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7. Signal transduction in a cell #2 

- diffusion - 

 

This is the 2nd blog on “Signal transduction in a cell”. While cell is a small entity of several tens m 

in size, translocation of two molecular species at different localizations should translocate to react. 

Diffusion is the basic and the most common mechanism of molecular translocation in a cell. 

Diffusion is a word used in physics with vivid image in its phenomenon. One may feel difficulties 

to see the partial differential equation describing diffusion. But it is not, because diffusion is a simple 

phenomenon of flow of molecules from high to low concentration regions according to the gradient. 

Thus, the concentration of diffusing molecule is a function of spatial position (x,y,z) and time (t) *1. 
*1  A diffusion experiment is well described in a book “Brownian motion”, by F. Yonezawa, Kyoritsu Shuppan, Co., LTD., 

1999, in Japanese. Be sure that the spreads of ink on the water surface is not pure diffusion. 

 

Here, we show examples of signal transduction by diffusion. Most popular is the signal transduction 

initiated at cell-surface receptors. Intracellular proteins thus activated near the cell membrane diffuse 

deep into cytoplasm activating next proteins and next. Diffusion is the essential mechanism for this 

type of signal transduction. Another example is seen in newly synthesized proteins. Transcribed 

mRNAs are exported out of the nucleus, and newly synthesized proteins diffuse toward the cell 

peripheral. This is the signal transduction in the opposite direction. Thus, diffusion occurs in both 

directions, and both are important for the regulation of gene expressions. 

There are many obstacles for molecules to diffuse in cytoplasm. Among them, mitochondria and 

endoplasmic reticulum (ER) will have dominant impact, because they are abundant and large in size. 

In addition, their shape and position are altered dynamically by many factors including environmental 

changes. For example, hypoxia or virus infection led to the mitochondrial crowding around the nucleus 

(Al-Mehdi, A.B., et al., Sci.Signal, 2012; Murata, T., et sl., J.Gen,Virol, 2000). The crowding is well 

visualized by Al-Mehdi, et al. These environmental changes are emergent situation to a cell, and the 

mitochondrial spatial rearrangement must have considerable effect on the cellular function. 

Fig.1 shows a simulated example of change in the effective diffusion coefficient (Deff) by the change 

in the crowding of obstacles (red short lines) flanking both 

sides of the source of diffusing molecules (green line) in a 

simplified 2D model (Ohshima, D., et al., Plos One, 2014). 

Cuboid 2D shape was divided into many small 

compartments, thereby diffusion of molecules from the 

source (green line) was simulated by calculating fluxes 

between compartments using A-Cell. Deff declines 

dramatically by the increase in the crowdedness (bar graph). 

This suggested that the crowding of mitochondria around 

the nucleus decreases fluxes in cytoplasm originated at the 

nucleus, thereby resulting in an appreciable effect on cellular 

functions. 
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Fig. 1 Decrease in Deff by the crowding of 
obstacles (red lines) around the source (green 
line) of a diffusing molecule. 
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To test this possibility, the oscillation of transcription 

factor NF-B was simulated in the 3D spherical cell model 

by changing crowding of mitochondria (Fig.2、Ohshima, D., 

et al., Plos One, 2014)*3. The oscillation of NF-B was well 

described (Hoffmann, A., et al., Science, 2002), and the 

change in the oscillation pattern was reported to change the 

gene expression (Ashall, L., et al., Science, 2009). The 

model here includes diffusion of newly synthesized NF-B. 

As expected, simulation results showed clear change in the 

oscillation pattern of NF-B, showing heavily damped 

oscillation by the mitochondria crowding around the 

nucleus (red broken line, c). Thus, mitochondrial crowding, 

which decreases Deff as shown in Fig.1, will alter the 

expressed genes and/or their expression pattern. 
*3 By using 4D (x,y,z,t) simulation capability of A-Cell, we can construct models and run simulations without any 

explicit consideration on diffusion equation. 

 

The above example shows an effect on signal transductions by diffusion in whole cell simulations. 

Next is a similar example at a spine, a postsynaptic mushroom-shaped structure as small as 1 m. Fig.3 

shows a simulation result of spatial inhomogeneity in Ca2+ and CaMKII in a spine (Ichikawa, K., 

NeuroComp., 443、2004). Transmitter molecules from a pre-synaptic neuron cause Ca2+ inward flow 

at a spine head, triggering signal transduction Ca2+ → Calmodulin (CaM)→ CaMKII. Activated 

CaMKII (CaMKII*) plays a pivotal role in long-term potentiation of synaptic strength. Simulations in 

Fig.3 were performed by embedding above reaction chain to 3D 

postsynaptic morphology. Fig.3 left and right show simulation results 

w/o and w/ diffusion of CaMKII. Ca2+ and CaM were diffusing in both 

cases. While Ca2+ was localized at a spine head in both cases, 

localization of CaMKII* was largely changed. CaMKII* was localized at 

a spine head in CaMKII diffusing case even if upstream CaM was 

diffusing*4. Thus, activation of CaMKII can be localized within a small 

volume of a spine head. Importantly, this localization is regulated by 

the diffusion of molecules, showing diffusion is the important regulator 

for cellular functions. 
*4 Diffusion of CaMKII can be regulated by its translocation between 

cytoplasm and membranous compartment. 

 

There are other examples including cancer invasion. Thus, diffusion is an important regulator of 

intracellular signal transduction*5. 
*5  When I presented a reaction diffusion simulation study shown in Fig.3 at an international symposium several decades ago, a 

researcher asked me that our simulation was wrong. This was his misunderstanding. When molecules simply diffuse from a 
source without supply and reaction, they will distribute homogeneously after a long enough time. But this situation is completely 
changed if molecules are supplied and react with other molecules (Cf. I. Prigogine, Nobel Prize in Chemistry,1977). While the 
same diffusion equation is used in both cases (simple diffusion and reaction-diffusion), the results are largely different. Fig.3 
shows the latter case. Intracellular events proceed by reaction-diffusion mechanism. Thus, it is very hard to know the reason of 
intracellular events without simulation. 

Fig.２ Change in the NF-B oscillation pattern 
(lower panel) by the crowding of mitochondria 
around the nucleus (upper panel). 

Fig. 3 Activated CaMKII is localized 
at a spine head even if its activating 
molecule CaM is diffusing in a spine. 


