111*G into 

pN1111 and G 

2.1±0.8*E-3 (s-1) (Bréchet et al. 2008) 
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4.3. Mutational analysis  

A mutation study is carried out by knocking out proteins from structures or by replacing amino 

acids with other amino acids within the sequence of the protein. Mutational data help in 

understanding the importance of the replaced amino acids on protein functionality. The AIS 

motifs of the Nav channels contain several glutamate residues (E). Glutamate residues in the 

AIS motif of Nav channel are acidic in nature and contains acidic side chains with a carboxylic 

acid group (Meggio and Pinna 2003). The dissociation constant (pKa) of carboxylic groups is 

very low, which results in a loss of protons and that is the reason acidic residues become 

negatively charged in the process (Meggio and Pinna 2003). As mentioned in section 3.1, CK2 

is acidophilic in nature so its target motif should be acidic. All serine/threonine residues in a 

motif, which are meant to be phosphorylated by CK2, should be surrounded by acidic residues 

(aspartate (D) or glutamate (E)). The presence of acidic residues enhance the phosphorylation 

process (Nishi, Shaytan, and Panchenko 2014).  

In this model, conducting mutational analysis of E at the 1111 position by replacing alanine 

will help our understanding the importance of E1111 in Nav channel binding with AnkG. In a 

study by Bréchet et al. (2008), it was found that the E1111 mutation (replacing with alanine) 

in the AIS motif of Nav channels has low binding affinity when it binds with AnkB (another 

member of the ankyrin family). AnkB has a similar structure as AnkG so, for this study, we 

consider the same parameters observed in an AnkB-related study (Bréchet et al. 2008). For 

mutational analysis, the association and dissociation rates of Nav species binding with G are 

1.4*E11 (µM-1 s-1) (Kon) and 3.2*E-3 (s-1) (Koff), respectively (Bréchet et al. 2008). In addition, 

we also tested the consequences of AnkG mutation on the recruitment of Nav channel at AIS 

by using the initial concentration of G at 0 (µM).     

4.4 Sensitivity analysis 

Sensitivity analysis plays a critical role in understanding system biology models. The aim of 

sensitivity analysis is to test the robustness of the model and this is achieved after testing the 

uncertainty of model outputs due to the uncertainty in the model’s input parameters (Iooss and 

Limaitre 2014; Castillo et al.2004). This helps in finding important input parameters that have 

a direct impact on the output of the model. Sensitivity analysis is helpful in determining the 

dependency of the model’s predictions on the assumptions made in the model and guides in 

estimating the experimental design (Castillo et al.2004). Two approaches can be used to 
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perform sensitivity analysis: local sensitivity analysis (LSA) and global sensitivity analysis 

(GSA) (Zi 2011).  

LSA is the common approach for testing the sensitivity of a model by computing the first partial 

derivative of the output with respect to the input parameters. In LSA, the sensitivity of model 

output is tested by perturbing only one parameter within a small range at one time while 

keeping other parameters the same (Zi 2011; Iooss and Limaitre 2014 ). In biological models, 

the probability of variation in rate constants and the initial concentration is very high, so to test 

the model the large variation GSA approach can be helpful (Zi 2011).  This helps in measuring 

the overall effect of model input on model output by perturbing the model input parameters 

within a large range and at the same time, unlike LSA. GSA includes methods such as Latin 

hypercube sampling, multi-parametric sensitivity analysis (MPSA), partial rank correlation 

coefficient (PRCC), Morris sensitivity analysis method and Sobol analysis sensitivity method 

(Zi 2011).  For this model we chose the LSA method due to the lack of time. All the simulations 

were carried out using Vcell software and, for sensitivity analysis, sampling was carried out 

using the CVODE solver in Vcell.   

Summary 

In chapter 4 we calculated the initial concentrations of all species and the rate constants 

involved in this model and are based on the literature. The total concentrations of Nav species 

in the model are based on the estimated values of Nav channels in AIS from an experiment by 

Kole et al. (2012) and, on basis of that, we calculated the initial concentration of all four types 

of Nav species present in this model. The initial concentration of AnkG in the model also used 

an estimated value from the literature. However, the initial concentration of CK2 was estimated 

using the total concentration of the Nav species, because CK2 phosphorylates Nav channels 

during trafficking towards AIS. In addition, we determined the association and dissociation 

rates for all reactions taking place in the model in order to explain the accumulation of Nav 

channels in AIS. Therefore, in this chapter we introduce mutational analysis into the model in 

order to understand the importance of glutamate residues (E) and AnkG concentrations in Nav 

channel accumulation in the AIS structure. As well as mutational analysis, we also explain the 

importance of sensitivity analysis with the aim of understanding the influence of input 

parameter variations on the model outputs. In the next chapter, we will discuss the results from 

experiments conducted in Vcell software.  
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Chapter 5 

Results and Discussion 

The previous chapter introduced the initial concentrations of all species and the rate constants 

for the reactions involved in the model.  All parameters were estimated values from, or based, 

on the literature. In this chapter, we discuss the results obtained from conducting a series of 

computational experiments using Vcell software. Through the model we explore the 

mechanisms behind Nav-AnkG binding responsible for the restriction of Nav channels in the 

AIS and how they can play a role in AD pathogenesis. With the help of the developed model 

in the previous chapter we will investigate the following: 

1) The role of serine phosphorylation in Nav- AnkG binding  

Nav channels contain four serine sites (discussed in section 3.1). Using conceptual 

model in chapter 4, we will test the influence of the presence or absence of serine on 

Nav accumulation in the structure of AIS. 

2) The effect of glutamate (E1111) on the accumulation of Nav channels in the AIS 

structure  

Glutamate at the 1111 position in the AIS motif of Nav channels is crucial because, as 

a negative residue, it enhances the phosphorylation of serine present in the same AIS 

motif and the phosphorylation necessary for the Nav-AnkG binding.   

3) Influence of AnkG concentration on the recruitment of Nav channels in the AIS 

region 

AnkG, as master organizer in AIS is crucial for the maintenance of its structure and is 

responsible for the recruitment of various proteins into this region, including Nav 

channels (discussed in section 2.4). 

In addition, we will explore the effects of parameters on the model output and to determine the 

parameters that are more sensitive using LSA (discussed in section 4.6.2). 
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5.1 Results  

5.1.1 Effects of serine phosphorylation on Nav -AnkG binding 

The results illustrate that the phosphorylated form of all Nav species (pNaA, pNaB, pNaC, 

pN1111) in the model bind with AnkG (G) at different binding affinities. In Fig 5.1, A, B, C and 

N are equal to pNaA, pNaB, pNaC and pN1111, respectively, and AG, BG, CG and NG represent 

their binding with G. Based on the model outcomes, the availability of serine for 

phosphorylation in the AIS motif of Nav channels is crucial for Nav channel accumulation in 

AIS. As shown in Fig 5.1, the formation of the NG complex is very fast compared to the 

formation of AG, BG and CG because N (pN1111) has all four serine sites available for CK2 

mediated phosphorylation, and phosphorylation of all serine sites enhances the interactions 

between N and  G (Bréchet et al. 2008). However, in our model, the Nav species other than N 

having fewer serine sites available for phosphorylation clearly showed a negative impact on 

binding with G.  

The interaction of A (pNaA) with G is weaker and slower as compared to N with G (Fig 5.1). 

As discussed in section 3.2.(e)) A (pNaA) has three serine sites (out of four) available for CK2 

facilitated phosphorylation and this may be one of the reasons responsible for its weaker 

binding with G. The negative consequences from the absence of serine are not only limited to 

the weaker binding affinity but also a decrease in the concentration of the AG complex, as 

shown in (Fig 5.1). In the case of B (pNaB), where only two serine sites are present for CK2 

specific phosphorylation (as shown in Fig 5.1), the negative impact of two serine sites being 

absent in B was clearly observed as the concentration of the BG complex was very low, 

indicating that interaction of B with G is slower and weaker compared to those of N and A.  

The interaction of C (pNaC) with G demonstrates the importance of serine at the 1112 (S1112 

in Fig 3.1) position within the AIS motif of Nav channels. Similar to A (pNaA), C in this model 

has three serine sites available for CK2 mediated phosphorylation. The only difference is that 

S1112 site is present in A and absent in C (discussed in section 3.2 (e)).  Formation of the CG 

complex is slower and weaker compared to the formation of NG and AG. However, CG 

formation is quite similar to the formation of BG where B has only two serine sites. This 

similarity indicates that the presence of the S1112 site, together with another serine, can have 

a similar effect on Nav-AnkG binding when compared to the three serine sites (except S1112) 

available for phosphorylation within the AIS motif.   
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Variation in the final concentrations of Nav species after binding with AnkG under different 

phosphorylation conditions in our model justify the first objective of this study that states the 

importance of serine phosphorylation in Nav-AnkG binding. Similar results were observed in 

a study done by Bréchet et al (2008) and this illustrates that, in the presence of all serine sites 

for phosphorylation, binding of Nav channels with AnkG is stronger.  Knockout or replacing 

(with alanine) any serine residue from the AIS motif showed a reduction in binding affinity 

towards AnkG. Reduction in binding affinity alters the recruitment of Nav channels and this 

reduces their concentrations within the AIS region. In addition to the importance of serine , our 

model demonstrated that serine at position 1112 in the AIS motif was also significant in the 

trafficking of Nav channels into this region.   
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Figure 5.1- Nav--AnkG binding under different phosphorylation conditions - This graph,  

represent the interactions between different phosphorylated Nav species (A, B, C and N) and 

AnkG (G) under different phosphorylation conditions. The upward movement of the line refers 

to the formation of AG (orange), BG (green), CG (yellow) and NG (brown) and the downward 

movement of the lines represents the degradation of A (red), B (purple),C (white) and N (blue) 

after binding with G. The concentration of the NG complex (brown) is high compared to the 

other species in the model due to the presence of all four serine sites available for CK2 mediated 

phosphorylation. The presence of all serine sites increases the binding affinity of N towards G, 

so a high concentration is achieved in a short period of time. However, other Nav species (A, B 

and C) in the graph showed slower and weaker binding affinities towards G.   
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5.1.2 Effect of Glutamate (E) mutation on the Nav -AnkG Binding  

The AIS motif in Nav channels contains a glutamate (E) residue near a serine residue (discussed 

in section 3.1). To understand importance of glutamate in Nav – AnkG binding, we conducted 

a computational experiment using our model. In this experiment, we mutated the glutamate 

residue of Nav species (T) and replaced it with alanine and tested the effect on its binding with 

AnkG (G). The T species in mutational experiments is similar to pN1111 and all the four sites 

are available for CK2 mediated phosphorylation, the same as for N1111. The simulation results 

showed a dramatic decrease in TG concentration (Fig 5.2). The reduction in TG concentration 

could be due to the mutation of glutamate.  Glutamate is acidic in nature and the presence of 

acidic residues (glutamate and aspartate) near serine residues enhanced the phosphorylation 

facilitated by CK2 and increased the binding affinity of Nav channels into AIS.  

Moreover, Fache et al (2008) conducted an experiment in order to test the influence of 

glutamate mutations on Nav accumulation and they observed a defect in the localization of Nav 

channels in AIS (Fache et al .2008). Another study, based on a glutamate mutation together 

with a serine mutation, had a similar result after showing complete delocalization of Nav 

channels from the AIS region (Bréchet et al 2008). Overall, the mutation of E1111 can disrupt 

the molecular organization of AIS by inhibiting the correct interactions between Nav channels 

and Ankg, and increase the probability of the AIS region adapting dendritic functions. 
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Figure 5.2. Impact of E1111 mutation and Nav interaction with AnkG (G). In the graph, the 

formation of the TG complex is very weak compared to other complexes due to mutation of 

the glutamate residue (E1111) because E1111 in the AIS motif of Nav channels helps CK2 in 

target identification for phosphorylation and increases the affinity of Nav-AnkG binding. 

However, any mutation in the E1111 residue alters Nav trafficking into the AIS region. 

Moreover, a serine mutation together with an E1111 mutation can completely alter the binding 

between these channels and AnkG.  
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5.1.3 Influence of AnkG (G) concentration on Nav -AnkG binding  

According to the literature, AnkG is necessary for the maintenance of the AIS structure by 

regulating the recruitment of the necessary proteins, such as the binding of AnkG necessary for 

the restriction of ion channels in the AIS structure (discussed in section 2.4). To test this 

function in AnkG, we used our model and changed the initial concentration of AnkG (G) to 0 

(µM) and the results showed no evidence of interactions between G and any of the 

phosphorylated Nav species present in our model (A= pNaA, B= pNaB, C = pNaC and N= 

pN1111). As shown in Fig 5.3, no binding between G and Nav species represented a complete 

alteration in the trafficking of Nav species into the AIS region due to the absence of G (Fig 5.3). 

This indicates that the accumulation of Nav channels depended on AnkG. Studies using AnkG 

depleted neurons observed defects in the recruitment of AIS proteins, especially Nav channels 

(Zhou et al 1998; Zenkins and Bennet 2001)). Moreover, dendritic proteins, such as integrin -

β1 and MAP-2 have been found in the axons after AnkG mutation (Hedstorm et al. 2008). Our 

model’s results and experimental outcomes provide evidence and defend the objective of 

stating that AnkG, as an anchored protein, was responsible for the assembly and maintenance 

of AIS proteins, including the accumulation of Nav channels. 
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Figure 5.3. AnkG mutation and its consequence on Nav-AnkG binding. All Nav species 

showed no growth in the case of an AnkG mutation, which indicated that without AnkG, Nav  

channels cannot accumulate in the AIS region and this it leads to the disruption of this region 

due to structural disorganization. 
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5.2 Sensitivity analysis   

Sensitivity analysis of all the outputs involved in the model was necessary to check the 

robustness of the model and identify the important input parameters the model outputs were 

sensitive to. In this study, we tested the sensitivities of the output with respect to various input 

parameters present in the model. We chose a total of nine factors and checked their influence 

on the output after variations in their values. Local sensitivity analysis (LSA) was conducted 

using Vcell software and sampling was undertaken using the CVODE method. A total ten 

samples of each parameter were generated and tested for each output (AG, BG, CG and NG). 

A list of all the factors with set range is shown in Table 6. 

Table 6 List of all the factors with their set ranges 

Factor  Biological meaning  Standard Value  Range  

G AnkG  1.32*E-13  (µM) 6.6*E-14 – 1.98*E-13 (µM) 

K05 Association rate for A and 

G  

1.71*E12  (µM-1S-1) 8.55*E11 – 2.65*E12 (µM-1S-1) 

K50 Dissociation rate for AG 

into A and G 

0.0034(S-1) 0.0017 – 0.0051 (S-1) 

K06 Association rate for B and 

G 

8.2*E11 (µM-1S-1) 4.1*E11 – 1.23*E12 (µM-1S-1) 

K60 Dissociation rate for BG 

into B and G 

0.0042(S-1  0.0021- 0.0063(S-1) 

K07 Association rate for C and 

G 

8.9*E11 (µM-1S-1) 4.45*E11 – 1.33*E12 (µM-1S-1) 

K70 Dissociation rate for CG 

into C and G 

0.0033(S-1  0.00165- 0.00495(S-1) 

K08 Association rate for A and 

G 

4.24*E12 (µM-1S-1) 2.12*E12 – 6.32*E12 (µM-1S-1) 

K80 Dissociation rate for NG 

into N and G 

0.0021 (S-1  0.00105- 0.00315(S-1) 
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5.2.1 Sensitivities of outputs towards the association and dissociation rate constants   

To identify the most sensitive parameters in this model, we performed sensitivity analysis by 

introducing variations in the association and dissociation rate constants involved in the binding 

between Nav-AnkG. The estimated values within the range set for sensitivity analysis are listed 

in  Table 6. The model output (AG, BG, CG, NG) was tested against the changes in K05, K50, 

K06, K60, K07, K70, K08, K80. A total of ten samples (1-10) were generated for each parameter 

within the set range and all model outputs were tested against those changed parameters.  

In the case of K05, the range was set from 8.55*E11
 to 2.65*E12 (µM-1S-1) based on the standard 

value (1.71*E12 (µM-1S-1)) (Table 6); a total ten random samples were generated using CVODE 

solver within the set range. LSA was performed using Vcell software with different K05 values 

denoted as samples 1-10. AG1, BG1, CG1 and NG1 in fig 5.4 where (A) represents their 

sensitivities towards K05. After the sensitivity analysis, AG was found to be more sensitive 

towards K05 when compared to the other outputs (BG, CG and NG). In the minimum range 

(sample 1), the formation of the AG complex was very slow and the equilibrium was achieved 

at a very slow rate. However, as we increased the K05 value (from sample 1 to sample 10), the 

peak value of the AG complex then happened at a fast rate. An almost 1000-fold difference in 

the maximum concentration of AG was noticed in the minimum (sample 1) and maximum 

(sample 10) ranges. The large difference in the concentration of the AG complex explains the 

dependency of Nav channels on a high association rate during accumulation in the AIS region. 

According to these LSA results, no relationship between BG, CG and NG with K05 was 

observed. Fig 5.4(B) illustrates the sensitivities of the model outputs towards the K50 

(dissociation rate for AG into A and G) and only AG was found to be sensitive to K50 and, at a 

low value of K50, showed high sensitivity and indicate that dissociation of AG is slow when the 

dissociation rate is low. 

Furthermore, we tested all remaining parameters (K06, K60, K07, K70, K08, K80) and the same 

results were observed for sensitivity of AG towards K05 and K50. Figs 5.5 to 5.7 demonstrate 

the sensitivity of BG, CG and NG towards K06, K60, K07, K70, K08, K80, respectively. In all cases, 

at the maximum association rate  (sample 10), the peak value was achieved in a short time 

when compared to the low value (sample 1) (Fig 5.5 (A)- 5.7 (A). Moreover, the model outputs 

except for NG, showed a high sensitivity towards a low dissociation value (sample 1) and a 

similar sensitivity was noticed in NG for all ten samples (Fig 5.5 (B) to 5.7 (B)). The behaviour 

of the model’s output was totally different for the variations in association and dissociation 
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rates because, in this model, the dissociation rate was very small compared to the association 

rates.   

Overall, the LSA results suggested that, at high association and dissociation rates, binding 

between Nav – AnkG and its dissociation of product take place at a fast rate with a stronger 

affinity. Nav -AnkG binding with strong affinity helped the localization of Nav channels into 

AIS and were responsible for the correct molecular assembly of the AIS region in order to 

initiate AP.  
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Figure 5.4. Sensitivities of model outputs towards variation in K05 and K50. A) represents 

that the model output sensitivity towards the K05 and AG complexes were found to be more 

sensitive than other outputs against all ten samples of K05. Out of ten samples, AG was highly 

sensitive towards sample 1 (low K05 value) (red line in the graph), which demonstrated that the 

formation of the AG complex was time consuming when the association rate was low.  B) refers 

to the sensitivity of all outputs towards variations in K50. The AG complex was found to be 

more sensitive against K50. Out of  all the ten samples of K50, AG showed a high sensitivity 

towards sample 1 (low value of K50). Outputs other than AG showed no sensitivity towards 

K50.   
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Figure 5.5. Sensitivities of model outputs towards variations in K06 and K60. A) illustrates 

the sensitivity of model outputs towards K06. BG was found to be more sensitive towards K06. 

No sensitivity was noticed in AG, CG and NG against all ten samples of K06. Out of the ten 

samples, BG was highly sensitive towards sample 1 (low K06 value) (red line in the graph) and 

this demonstrated that the formation of the BG complex was time consuming when the 

association rate was low and, at the highest K06 (sample 10), the peak value was achieved in a 

short time. B) refers to the sensitivity of all outputs towards variations in K60. The BG complex 

was found to be more sensitive against K60. From the ten samples of K60, BG was found to be 

more sensitive towards sample 1 (low value of K60). Outputs other than BG showed no 

sensitivity towards K60.   
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Figure 5.6- Sensitivities of model outputs towards variations in K07 and K70. A) illustrates 

the sensitivity of model outputs towards K07. CG was found to be more sensitive towards K07. 

No sensitivity was noticed in AG, BG or NG against all ten samples of K07. Out of the ten 

samples, CG was highly sensitive towards sample 1 (low K07 value) (red line in the graph) and 

this demonstrated that the formation of the CG complex was time consuming when the 

association rate was low, and the highest K07 (sample 10) peak value was achieved in a short  

time. B) refers to the sensitivity of all outputs towards variation in K70. The CG complex was 

found to be more sensitive against K70. In all ten samples of K70, CG was found to be sensitive 

towards sample 1 (low value of K70). Outputs other than CG showed no sensitivity towards 

K70.   
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Figure 5.7 - Sensitivities of model outputs towards variations in K08 and K80. A) illustrates 

the sensitivity of the model outputs towards K08. NG was found to be more sensitive towards 

K08. No sensitivity was noticed for AG, BG or CG against all ten samples of K08. Out of the 

ten samples, NG was highly sensitive towards sample 1 (low K08 value) (red line in the graph) 

association rate was low and, at the highest K08 (sample 10), the peak value was achieved in a  

small amount of time. B) refers to the sensitivity of all outputs towards variations in K80. The 

NG complex was found to be more sensitive against K80. In all ten samples of K80, NG showed 

a similar sensitivity. Outputs other than NG showed no sensitivity towards K80.   
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5.2.2 Sensitivity of outputs towards the initial concentration of AnkG (G)  

All outputs (AG, BG, CG and NG) were tested for sensitivity towards variations in the initial 

concentration, G, with the aim of understanding how the concentration of G impacts Nav 

channels recruitment in AIS. The reason for choosing G as the factor in sensitivity analysis was 

because G was the only reactant that had a relationship with all Nav species present in this 

model. In the model, we considered our system in the AIS region and this region, G, was 

responsible for the recruitment of Nav channels. A total ten random samples (1 to 10) were 

generated using the CVODE solver. Samples were generated within the set range (minimum 

6.6*E-14 (µM) to maximum (1.98*E-13 (µM)). The range was set according to the initial 

concentration of G in the system (1.32*E-14 (µM)). LSA was conducted using Vcell software 

with a simulation time of 100 seconds. According to the sensitivity test, all outputs, AG, BG, 

CG and NG, were found to be sensitive to the concentration of G.  

Fig (5.8) shows the sensitivity of AG against the all ten samples of G. In the minimum range 

of G, the sensitivity of AG was very high, which explained the consequences of the 

concentration of G on the AG complex and showed that when the concentration of G was low, 

the reaction rate was also slow. The formation of the AG complex was slow and the equilibrium 

was also achieved at a very slow rate. However, when the concentration of G was increased 

the formation of the AG complex took place at a faster rate due the increased reaction rate, and 

equilibrium was also achieved faster than in the minimum range. These observations 

demonstrated that Nav channel accumulation in AIS depended highly on the concentration of 

AnkG. Due to the increased concentration of AnkG, there were more molecules of AnkG 

available to collide with Nav channel molecules and the probability of these collisions with 

AnkG increased because the reaction rate also increased. According to collision theory, the 

reaction rate is directly proportional to the concentration of the reactant. As we increased the 

concentration of any reactant in the system, the reaction rate increased and formation of the 

product took place much faster compared to a low concentration of the reactants.  Figure 5.9, 

shows the sensitivity of all the outputs (AG, BG, CG and NG) against the variations in G. BG, 

CG and NG showed similar behaviour as AG, reduction in the concentration of G increased 

the time for the formation of the product and the time for the reaching equilibrium. If we 

considered all the outputs together, the formation of NG for all ten samples of G was faster 

when compared to the other outputs (AG, BG, CG). This may be because of all the serine sites 

were available for phosphorylation in N and, as a result, the binding affinity between N and G 

was stronger than for any other species in the model. 
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Figure 5.8- Sensitivity of AG towards AnkG (G).  At a low concentration of G, the formation 

of the AG complex took time. However, as the concentration of G increased, binding finished 

in a shorter time compared to the low G concentration. The reaction rate increased with the 

increased concentration of G due to the probability of collisions between A and G also 

increased. These results indicate the importance of G in the accumulation of Nav channels into 

the AIS region.  
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Figure 5.9-   Sensitivities of all model outputs towards G.  Above graph signify the sensitivity 

of all four outputs (AG, BG, and NG) against all the variation in G initial concentration. Lines 

near to the Y axis illustrate the impact of G at high concentration on reaction time and as we 

decrease the concentration lines move against the Y axis demonstrate the slowness in the 

reaction due to low G concentration.     
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Summary 

In conclusion, based on the results obtained from this study, we predict that serine related 

phosphorylation within the AIS motif of the Nav channels is essential for its binding with AnkG 

with the aim of accumulating Nav channels in the AIS region. All four serine sites in Nav 

channels should be available for CK2 facilitated phosphorylation in order to enhance the 

binding. The Nav species in this model, with all phosphorylated serine sites bound with AnkG, 

had a high binding affinity and also attained high concentrations when compared to other Nav 

species with fewer serine molecules. Similar results was observed by Brechet et al (2008), they 

suggested that serine mutation by replacing it with alanine reduce the binding affinity of Nav- 

AnkG (Brechet et al. 2008). The model also gave evidence that serine at position 1112 in the 

AIS motif of Nav channels was more important than serine in other positions, because pNaB 

(two serine available, including S1112) and pNaC (three serine available, except for S1112) 

showed similar behaviour after binding with AnkG. Other than the serine residue, we also 

investigated the importance of glutamate residues present in the AIS motif of Nav channels and 

observed that its mutation had the ability to alter Nav channel trafficking in this region by 

reducing the binding affinity. Study done by Fache et al (2004) and Brechet et al (2008) clearly 

demonstrated the negative impact (not complete alteration) on the Nav-AnkG binding. 

However, glutamate mutation together with any of the serine mutation can completely restrict 

the entry of Nav channels into AIS by blocking the Nav- AnkG binding (Fache et al. 2004; 

Brechet et al. 2008)    

This model also suggested that Nav trafficking into AIS also depend on the AnkG 

concentration. Mutation in AnkG showed no interactions between Nav species and AnkG. 

Observations from sensitivity analysis also illustrated that Nav species were highly sensitive 

towards variations in AnkG. At lower concentrations of AnkG, the interactions between Nav 

species and AnkG were weak. As the concentration of AnkG increased, binding with Nav 

species was much faster due to the higher availability of AnkG molecules for collision. A slow 

and weak accumulation of AnkG molecules can increase the probability of AIS losing Nav 

channels. Losing Nav channels from AIS dismantled the AIS assembly and the initiation of AP 

will require more voltage or there will be no AP at all due to the high voltage requirement; and 

region next to the AIS will become the favourable spot for AP initiation. All observations from 

this model were similar to the results from various other experiments conducted on Nav channel 

tracking into AIS (Fache et al. 2004; Bréchet et al. 2008).  
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Based on this model, we propose an important role for Nav channels in AD pathogenesis at a 

molecular level because presence of Nav channels in AIS depended completely on AnkG. 

Moreover, this model also illustrate the importance of amino acids (Serine, Glutamate and 

Aspartate) in Nav channel accumulation at AIS.  Experimental evidence suggested the low level 

of AnkG in AD transgenic mice (Sun et al. 2014).  The high density of Nav channels in the 

structure of the AIS supports the AIS skeleton to overcome the load induced during AP 

initiation. Moreover, due to their high density, Nav channels in the AIS activate and deactivate 

much faster than the Nav channels present in the soma. Due to the high density of Nav channels 

in the AIS region, the membrane potential changes at a lower voltage as compared to the soma. 

Low levels of Nav channels due to low AnkG can alter the function of AIS as AP initiator zone 

(Kole et al. 2012). A study of purkinje cells with an AnkG mutation showed the importance of 

AnkG in AIS and observed no voltage gated ion channels (Nav and Kv channels) due to the 

absence of AnkG. The lack of ion channels suggested the absence of interactions between the 

voltage gated ion channels and AnkG in AIS. The absence of voltage gated ion channels can 

also lead to the non-initiation of AP and their generation at the AIS (Zhou et al. 1998). 

Experimental study observed low level of AnkG in AD transgenic mice can alter the proper 

trafficking of proteins into the AIS region (Sun et al. 2014). Similarly, Ye et al (2019) studied 

the importance of AnkG in trafficking and suggested that AnkG is necessary for the NDEL 1 

accumulation at AIS, which is a dynein motor regulatory protein (Ye et al. 2019).  Alteration 

in protein trafficking can lead to the disassembly of AIS structure due to the entry of dendritic 

proteins into the axon. Entry of dendritic proteins can force the axon to perform dendritic 

functions by attaining dendritic structural properties. This model can help other researchers to 

draw a relationship between AnkG, Nav channels and AD pathogenesis.  
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Chapter 6  

Limitations and Future directions  

In future the experimentalists could conduct experimental studies to investigate the 

concentration of Nav channels in AD mice and compare them with the Nav concentration in 

wild type mice. We should investigate the voltage requirements of the AD brain to initiate AP 

and compare this with the normal brain as this would help in understanding the role of Nav 

channels in AD pathogenesis. The results we found were very restricted due to the limited time 

frame available, so we could not consider all factors required to explain the importance of AIS 

and its role in AD pathogenesis. In this study, we focused only on AnkG- Nav interactions in 

terms of phosphorylation events modified by CK2, particularly in Nav channels. However, there 

are other kinases such as protein kinase A (PKA) and protein kinase C (PKC) that also 

contribute to AP by modulating Nav channels (Scheuer, 2011). In this study, we explained all 

the phosphorylation events by using mass action law. CK2 alone required lot of attention to 

decipher its role within the AIS.  We should investigate the role of calcium ions (Ca2+) in the 

AIS because experimental studies demonstrated the involvement of Ca2+ in the alteration in 

AIS. For example, Ca2+ toxicity may lead to the deterioration of AnkG and results in the AIS 

disassembly (Del et al. 2015). Ca2+ toxicity in the AIS could be because of the presence of ATP 

in higher amount due to the stress or injury in the brain. Hyper-phosphorylation due to the 

higher ATP may open the extra pores in the membrane which favours the entry of Ca2+ inside 

the membrane (Zhang et al. 2019).  In this model, we did not involve any activation and 

inactivation gates present in the Nav channels or behaviour within the channel that were 

necessary for the depolarization of the membrane. In the future, we will test the involvement 

of any modifications in AnkG by CK2 or by other kinases. Other than AnkG and the Nav 

channels there are more than 40 species (excluding subunits and isoforms); for example, Kv 

channels and MTs, present in the AIS region, that also contribute in maintaining neuronal 

polarity. To consider all these species in the model would require an extensive set of 

experimental data and time. In addition, AnkG, as a master organizer, was crucial for the AIS 

structure, but we do not, as yet, have any clear explanation about its recruitment there as a 

primary protein. Due to a lack of data and time, it was almost impossible to use all species in 

the system and explain the significance of the AIS region mathematically. In future, we will 

extend this model to understand the role of the AIS region in AP initiation and AD pathogenesis 
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purely on mathematics level by implementing other protein structures and the mechanical 

details associated with this region.  
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