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Premise 

The present Deliverable describes the preliminary results achieved within task T5.2 with the main aim to 

determine the diffusion coefficient D of cGMP. The kinetics of photoresponses to diffuse and restricted 

spots of light are significantly different, because of the prominent role of internal diffusion of the second 

messengers involved in phototransduction.  

The geometry and the peculiar internal structure of the cytoplasm (filled with a pile of disks) make rods 

a good case study for the investigation of cytoplasmatic diffusion. However, the generation of spatial 

gradients is needed: this can be achieved by means of a restricted illumination. 

Starting from the experimental data available from WP3, SISSA group is working on the development of 

a mathematical model which describes the role of diffusion of second messengers (cGMP and 

Calcium ions) in the dynamics of the electrophysiological response. 

 

Description of Work 

Phototransduction has been extensively investigated and many mathematical models have been 

proposed (Lamb and Pugh, 2006; Bisegna et al., 2008; De Palo et al., 2013). Although some published 

papers use partial differential equations to include also internal diffusion across the disks and along the 

length of the outer segment, its exact role is still unclear. 

Diffusivity of cGMP in rods has been already investigated and reported in literature. Most part of 

published works consider diffusion as a part of a complex model: therefore diffusion coefficient is one 

of a quite long list of parameters and it falls in the range 60-100 µm2/s: this value corresponds to the 

effective longitudinal diffusivity which takes in to account the baffling due to the disks.  

A direct measure was indeed performed in truncated rods (Koutalos et al., 1995) or with a fluorescent 

derivative in still living cells (Olson et al., 1993). Nevertheless no data are available for real cGMP and in 

vivo experiments. 

 

The main tasks for this reporting period were: 

(1) Develop a simple model which is able to capture the essential geometrical features of rods and the 

corresponding biochemistry of the signaling pathway. 

(2) Fit the experimental data in order to obtain an estimation of the diffusion coefficient of cGMP. 

(3) Evaluate the effect of Calcium ions diffusivity in the dynamics of the response. 

 

The results obtained in the reporting period are detailed below. 

 

Results and assessment 
In these months we have build different models passing from a very simple and parameter less one to 

a minimal model which include more geometrical and biochemical features. 

The starting point is the current responses from restricted and diffused illumination (Fig. 1A). 

 

A parameter free model: with a restricted illumination, photoresponses are slower and smaller: the 

peak is delayed by about 0.5 seconds and it reaches about 40% of the current of a saturating and 

diffuse illumination, suggesting that, on average, cGMP molecules located up to 13 µm from the 

center of the outer segment (~40% of length L of the outer segment, L=32 µm ) diffuse and reach the 

middle of the rod outer segment and there are hydrolyzed.  

A first estimation of the diffusion coefficient D of cGMP can be obtained from its stochastic definition: 

D=<x>2/2t 

As the total length of Xenopus laevis rod outer segments is about 32 µm and on average the ratio of 

the saturating responses to restricted and diffuse light, we estimated that <x>=~13 µm and because 

t=0.4 s we obtained the value of 150 µm2/s for D a value which is slightly higher than what is reported in 

literature (60-100 µm2/s). 
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Figure 1: A Experimental data from WP3. Red line: diffuse illumination; blue line: restricted illumination (in the middle 

of the outer segment). B Signaling pathway of phototransduction (from Hisatomi et al.,2002). 

 

A simple model (one dimensional): after this first estimation of D, we enrich the model adding some 

details about biochemistry. As one can see in Fig. 1B, the initial steps of the pathway lead from 

rhodopsin (visual pigment) to the activated phosphodiesterase, PDE. The other processes are 

(i)  hydrolysis of cGMP by PDE; 

(ii)  regulation of CNG channels by cGMP; 

(iii)  flow of calcium ions through CNG channels; 

(iv)  regulation of Guanylate Cyclase (GC) by calcium ions; 

(v)  synthesis of cGMP by GC. 

In this calculation we assume a one-dimensional (1D) representation of the outer segment with 

diffusion taking place only along the gap between the internal disks and the external membrane (see 

Fig.2A). In order to describe also the dynamical features of the response (for instance the slow rising 

phase), we considered a simplified model of the phototransduction cascade in which the linear 

pathway from excited Rhodopsin to activated Phospodiesterase (PDE) in lumped in a single variable 

u(t). Since PDE, Guanylate cyclase (GC) and cyclic nucleotide gated channels (CNG) are either 

membrane proteins or tightly linked to it, their diffusion can be neglected (see Fig. 2B for a sketch of 

the system). 

Because diffusion of cGMP and Calcium ions is slower than the binding-unbinding process of cGMP to 

CNG channels and GCs, we used the Hill equations 

 
with the following parameters: n=2.8, K1=8.6 µM (Taylor and Baylor, 1995), m=2.4 and K2=73 nM (Calvert 

et al., 2001). Therefore, the dynamics of cGMP and Calcium ions are described by the following partial 

differential equations: 

 
The current I(t) of the response is calculated as: 

I(t)=α [CNG] 

The kinetic parameters (δ1, δ2, k1 and k2) and the normalization constant α are adjusted in order to fit 

the response to diffuse light. Through the one-dimensional description of the outer segment (i.e. using 

as Laplace operator ∆=∂/∂x2) and setting D=150 µm2/s, the model well reproduces the response of 

localized light, both as peak amplitude (the ratio with respect to the saturating diffuse illumination is 

about 0.4) and as rising phase (see Fig.2C).  
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Figure 2: A The 1D model refers to the gap between disk end external membrane. The figure report the sketch of 

the discretization of the domain for numerical integration purpose (the picture shows the size of a rod from 

Xenopus leavis). B Scheme of the model. C Simulation by the 1D model with D=150 µm2/s. 

 

A more realistic model (two-dimensional): For a more precise estimation of D, we consider the full 3D 

geometry of rod outer segments together with the presence of disks (assuming a radial symmetry we 

replace the one dimensional description with a 2D model - see Fig. 3A). The Laplace operator is now 

given in cylindrical coordinates ∆=∂/∂x2 + ∂/∂r2 + (1/r)∂/∂r. Simulations show a significant decrease of 

the ratio between localized and diffuse light (about 15%), indicating that the gaps between disks act 

as a trap for cGMP reducing its mobility. Using our model, it is possible to calculate the effect of D on 

this ratio: the result is reported in Fig. 3B. In order to obtain a ratio or about 0.4, a diffusion coefficient of 

400 µm2/s is necessary. Running a new simulation on the 2D model with this value of D, a good fit of the 

response is recovered as reported in Fig. 3C. 

This value is quite far with respect to that one used in literature and is also close to the diffusivity in 

water (600-900 µm2/s). 

Therefore, we used the same model to verify our estimate of D but considering a restricted illumination 

to the tip of the outer segment: in this case the ratio between the response to restricted and diffuse 

light is lower around 0.3 probably because diffusion must take place in one direction only (towards the 

middle of the outer segment). Using the same parameters, the model correctly predicts this 

experimental result (see Fig. 3D). 

 
Calcium diffusion: the other specie considered in the model and which diffuses in the cytoplasm is the 

Calcuim ion. This ion stops entering when the drop of cGMP concentration closes CNG channels. GCs 

located on every disk are then activated by the lower calcium level and starts to sythetise new cGMP. 

Nevertheless, while cGMP must diffuse from any zone of the outer segment to the restricted illuminated 

part, Calcium needs just to cover the short distance, from the disk to the external membrane. 

Therefore, we may expect that the diffusivity of calcium is less important in the dynamics of the 

response. 

This is confirmed by the simulation: indeed changing the diffusion coefficient from 10 (Nakatani et al., 

2002) un to 500 µm2/s , the peak of current remains almost unchanged (see Fig. 4). 
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Figure 3: A Sketch of the 2D of the domain. Nodes of the discretization are present also in the gap between 

adjacent disks. B Dependence of the intensity ratio from the diffusion coefficient, according to the 2D model. C 

Simulation of the 2D model with D=400 µm2/s for illumination in the middle of the outer segment. D Simulation with 

D=400 µm2/s for illumination in the apical part of the outer segment. 

 
Figure 4: Calcium diffusivity does not affect the dynamics: blue curves refer simulations performed with a diffusion 

coefficient of calcium of 10, 50, 100 and 500 µm2/s. 

 

Our results show that diffusion is very important in case of restricted illumination and therefore we 

expect it to be so also in case of single photon experiments. Rising phase and maximal current are 

strictly correlated with the diffusion coefficient of cGMP. We also managed to give an estimation of 

this coefficient of about 400 µm2/s: this is the real diffusivity, both radial and longitudinal, which is not 

affected by the presence of barriers like the internal disks and that can be used for any geometry. 
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