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ABSTRACT

COMPUTATIONAL MODELING FOR THE DISREGULATION OF
CALCIUM IN ALZHEIMERS DISEASE

Simaran Rajora, M.S.
George Mason University, 2020
Thesis Director: Dr. Aman Ullah

Alzheimer's disease (AD) is a devastating neurodegenerative disorder. According to
Alzheimer Disease International (ADI), people develop dementia every 3 seconds in the
world. ßA (Beta- Amyloid) is the main constituent of neuritic plaques. Amyloid beta
(Aβ) accumulations at the intracellular level can increase the release of Ca2+ from the
internal store endoplasmic reticulum (ER). Calcium is a very important signaling
molecule where Ca2+ ion plays an important role in neuronal signaling. Abnormalities in
calcium regulation have been reported in several neurodegenerative diseases. Increased
oscillations of Ca2+ ion concentration is due to the most important cellular component
known as IP3R.
In this study 3-state model was used to describe all observed gating behavious in IP3R
channels in Sf9 cells.

xi

Here, a simulated algorithm was adopted to optimize the parameters in a modified model
by fitting the experimental results of open probabilities (Po) of IP3RPS1M146L saturates
at significantly lower IP3 concentrations and its peak value is higher as compared to the
IP3RPS1WT. By modifying a minimum number of model parameters, the 3-state model
was applied to fit observed gating behaviors in channel Po. This research applied, IP3R
stochastic model which was used to investigate the Ca2+ level puffs (amplitudes and
duration) in normal cells and the one with AD cells. Investigating the model solution can
provide important information on the impact of Aβ on Ca2+ basal levels at various
timescales.
Although it is unclear how Aβ disrupts the intracellular Ca2+ homeostasis there is an
evidence that Aβ directly affects the production of IP3, through Ryanodine receptor
(RyR) and plasma membrane by calcium-induced calcium release (CICR). We will use
the results of these findings and validate them by computational modeling. Our future
planning is to build a whole-cell model and check its effects on the elementary Ca2+
release events such as Puffs at the local and global levels.

xii

1. INTRODUCTION

Alzheimer disease (AD) is a devastating neurodegenerative disorder. According to
Alzheimer Disease International (ADI), people develop dementia every 3 seconds in the
world. There were an estimated 46.8 million people worldwide living with dementia in
2015 and this number is believed to be close to 50 million people in 2017 [6]. This
number will almost double every 20 years, reaching 75 million in 2030 and 131.5 million
in 2050, with a parallel rise in healthcare costs [5]. By mid‐century, the number of
Americans age 65 and older with Alzheimer's dementia may grow to 13.8 million. Global
costs for AD in 2020 for health care, long‐term care for people of age 65 and older are
estimated to be $305 billion [6]. AD is the leading cause of dementia and is characterized
by a progressive and irreversible decline in memory and cognitive skills [1]. The incident
rate for AD grows exponentially between the age of 70 and 80. Many types of cells in
AD has also a sex-related incidence, making women 1.5–3 times more vulnerable than
men. AD gradually destroys a person’s ability to learn, to create reasoning and to
communicate. Neurodegeneration causes gradual impairment in the selected regions of
the brain: hippocampus, amygdala, and neocortex [3]. ßA (Beta- Amyloid) is the main
constituent of neuritic plaques consisting of self-segregating 40-43 amino acid residue
peptides [7]. The molecular pathogenesis of disease remains unclear however, progress
towards identifying therapeutic targets is gaining pace [6]. Alzheimer’s disease does not
have a simple cause.
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Familial early onset forms of AD are associated with mutations in three precursor protein
for Aβ (the β-amyloid precursor protein, APP) or in presenilin-1 (PS1) or presenilin-2
(PS2) [4]. Three genetic loci participate in this cause of early AD onset: the APP gene on
chromosome 21, the PSI gene on chromosome 14, the PS2 gene on chromosome 1[4].
Presenilin plays an important role in the pathogenesis of AD. The main causes of AD are
APP and presenilin mutations PS1 and PS2.
A brief discussion about the pathways involved in APP in the intracellular Ca2+ and
presenilin.
In addition to the processing of APP, there is a direct proportionality relationship between
APP and Calcium in Alzheimer’s disease [4]. APP processing shown in the Fig1 is
affecting by Calcium dys-homeostasis, and calcium homeostasis can be modified by
changing APP products [4]. Type 1 transmembrane family of glycoproteins that is
ubiquitously expressed in several types of cells belongs to APP. APP695 is the form of
APP in the neurons. ER, Golgi apparatus and intracellular endosomes are localized in the
lumen of extracellular vesicles where N-terminal moiety of APP is projected [5]. The
APP C-terminal region lies in the cytoplasmic domain [6]. The formation of the ßA from
APP is by splitting at N-terminus of ßA by BACE1 [6]. Splitting of alpha-secretase a
metalloproteinase connected with membrane, occurs inside the ßA domain that also helps
in preventing the formation of amyloidogenic peptide [5].
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Fig1: APP processing pathway, changed APP products modify calcium homeostasis. Human APP can be
processed through two pathways [2].

There are two main products of APP processing as can be seen in figure 1 which is
independent of the metabolic pathway. These two main products are: a larger, soluble Nterminal APP fragment and shorter C-terminal segment releasing ßA and analogous
product of non-amyloidogenic processing [6].
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Below is the processing of Presenilin (Ca2+ Pathway). It functions in ER Ca2+ leak and
Alzheimer’s disease pathogenesis.

Fig2: Calcium presenilin pathway. A cartoon of the Ca2+ signaling pathway inside the cell. Signaling molecules
bind to the G-protein coupled receptors that activate the intracellular enzyme phospholipase C (PLC) which
lead to the production of IP3. IP3 and Ca2+ bind to the IP3Rs which regulate the release of Ca2+from the ER
[5].

The schematic shown in figure 2 indicates that Ca2+ ions enters the cytosol through store
operated calcium channel, Voltage-gated channel, and ligand gated calcium channels,
that are present in the cell membrane [6]. Moreover, they are released from the
intracellular Ca2+ stores of ER through a receptor called IP3R (Inositol triphosphate
receptor) and RyR (Ryanodine Receptor) [5]. Furthermore, IP3R is produced from PIP2
(Phosphatidylinositol 4,5-bi by PLC in the presence of metabotropic receptors [4]. On the
other hand, levels of Ca2+ in intracellular are controlled by plasma membrane Ca2+ pumps
and by SERCA [6]. Presenilin are located both within the plasma membrane and the ER
and interact with many important elements of the Ca2+ signaling cascade [5].
Furthermore, presenilin perform 3 major functions: firstly, it accelerates the PLC activity.
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Secondly, the levels of Ca2+ release is increased through both the receptors; IP3R and
RYR. Thirdly, they modulate the activities of SERCA pumps [5]. Moreover, they may
function as Ca2+ leak channels to ER which are shown to render leak channels
nonfunctional and therefore overload of the ER Ca2+ stores [5].
Increased oscillations of Ca2+ ion concentration is due to the most important cellular
component known as IP3R. This receptor is a huge Ca2+ channel that is localized at the
endoplasmic reticulum. When IP3 binds to the IP3Rs its open up and releases Ca2+ from
endoplasmic reticulum. There are several mechanism for the increase of cytosolic Ca2+ in
AD neurons.
Various mathematical models of IP3R have been used to study IP3R gating dynamics.
Here we are using the modified 6-state model IP3R model to a simple 3-state stochastic
model for the production of IP3 puffs published by Cao et al [9]. We have proposed IP3R
in the 3-state model using stochastic opening and closing of IP3 channels.
Further IP3R models are described and compared by Shuai and Ullah who established a
data driven model comprising a markkov chain with nine closed states and three open
states to discuss the modal gating behaviour. Model shows that there are multiple states,
some are open some are closed, time dependat transitions between different modes are
crucial for reproducing Ca2+ puff data. If the IP3R pathway is disrupted it might cause
mutations [9].
We have started our model using the compartmental and then later continues to spatial and
whole cell model. In our study we have adopted a simulated algorithm to optimize the
parameters in a modified model by fitting the experimental results of open probabilities

5

(Po) of IP3RPS1M146L saturates at significantly lower IP3 concentrations and its peak value
is higher as compared to the IP3RPS1WT.

We used the 3-states model developed to describe all observed gating behaviors of the
endogenous IP3R channels in Sf9 cells. By modifying a minimum number of model
parameters, the 3-state model was applied to fit observed gating behaviors in channel Po.
Our model predicts that channels gain-of-function enhancement is sensitive to both of
IP3R and Ca2+.
The models developed here for the clusters of 20 channels. gating and local Ca2+ can
provide part of the foundation for building whole-cell models to judiciously separate the
key pathways leading to the global Ca2+ signaling dysregulation in AD from those that are
by-products due to the CICR nature of Ca2+ signaling
In conclusion studying the IP3R channel in the presence of PS1-WT (IP3RPS1WT) and IP3R
channel in the presence of PS1-M146L (IP3RPS1M146L) can be generalized to other FADcausing mutations as well. In our next chapter we will decribe about the computational
methods that we have used in our study.
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2. METHODS AND MATERIALS

IP3R plays significant role in mediating Ca2+ signaling dysregulation in AD. The
functionality of IP3R is important for the analysis of the disease and designing effective
therapeutic reagents. It was found out that the open probability comparison to IP3R in
cells expressing wild types PS in non-optimal ligand conditions are very different
[14][15].
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2.1.

IP3R 6-STATE MODEL

This section explains about how IP3R is responsible for reproducing the oscillations in
Ca2+ concentration with the help of mathematical and computational modelling. This
receptor plays an important role in releasing the Ca2+ ions from ER in the presence of IP3.
It shows us the Ca2+ puffs and spikes occur stochastically. The intracellular Ca2+ waves
consider to be an important property of fundamental stochastic events. IP3R model was
taken from a research paper by Sneyd et al. The IP3R models proposed by Seikmann et
al. has 6-states, described below in Figure 3.

Fig 3: The Schematic of 6-state model of an IP3R with two modes Drive mode and Park mode.
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The IP3R model is comprised of two modes. One is the drive mode containing three
closed states C1, C2, C3 and one open state O6. The other is the Park mode which includes
one closed state C4 and one Open state O5. qs are rates of state-transitions between two
adjacent states and q42 and q24 are transitions between the two modes.
To study the effects of IP3R on intracellular Ca2+ in Alzheimer disease, we first build a
compartmental model and then the spatial model. Once the model is build, we change the
parameter values of probability of IP3R and analyze and investigate the dynamical
structure of various parameters regime in order to see the conditions that lead to changes
in Ca2+ levels and aberrant signals by using two protocols, wild type and the one infected
with Alzheimer’s disease. For our purpose we characterize the signals over the time scale
of about 250 seconds.

9

2.2

Calcium Signaling Model

We model calcium dynamics using compartmental method by analyzing the flux in and
out of the cytoplasm. Our model structure was selected to see the major components that
have been shown to influence by IP3R and that can lead to Ca2+ dynamics on the
timescale of seconds. In order to study the effects on Ca2+ puffs in the wild type and AD
type we first build a simplified one cluster upto 20 IP3’s channels model. We model Ca2+
dynamics using a traditional methods by tracking the flux in and out of the cytoplosm
shown in Figure 4. We assume that ER is homogeniously distributed throughout the
interior of cell.

Fig 4: Schematic diagram of two pool calcium model. The schematic shows the profound flux terms
utilized in the formulation of the model. Arrows here tells about the directions of the fluxes [10].

The rate of change in intraceullular Ca2+ is governed by:
(1)

Where c represents cytoplasmic Ca2+ concentration excluding a small local Ca2+, whose
concentration is denoted by Cb close to the Ca2+ release site which is represnted by IP3R
cluster.
10

After coordinated openings of IP3R, Ca2+ in ER (CER) is first released into the local
domain (Jipr) to cause a rapid increase in Cb. High local Ca2+ then diffuses to the rest of
the cytoplasm (Jdiff) and then pumped back to ER by (Jserca) to keep an optimum level of
Ca2+ in the cytoplasm. we use model Ca2+ dynamics using the fluxes in and out of the
cytoplasm by the following equations.
(2)
Where Kipr is the maximum conductance of a cluster of 20 channels (Nt) of IP3R. No is the
number of open IP3R determined by the states of IP3R.
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2.3 Flux Equations

(3)
(4)
(5)
(6)

(7)
(8)

(9)
Where Js represent fluxes, here, Jdiff models the diffusion flux from cluster microdomain
to the cytoplasm. Jleak, is a background calcium leak of the endoplasmic reticulum. Jserca,
is the uptake of Ca2+ into the Endoplasmic Reticulum by SERCA pumps. The expressions
of as, Vs, ns and ks are chosen as follows so that equation 11 and equation 12 capture the
correct trends of experimental values of q24 and q42 and generate smooth open probability
curves.
Jin represents the sum of three Ca2+ influxes: Jrocc (receptor operated Ca2+ channel), Jsocc
(store operated Ca2+ channel), and Jleakin (Ca2+ leak into the cell).
In every individual channel pore, there is non-uniformity of Ca2+ ions in the cytoplasm
[4]. The following statements concludes that concentration of IP3R is controlled by either
the open or closed channels of Ca2+ concentration [7].
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Cp is treated as a parameter by scale separation between the pore Ca2+ concentration and
the cluster Ca2+ concentration

making the calcium puffs easier to analyze. This inhomogeneity not only occurs around
the channel pores of IP3R (where there is a sharp concentration profile due to high value
of Ca2+ concentration at the pore; which is also denoted by Cp), but it is also inside an
IP3R cluster, where the average cluster Ca2+ concentration, which is denoted by Cb is
higher than that of the surrounding cytoplasm which is denoted by c [8].
In the cytoplasm, the concentration of calcium is very low, therefore the channel, when it
goes from a closed state to open state Cp becomes equal to Cb. On the other hand, when it
goes from open to closed state it has the maximum calcium then, Cp changes to the
following equation.
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2.4

IP3 3-state Receptor Model

We use the modified version of the 6 states model discussed above provided by Cao et al
(2010), the schematic is shown in Figure 5 which was a better version of 6-state model
(Siekmann IPR model) [5]. IP3R plays an important role in the release of Ca2+ from ER.
Deregulation of neuronal calcium signaling results in disturbance of cell homeostasis,
synaptic loss, and dysfunction, eventually leading to cell death.
This is the description of IP3 model. IP3 is a ligand that is produced when an extracellular
signaling molecules bind to the activated receptor which is then activated by G-protein
coupled receptor that reacts to external stimulus.
IP3 regulates many important cellular functions, including the release of Ca2+ from ER
through IP3R. To produce IP3 puffs we have used a simple 3 state stochastic model

Fig 5: The structure of the IPR model comprises of 2 modes. First mode is known as the drive mode that consists
of one open state O6 and one closed state C2, and has an open probability of q26 / (q26 + q62). The other is the park
mode consist of one closed state C4 with an open probability zero

The reduced two-state model contains one ‘‘open’’ state Po, which described later in the
chapter and one closed state C4 with the opening transition rate of q42 and the closing
transition rate of q24q62/(q62+q26).
The transition rates q26 and q62 in each mode are constants but q42 and q24 which connect
the two modes and act as stationary expressions are dependent on Ca2+ and IP3 gating
given below.
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(11)
(12)
(13)
(14)
(15)
(16)
(17)

(18)
(19)
(20)

(21)

Where mi24, hi24, mi42 and hi42 are Ca2+ modulating gating variables. The rates,

24,

h24

are constants estimated by using dynamic single channel data, which is given in Table 3,
whereas h42 is not clearly revealed by experimental data. By introducing two Ca2+
concentrations, Cb and Cp, h42 and the state of the IP3R channel become highly
correlated, so that we can assume h42 is a relatively large value H if the channel is open
and is a relatively small value L if the channel is closed. Hence, h42 is modeled by the
logic function:
15

h42

=

H if the channel is open.
L, if the channel is closed

This section summarizes 3 state-model and corresponding ODE’s used in this study. Ca2+
puffs tells us about the release of Ca2+ ions into the cytosol through clusters of IP3R,
which are present internally for example endoplasmic reticulum. In this study we present
a theoretical approach to better understand the mechanism of Ca2+ puffs pattern in the AD
environment and compare them with the wild type. We use both compartmental and
spatial model to investigate the difference between both. We have characterized the
statistics of puffs computationaly by using puff duration, puff amplitudes.
Furthermore, to provide the foundation for building the whole cell model we used the
cluster of 20 channel.
This seperates the pathway for leading to the global Ca2+ signaling dysregulation in
Alzheimers disease. The ones that forms the byproduct are due to the CICR nature of
Ca2+ signaling. We also explore the difference in puffs statistics.
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2.5. Open probability

Open Probability is derived from the following equations:
(22)
Zo = Unormalized open probability to be in open state
The normalized factor Z is the sum of all unnormalized probability.
Zo to be in any state is defined with respect to the closed state as the ratio of forward to
backward states.

(23)

(24)
In this method we have adopted a simulated algorithm to optimize the parameters in a
modified model by fitting the experimental results of open probailities (Po) of IP3RPS1M146L
saturates at significantly lower IP3 concentrations and it’s peak value is higher as compred
to the IP3RPS1WT. Our model predicts that channels gain-of-function enhancement is
sensitive to both of IP3R and Ca2+.
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Figure 6: Open probability curve for various IP3R. Po is the probabilities of the IP3R in O6 state. Three
representative curves correspond to different values of IP3, i.e. 0.33μm (Cyan), 1μm (Blue), 10μm (Magenta),
respectively for Wild Type.

Figure 7: Open probability curve for various IP3R. Po is the probabilities of the IP3R in and O6. Three
representative curves correspond to different values of IP3, i.e. 0.33μm (Cyan), 1μm (Blue), 10μm (Magenta),
respectively for Alzheimer Disease.
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2.6. Compartmentalization 3 state model
The parameters used in the model are given in table 1.
We have taken most of these parameters from the 3-state model to calculate the calcium
puffs. We have taken 2 protocols into consideration. First is Wild type and other is the
infected Alzheimer disease.

TABLE 1: PARAMETER VALUES FOR THE IP3R MODEL (WILD TYPE)
Parameter
Value
Parameter
Value
q26

2927

H

20

q62

1361

Cp0

120

k24

0.2

L

0.5

TABLE 2: PARAMETER VALUES FOR THE IP3R (AD TYPE)
Parameter
Value
Parameter

Value

q26

4550.84

H

20

q62

620.7

Cp0

120

k24

0.01

L

0.5
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TABLE 3: To Calculate Calcium Values
PARAMETER
VALUES

PARAMETER

VALUES

kipr

6.0s-1

ns

1.75

kdiff

10s-1

Jleakin

0.3115μM.s-1

kleak

0.0032s-1

vrocc

0.2s-1

vs

10μM.s-1

vsocc

1.6μM.s-1

ks

0.26μM

ksocc

100μM

vp

0.8μM.s-1

kp

0.5μM

np

2

ɣ1

100

ɣ2

100

Nt

20

20

2.7 SPATIAL 3-STATE MODEL Here we have just place one cluster in the middle of a
grid. In this we use a point source model, which effectively describes Ca2+ release from
the endoplasmic reticulum through the entire cluster at a single point source at the center
of the grid. This model technically uses the grid of 41*41 with and a cluster is placed at
the center. This model shows that all grids points that are near the point source (cluster)
at the center of the grid experience the calcium concentration value. We are using a grid
size of 50nm in this study.
The equation for the cytosolic calcium concentration has the form below.

Where D denote the effective diffusion coefficient of Ca2+ and the function d(x,y) is 1 at
cluster location and 0 elsewhere. We use the values for the effective diffusion coefficient
from confocal line scans of about 30µm2/s.
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3. RESULTS
In this section we focus on the Ca2+ signaling events known as calcium puffs. The
concentration of Ca2+ in ER is 450 micro molars, whereas concentration of Ca2+ in
cytosol is 10-100 nano molars. Calcium is released from the stores through the IP3R and
these receptors are in the form of a cluster of 10-30 channels per cluster. Opening of
these channels is determined in a large part by the cytosolic calcium concentration and by
IP3, which is generated upon binding of extracellular signals. Increase in the cytosolic
Ca2+ increases the open probability of release channels (IP3R). Number of channels
behaving this way into Ca2+ release events give rise to amplitudes and durations, which
are known as calcium puffs. These are terminated through a mechanism of inhibition.
Here, both compartmental and spatial models have different distribution of spike
amplitude and spike distribution. In both simulations, the average peaks and durations of
the oscillation are independent of time transitions.

22

3.1

Compartmental Model Analysis

In this Thesis we consider puffs released from a single independent cluster. A single
platform of 20 channels of IP3R was simulated. Experimentally, increasing the value of
IP3 changes the frequency of Ca2+ puffs with the parameter values given
in the table 1-3.
During the stochastic simulations of IP3R each channel in it goes through stochastic
transition between its states, with the help of stochastic association and dissociation of an
agonist [19]. If a subunit is in state Xi specifically having access to states Xj with
transition rates rij, the probability of the transition i→ j will be written as rijdt where dt is
extremely small; rijdt << 1 and the probability to remain in state Xi is 1−Sjrijdt. The
transitions are selected randomly with weight proportional to their probabilities.
In figure 8 and figure 9, we show representative example of the time course of Ca2+ puffs
of the wild type receptor and AD type receptor respectively, generated with a stochastic
Sneyd et al. models described in chapter 2.
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Figure 8: Calcium puffs in wild type generated by stochastic mechanism. The simulation ran for 260 seconds to
check the puffs statistics and stability of the code. The highest peak in WT is 0.04 M

Figure 9: Calcium puffs in Alzheimer disease generated by stochastic mechanism. Here we also ran the
simulation for 260 seconds to check the stability and puffs statistics. The highest peak in AD is 1.3 M.

Opening and closing inside the cluster gives rise to the Ca2+ puffs with different number
of open channels. This shows that the model captures the correct relative timings of the
Ca2+ puffs in both the protocols (AD and WT).
24

3.1.1 LIFETIME DISTRIBUTION
In order to get the lifetime distribution of puffs we generated a data for 260 seconds. The
lifetime of puffs, or the FDHM (full duration of half maxima), is defined as the time
during which the calcium concentration at the puff site remains above one-half of the
maximal value. Figure 10. shows lifetime distributions of puffs for various diffusion
coefficients and IP3 values.

Both protocols AD and WT have different distribution of spike duration in figure 10

c
Figure 10: The puff duration distribution of DHMS has a peak of around 80ms in WT and AD

In figure 10 we show the distribution of puff durations obtained by analyzing 260
seconds data which is represented in figure 8 and figure 9. The puff duration distribution
of FDHM

has a peak of around 80ms in WT and AD, but we can see from the figure

that the duration of the puffs in AD is longer than the wild type.
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3.1.2 Amplitude distribution of Ca2+ puffs
Due to the stochastic mechanism of IP3R channels amplitude distribution of Ca2+ puffs
have a considerable range of values. We show the distribution obtained by analyzing 260
seconds data represented in the figures 8 and 9. Figure 11 shows the amplitude
distribution and its peaks depends on IP3 concentration, here we have shown the
distribution of IP3 at 1.0µM concentration where we see that the average puff amplitude
is much higher in AD as compared to WT.
Puffs generated had a minimum amplitude of about 0.1 M for AD and 0.12 M for WT.
The maximum amplitude is about 1.5 M for AD and 0.4 M for WT.

Figure 11: The minimum puff amplitude distribution of FWHM (Full width at half magnitude) has a peak at
around 0.1 M in AD and 0.12 M in WT. While the maximum amplitude is about 1.5 M for AD and 0.4 M
for WT

Y axis are showing the number of puffs and the maximum puffs in the WT has an
amplitude of

100nM which is concentrated to only upper region denoted in black. On

the other hand, AD is spread out, where amplitude is much higher as compared to WT,
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3.2

SPATIAL MODEL ANALYSIS

The stochastic model described in the research allows us to simulate calcium puffs
generated by a single cluster. Simulation was performed for a cluster of 20 channels of
IP3R was placed in a 2X2μm2, at the center of the grid with an effective cytosolic
diffusion coefficient of D = 30.0 μm2s-1 at IP3 = 1μM. The calcium puffs are analyzed in
an average area of 1μm2, that includes the cluster of IP3Rs. In figure 12 and 13, we show
the representation of time course along with the Ca2+ concentration, and observed the
comparison in AD and WT. By visual comparison we can conclude that the releasing
puffs of Ca2+ are much higher in AD as compared to WT. In later part of the section we
generate statistical versions of the puffs such as amplitude distribution and duration
distribution in AD and WT. In figure 13 and 15 we show the total numbers of open
channels within the cluster vs time course of Ca2+ concentration. In figure 12 and 14 we
show the data for only 50 seconds to get a clear view. The location of the peaks in both
figure 14 and 15 correlate with the calcium peaks in 12 and 13, respectively. Moreover,
we can conclude saying that number of open channels in AD are higher as compared to
WT.
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Figure 12: Calcium puffs in Wild type generated by stochastic mechanism. The simulation ran for 50 seconds to
check the puffs statistics and stability of the code. The highest peak in WT is 0.23 M.

Figure 13: Number of open channels for releasing events in WT
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Figure 14: Calcium puffs in AD type generated by stochastic mechanism. The simulation ran for 50 seconds to
check the puffs statistics and stability of the code. The highest peak in AD in 0.25 M.

Figure 15: Number of open channels for releasing events in AD
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3.2.1 Radial Center of cluster

Figure 16: Spatial state Ca2+ profile for a single open cluster in two spatial dimensions.

In figure 16 we see that, Ca2+ concentration around the single cluster when the open
channels are strongly localized. In this case the Ca2+ concentration is decayed by 400% at
4.0μM. The actual profile in this figure is not that sharp instead it looks blunt because it
is a point source method that produces profiles which are not accurate inside the cluster.
The profile is relatively flat with an almost constant Ca2+ concentration, within a cluster.
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3.2.2 Lifetime distribution of Ca2+ puffs in Spatial model

The full width duration half maximal amplitude (FDHM) is defined as the time for which
the calcium concentration at the puff site remains above half of the maximal value of the
peak. The puff duration distribution of DHMS has a peak of around 0.11s in WT and AD,
with the experimental distribution and the average puff duration is about 200ms. Here the
peak of the lifetime distributions of Ca2+ puffs shifts to larger lifetime for increasing IP3
concentration.

Figure 17: The puff duration distribution of DHMS has a peak of around 0.11s in WT and AD

We hardly see any diversion of the puffs, which could be the reason because we have
only one cluster. But if we would have many, we could have seen many diversions.
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3.2.3 Amplitude distribution of Ca2+ puffs in Spatial model
As in figure 13 and 15 the number of open channels during a single puff varies
stochastically in AD and WT. Due to which the amplitudes of calcium puffs span over
considerable range of values. In our experiment the calcium concentration is generated
from an area of 1μm2.

Figure 18: The puff amplitude distribution of FWHM (Full width at half magnitude) has a peak of around
0.2 M in AD and 0.2 M in WT

The mean of the amplitude distribution shifts to the mean of the larger amplitude with
increasing IP3 concentration. But we have a big difference in amplitude here. As we can
see the maximum is around 0.2 M in WT, on the other hand in AD the maximum is
around 0.25 M.
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CONCLUSION
We put forward a simple computationally inexpensive 3-state model for the IP3R which
generates a single independent cluster along with point source approximation, calcium
puffs with statistics in duration, and averaged amplitudes.
Our model predicts that the Po of IP3RPS1M146L saturates at significantly lower IP3
concentrations and its peak value is higher compared to that of IP3RPS1WT.
The model is derived from sneyd, by requiring the effects of IP3 concentration on Ca2+.
At the input parameter value of IP3R long with the runtime simulations, we found a good
comparison of puffs statistics in both WT and AD.
Furthermore, significant activity exhibited by IP3R at resting IP3 concentration in cells
expressing FAD-causing mutant can explain the spontaneous global Ca2+ signals
observed in those cells.
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APPENDEX 1

The purpose of this appendix is to show that the assumption that all IP3 channels are exposed to
the same Ca2+ concentration within one cluster is justified, although the point-souce
approximation yields a profile that seems to indicate otherwise. To this end, we consider a
simplified one-dimensional system with a cluster of length 2a. The source of Ca21 is evenly
distributed over the interval [ a, a] of the x axis. Ca21 released into the one-dimensional space
diffuses and is absorbed with a linear rate gc. The diffusion equation is given by

Where j describes the source density of Ca2+ (concentration c) and rect(x, a) = 1 for |x|< a
and rect(x, a) = 0 otherwise. The steady-state profile is given by the solution of the ordinary
differential equation

where k2 = Ɣ/D. Solving Eq. 10 for |x| < a and |x| > a separately, with the integration constants
obtained by requiring a profile that is continuous and once differentiable at x = +_a/2
(which is a feature that follows directly from above by integrating over an e-interval around
x = +- a/2) we find the solution in dimensionless variables
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Using the point-source approximation, we replaced the distributed source by a point source with
the same total flux j = 2a˜j as the distributed source, i.e.

Figure The one-dimensional steady-state profiles obtained in Eqs. 11 and 14 are compared. The shaded interval
represents the spatial extent of the cluster. The point-exact solution is relatively flat inside the cluster, whereas the pointsource solution exhibits a sharp peak at the point source. 3494 Ullah and Jung Biophysical Journal
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