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Calcium signaling space 

To describe calcium signaling in the growth cone the model includes stochastic α7 channels, 

stochastic ryanodine receptor (RyR) channels, stochastic IP3 receptor (IP3R) channels, local 

intracellular space near the α7 channel, bulk (non-local) cytosolic space, endoplasmic reticulum 

(ER), and calcium binding proteins (Figure 7A). The dynamic equation describing changes in 

cytosolic Ca2+ concentration ([Ca2+]) with time is  

∂[Ca2+ ]i
∂t

= βi[DCa∇
2[Ca2+ ]i − JSERCA + Jleak +

kon,e[Be ][Ca
2+ ]i + koff ,e([Be ]Total −[Be ]) ]                             

 

where DCa is the calcium diffusion constant, JSERCA is the calcium uptake flux into the ER by the 

ATPase, and the last two terms describe the buffering by calcium indicator dyes below.  The 

dynamics equation describing the changes in local cytosolic calcium with time is  

∂[Ca2+ ]local
∂t

= βlocal[DCa∇
2[Ca2+ ]local + JIP3 + JRyR + Jα 7 − Jserca + Jleak +

kon,e[Be ][Ca
2+ ]i + koff ,e([Be ]Total −[Be ])]                                          

 

where JIP3 is the IP3R calcium flux, JRyR is the RyR calcium flux, and. Jα7 is the α7 channel 

calcium flux.  

α7 nAChR channel  
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The stochastic gating of a single α7 channel is represented by three states: closed (C), open (O), 

and desensitized (D) (Figure 7B).  Channel opening is increased by the addition of the agonist 

acetylcholine (ACh).  When the α7 opens, Ca2+ influx occurs and IP3 is produced. The model 

includes ten α7 channels located in the plasma membrane. "The application of the α7 channel 

positive allosteric modulator (PAM) PNU120596 results in an increase in the open time of the α7 

channel in the presence of ACh (to ~500 ms) from the control value (Andersen et al., 2016).  To 

increase the open time, the residence time in the open state needs to increase.  This is assumed to 

occur by a decrease in the both of the exit rates out of the open state, β and d3 (Fig 7).  Therefore, 

the values of  β and d3 both are changed from 5 ms-1 to 0.1 ms-1 respectively..  

The calcium flux through the α7 channel is described by the following equation 

Jα 7 =
1
zFV

Nα 7gα 7(V −ECa )                                                                                                   

where Nα7 is the number of open α7 channels, 7αg is the single channel conductance, and V is 

the membrane potential. The reversal potential (ECa) for calcium based upon the Nernst potential 
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where R is the ideal gas constant, T is the absolute temperature, F is Faraday’s constant, and 

[Ca2+]o is the extracellular calcium concentration. 

RyR channels 

Thirty RyR channels are located in the ER membrane approximately 10 nm from the α7 channel 

at the plasma membrane. The RyR channel uses the model developed by (Williams et al., 2011), 
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which has an open and closed state. The transition from closed to open is enhanced by the local 

calcium concentration to simulate calcium-induced calcium release (CICR).  The opening rate is 

also dependent upon ER calcium levels. Calcium flux through the RyR channel is calculated 

using the following equation: 

JRyR = NRyRvRyR ([Ca2+ ]ER −[Ca2+ ]local )                                                                                                  

where NRyR is the number of open RyR channels and vRyR is the release rate. 

IP3 receptor  

IP3Rs are located in the ER membrane. The IP3R model (3 open and 9 closed states) is described 

in (Ullah and Ullah, 2016). Twenty IP3R channels are located 20 nm from the RyR channels on 

the ER membrane. Calcium flux through the IP3R channel is calculated using the following 

equation 

JIP3 = NIP3vIP3([Ca2+ ]ER −[Ca2+ ]local )                                                                                             

where NIP3 is the number of open IP3R channels and vIP3 is the release rate, similar to the 

previous work (Ullah et al., 2014).  

ER Ca2+-ATPase and ER Ca2+ leak 

The ER Ca2+ pump is described by the equation  

JSERCA = vSERCA
[Ca2+ ]i

2

(kSERCA
2 +[Ca2+ ]i

2 )
                                                                                                 

where vSERCA is the cycling rate (s-1) per pump molecule and kSERCA is the binding constant for 

Ca2+.  There is a passive leak out of the ER to balance SERCA at rest described by 
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Jleak = vleak ([Ca
2+ ]ER −[Ca2+ ]i )                                                                                                      

where vleak is the leak rate.  

Calcium buffering 

The dynamic equation for the exogenous buffer [Be], i.e. fluorescent dye, is 

∂[Be ]
∂t

= DB,e∇
2[Be ]+ kon,e[Be ][Ca

2+ ]i + koff ,e([Be ]Total −[Be ])                                                                       

 

where [Be ]Total is the total concentration kon,e is the forward (binding) rate and koff,e  is the reverse 

(unbinding) rate and DB,e is the buffer diffusion constant.  

Table1. 

Parameters symbol numerical value 
Leak flux constant leakv  0.0001 s-1 
Max. [Ca2+] uptake sercav  0.3 s-1 

Ca2+ release rate from IP3 
3IP

v  170 s- 

Ca2+ release rate from RyR RyRv  57 s-1 
α7 channel conductance α7 75 pS 
Ca2+ diffusion constant cD  223 µm2/s 
Dye diffusion constant dD  100  µm2/s 

Extracellular Ca2+ concentration [Ca2+]o 2 mM 
Faraday’s constant F 96485 coul/mole e- 

Ideal gas constant R 8.314 J/(mol*K) 
Absolute temperature T 310K 
Charge on Ca2+ ion z 2 

Total exogenous buffer dye) 
concentration 

[Be ]Total 10 µM 

Forward (binding) rate kon,e 80 ms-1 
Reverse (unbinding) rate koff,e 72 ms-1 

Exogeneous buffer diffusion constant DB,e 90 µm2/s 
ER Ca2+ concentration [Ca2+]ER 1 mM 
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  Table 2. 

Transition rates between various states.  (ms-1) 
 β  5 

 1γ  0.1 

 d2 5 

 d3
 0.1 

 α1 0.01 

 α 0.1µM-1ms-1 

 Ach 100 µM 
 

 


