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Oocytes are responsible for reproduction. In order to understand the 

mechanism of reproduction it is important to understand the calcium 

distribution in oocytes as specific calcium distribution patterns are required 

for maturation of the egg. In view of above a finite element model has been 

developed to study calcium distribution in Oocytes for a one dimensional 

steady state case. The oocyte is assumed to be circular in shape. The 

important parameters like buffer and diffusion coefficient have been 

incorporated in the model. Appropriate boundary conditions have been taken. 

The results obtained have been used to study relationship among various 

parameters. 

 
                   Copy Right, IJAR, 2014,. All rights reserved.

 

Introduction   

Calcium is an important intracellular signalling molecule with rapid effect on the kinetics of many processes. The 

Ca
2+

 signalling affects several cellular functions such as gene expression, secretion, muscle contraction, synaptic 

plasticity, reproduction etc. Localised elevations of intracellular free Ca
2+

 due to release from intracellular Ca
2+

 

stores and Ca
2+

 influx across the plasma membrane are observed in various cell types using confocal 

microscopy[1].Almost all cells response to oscillations of the free cytosolic calcium concentration to a variety of 

physical and chemical stimuli. Calcium wave and oscillations arise due to influx of Ca
2+

 through the plasma 

membrane Voltage Gated calcium channel, leak through ER membrane, influx through Inositol Triphosphate 

Receptor (IPR) channels on the ER membrane [2,3]. The calcium waves and oscillations also arise due to reuptake 

of Ca
2+

 from the cytosol into the ER by Serco Endoplasmic Reticulum Ca
2+

 ATPase (SERCA) pump, into the 

extracellular space by Plasma Membrane Ca
2+

 ATPase (PMCA) pump and with the help of buffering by endogenous 

calcium buffers. The development of calcium imaging has allowed the spatiotemporal study of the global and 

elementary calcium release in cellular compartments of muscle cells, endothelial cells and egg cells [4,5]. 

Elementary calcium release events involving release through IPR channels in Xenopus oocytes, Hela cells and 

analogous calcium sparks in cardiac, smooth and skeletal muscle are mediated through Ryanodine Receptor (RyR) 

channels. Most notably, the opening of L-type calcium channel is mediated by elevations of cytosolic calcium. This 

positive feedback underlies the process of calcium-induced calcium release (CICR), which accounts for the 

generation of propagation calcium waves [6,7]. Oocyte maturation provides an exceptional model system to 

elucidate the mechanisms regulating Ca
2+

 signalling differentiation during cellular development, because Ca
2+

 

signalling differentiation during oocyte maturation is essential for the egg to acquire developmental competence at 

fertilization [8,9,10].In fact intracellular Ca
2+

 is the universal signal for egg activation in all sexually reproducing 

species [8,11] and the fertilisation induced specialization Ca
2+

 signal takes the form of a single or multiple Ca
2+

 

transients depending on the species [8,9].  

In view of the above, here a one-dimensional finite element model for radial calcium distribution in an oocyte in 

presence of buffers has been developed. The model uses the partial differential equations with appropriate initial and 

boundary conditions, to describe the radial distribution process with buffers in oocytes. A computer program has 

been developed in MATLAB 7.10 for the whole problem and executed on Intel(R) Core™ i3 CPU, 4.00 GB RAM, 

2.40 GHz processor. 
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Mathematical Modelling 

Calcium kinetics in Oocytes is governed by a set of reaction-diffusion equations which can be framed assuming the 

following bimolecular reaction between Ca
2+ 

and buffer species [8]    
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], [ jB ] and [ jCaB ] represent the cytosolic 
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concentration ,free buffer concentration and 

calcium bound buffer concentration respectively and ' 'j  is an index over buffer species,
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 are on and off 

rates for 
thj  buffer respectively. Using Fickian diffusion, the buffer reaction diffusion system in one dimension is 

expressed as [8,9]. 
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Where reaction term jR is given by 

2[ ][ ] [ ] (5)j j j j jR k Ca B k CaB      

, ,
j jCa B CaBD D D are diffusion coefficients of free calcium, free buffer and 

2Ca 
bound buffer respectively and 

Ca is net influx of 
2Ca 

from the source. Let [ ] ([ ] [ ])j T j jB B CaB   be the total buffer concentration of 
thj

buffer and the diffusion coefficient of buffer is not affected by the binding of calcium i.e.,
j jB CaBD D .Then 

equation (5) can be written as [12] 

 
2[ ][ ] ([ ] [ ]) (6)j j j j j T jR k Ca B k B B       

By assuming buffer concentration is present in excess inside the cytosol so that the concentration of free buffer is 

constant in space and time i.e.,[ ] [ ]j jB B  . Under this assumption equation (6) is approximated by [13] 
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is the background buffer concentration. Thus for single mobile buffer species 

equation (2) can be written as [12,13] 
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Here 
2[ ]Ca 

is background calcium concentration. We assume a single point source of
2Ca 

, Ca at 0r  there 

are no sources for buffers and buffer concentration is in equilibrium with
2Ca 

far from the source and  is the 

Laplacian operator i.e., 
2

2

2

2
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The point source of calcium is assumed at r =0 and as we move away from the source, the calcium concentration 

achieves its background value i.e.,0.1 M ,Thus the initial and boundary conditions for the above problem are [1] 

 



ISSN 2320-5407                                   International Journal of Advanced Research (2014), Volume 2, Issue 1, 57-66 
 

59 

 

Initial Condition: 

 
2
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Boundary Conditions: 
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Our problem is to solve equation (8) coupled with equations (9-11).For our convenience we are writing ' 'y  in lieu 

of [Ca
2+

]. Applying finite element method on equation (8) we can get variational form as: 
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Here [ ]
j

Ca

k
B

D




 and 
( ) 1e  for e =1 and 

( ) 0e  for rest of the elements where       

e=1,2,3……………50 and the radius of the cell is taken as 5 m . The shape function of concentration variation 

within each element is defined as: 
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where  
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Substituting nodal conditions in equation (15), we get 
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Where 

 

Now we extremize the integral 
( )eI w.r.t each nodal calcium concentration iy  as given below 
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This leads to a following system of linear differential equations. 

   
51 51 51 151 1

(31)A y B
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Here  1 2 3 51................... ,y y y y y  
 

A is the system matrix and B is the system vector. A computer program 

has been developed in MATLAB 7.10 for the whole problem and executed on Intel(R) Core™ i3 CPU, 4.00 GB 

RAM, 2.40 GHz processor. The numerical values of biophysical parameters used in the model are stated in the 

Table-1 [3, 9, 12] 

 

Table 1.Values of Biophysical Parameters 

Symbol Parameter Value 

CaD  Diffusion Coefficient 2250 / secm  

jk 
 On rate for EGTA 3/ secM  

jk 
 Off rate for EGTA 1/ sec  

jk 
 On rate for BAPTA 100/ secM  

jk 
 Off rate for BAPTA 10/ sec  

[ ]B   Total Buffer Concentration 50 M  

Ca  Source Amplitude 1pA  
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Results & Discussion 

The numerical results for calcium profile against different biophysical parameters have been obtained using 

numerical values of parameters given in table 1unless stated along with figures. We have shown the variation in 

Ca
2+

 along the radial directionfor 1 pA  , 5r m and for 1 pA  , 10r m respectively. In Fig. 1 the 

calcium concentration falls quickly between 0 m  to 1.5 m and then fall gradually and achieves background 

concentration 0.1 M at r=5 m .Fig. 2 shows the calcium concentration distribution along radius in oocytes for 

the source amplitude 1 pA  and 10r m . In Fig. 2 the calcium concentration falls quickly between 0 m  

to 1 m and then fall gradually and achieves background concentration 0.1 M at 10r m .We observe that 

the effect of radius is more clearin the figures i.e., the calcium concentration is higher for small radius means as 

radius of the cell increases the calcium concentration decreases as the concentration is higher near the source and 

decreases with increase in radius. Fig. 3 shows the calcium concentration for different concentrations of BAPTA 

buffer. It is clear from the Fig.3 that as buffer concentration increases the cytosolic calcium concentration near the 

source decreases, as the increase in calcium concentration is almost inversely proportional to the buffer 

concentration. The fall in calcium concentration is sharp from 0r m to 2r m  and thereafter this fall 

becomes gradual and it reaches background concentration at 5r m . Fig. 4 shows the calcium concentration for 

different concentrations of BAPTA buffer for the radius 10r m . Graph is plotted for different values of buffer 

for the radius 10r m . It is observed that calcium concentration is higher for lower concentration of buffer 

throughout 0r m to 1r m  and there after converges to 0.1 M .It is clear from Fig.3 and Fig.4 that 

calcium concentration is higher for lower concentrations of buffer and for the small radius of the cell.Fig. 5 shows 

the calcium concentration for different concentrations of EGTA buffer. The effect of changing buffer concentration 

is more clear in the figure. From Fig. 5calcium concentration is higher for lower concentration of buffer throughout 

0r m to 2r m  and there after converges to 0.1 M &in Fig. 6 it is observed that the peak value of Ca
2+

 

concentration is higher for lower concentration of buffers. The higher the concentration of buffers the lower is the 

concentration of calcium the reason for this is that the higher concentration of buffers binds more calcium and then 

forcing the system to reach the steady state early. Fig. 7 and Fig. 8show the calcium concentration for different 

source amplitudes along the radial direction. It is clear from the figures that the calcium concentration is higher for 

higher source amplitude but for small radius of the cell and the calcium concentration decreases as the radius of the 

cell increases. 

 

 
Figure.1: Radial variation of Calcium concentration for 1pA   and 5r m  
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Figure.2: Radial variation of Calcium concentration for  1pA  and 10r m  

 
Figure.3: Radial variation of Calcium concentration for 1pA   and 5r m for different concentration 

of BAPTA buffer 
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Figure.4: Radial variation of Calcium concentration for 1pA   and 10r m for different concentration 

of BAPTA buffer 

 
Figure.5: Radial variation of Calcium concentration for 1pA   and 5r m for different concentration 

of EGTA buffer 
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Figure.6: Radial variation of Calcium concentration for 1pA   and 10r m for different concentration 

of EGTA buffer 

 

 
Figure.7: Radial variation of Calcium concentration for different source amplitudes i.e.,

1 , 2 , 3 ,pA pA pA     and 5r m . 
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Figure.8: Radial variation of Calcium concentration for different source amplitudes i.e.,

1 , 2 , 3 ,pA pA pA     and 10r m . 

Conclusion 
With our studies we have seen that the buffers have significant effects on calcium concentration at the central 

regions near the source along the radial direction.It is concluded that the buffers have significant effect on calcium 

distribution in oocytes near the channel between 0r m to 2r m . The buffer plays an important role in 

quickly reducing the free calcium concentration inside the cytosol in order to regulate free ion concentration to 

desired level upto a required distance from source within short period of time.It is observed that EGTA buffers being 

slow buffers allow to regulate little higher levels of calcium concentration than background calcium concentration 

upto wider distances from the source as compared to that in BAPTA buffers.The finite element method is quite 

flexible and powerful in dealing such problems. The FEM used gives us better relationship among various physical 

and physiological parameters. The results obtained by FEM gives us better insights and understanding for the 

calcium signalling in Oocytes which may be of great use to Biomedical scientists in understanding the mechanisms 

of oocyte cell growth and maturation of oocyte and reproduction. The results obtained in this study are in a close 

agreement with the experimental studies obtained by Wassim et al. [15] and the results obtained by Tripathi et 

al.[14],  Zeller et al. [16]. 

 

Acknowledgement 
The authors are highly thankful to University Grants Commission (UGC), New Delhi, India for providing financial 

support to carry out this work. 

 

References 
[1] Smith, G.D , Analytical Steady State Solution to the Rapid Buffering Approximation Near  an open Ca

2+
 

Channel, Biophys. J.,71 (1996),pp. 3064-3072.  

[2] Z. Machaty, J.J. Ramsoondar, A.J. Bonk, K.R. Bondioli and R. Prather, Capacitative Calcium Entry Mechanism 

in Porcine Oocytes, Biology of Reproduction 66(3)(2002), pp. 667-674. 

[3] M. S. Jafri, S. Vajda, P. Pasik and B.Gillo, A Membrane Model for Cytosolic Calcium Oscilations: A Study 

Using Xenopus Oocyte, Biophysical Journal 63(1992), pp. 235-146. 

[4] J.G. Barbara, IP3-dependent Calcium induced Calcium Release Mediated Bidirectional Calcium Wave in 

Neurons: Functional Implications for Synaptic Plasticity, Biochemica et Biophysica Acta 1600(2002), pp. 12-18. 

[5] N.L. Allbrittion and T. Meyer, Localized Calcium Spikes and Propagating Calcium Waves, Cell Calcium, 

Elsevier 14(10)(1993), pp. 691-697. 

[6] J.D. Lechleiter and D.E. Clapham, Molecular Mechanisms of Intracellular Calcium Excitability in Xenopus 

laevis oocytes, Cell (69)(1992), pp. 283-294. 



ISSN 2320-5407                                   International Journal of Advanced Research (2014), Volume 2, Issue 1, 57-66 
 

66 

 

[7] X.P. Sun, N. Callamaras, J.S. Merchant and I.Parker, A Continuum of InsP3 Mediated Elementary Ca
2+

 

Signalling Events in Xenopus Oocytes, The Journal of Physiology 509(1)(1998), pp. 67-80. 

[8] S.A. Stricker, Comparative Biology of Calcium Signalling During Fertilization and Egg Activation in Animals, 

Developmental Biology 211(2000), pp. 157-176. 

[9]  G. Ullah, P. Jung and K. Mechaca, Modelling Ca
2+

 Signalling Differentiation During Oocyte Maturation ,Cell 

Calcium, Elsevier 42(2007), pp. 556-564. 

[10] S.T. Homa, J. Carroll and K. Swann, The Role of Calcium in Mammalian oocyte Maturation and Egg 

activation, Human Reproduction 8(1993), pp. 1274-1281. 

[11] A.F. Antoine, L. E. Faure, S. Cordeiro, C. Dumas, M. Rougier and J.A. Feiji, A Calcium Influx is Triggered 

and Propagated in the Zygote as a Wave Front During Invitro Fertilization of Flowering Plants, Proceedings of the 

National Academy of Sciences, U.S.A 97(2000), pp. 10643-10648. 

[12]  S. Tiwari, A Variational-Ritz Approach to Study Cytosolic Calcium Diffusion in Neuron Cells for a One 

Dimensional Unsteady State Case, GAMS Journal of Mathematics and Mathematical Biosciences 2(2009), pp. 1-10. 

[13] G.D Smith, L. Dai, R. M. Miura and A. Sherman, Asymptotic Analysis of Buffered Calcium Diffusion Near a 

point Source, SIAM Journal of Applied Math 61(2000), pp. 1816-1838. 

 

[14] Tripathi A. and N. Adlakha, Finite volume model to study calcium diffusion in neuron cell under excess buffer 

approximation, International J. of Math. Sci. and Engg.Appls.(IJMSEA), 5(2011), pp. 437-447. 

 

[15] Wassim El-Jouni,Byungwoo Jang,Shirley Haun, Khaled Machaca, Calcium   signaling differentiation during 

xenopus oocyte maturation,Developmental Biology,  288(2005), pp. 514-525. 

 

[16] S. Zeller, S. Rudiger, H. Engel, J. Sneyd, G. Warnecker, I Parker and M. Falcke, Modeling of the Modulation 

by Buffers of the Ca
2+

 Release through Clusters of IP3 Receptors,Biophysical Journal 97(2009),pp. 992-1002. 


