


Calcium and Body Parts 

University of Auckland, NZ 

 USA. 

} 
}

James Sneyd 
Graham Donovan 
Merryn Tawhai 
Edmond Crampin 

David Yule 
Michael Sanderson 
Jason Bates 
Anne-Marie Lauzon 

Thanks to NIDCR, NHLBI, and the RSNZ 



We begin, as always, with calcium… 

In response to stimulation by 
hormones or 
neurotransmitters, many cell 
types exhibit oscillations in 
the concentration of free 
intracellular calcium ions. 
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How? 
And Why? 
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How? 
There are a number of possible mechanisms 
but they all rely on “calcium pressure”. 
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Release from internal stores…  
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Followed by reuptake. 



Modelling calcium oscillations: I 



Modelling calcium oscillations: II 



Why? 

Why do cells expend all this energy to generate 
calcium oscillations (and waves)? 

Dogma: calcium is a second messenger which carries a 
signal in the frequency of the oscillations. 

This allows cells to use calcium (which is toxic) as a 
second messenger. 



Two body part examples 

•  Rat parotid acinar cells and saliva secretion (briefly). 

•  Mouse airway smooth muscle (more detail). 
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Parotid acinar cells  

1 - 1.5 litres of spit secreted per 
day 
Eating : 5 ml/min 
Rest: 0.3 ml/min  

A math nerd made this 
(my student, Elan Gin). 



Saliva secretion I 
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Saliva  
secretion II 



Model equations 

! 

d(wc)
dt

= Jin " Jpm + JIPR " Jserca + buffering,

d(wN)
dt

= Iexchanger " Ipump ,
d(wK)
dt

= Iexchanger " IK , ...

dO
dt

= stuff , dP
dt

= stuff , ...,

C dV
dt

+ ionic currents# = 0,

dw
dt

= flow in -  flow out.

Membrane potential 

Na+, K+, Cl- conservation 

Auxiliary variables. 
(Receptor equations, 
pump equations, etc.) 

Ca2+ conservation 

Cell volume 

Flow proportional to difference in concentrations 
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Comparing to data 



Calcium and volume oscillations 

volume 
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How do these oscillations control  
saliva secretion? 

How secretion depends on 
a steady Ca concentration. 

How secretion depends on 
frequency, at constant mean 
calcium concentration (2 µM). 

Frequency seems to have almost no effect 
on secretion. Mean calcium is much more important. 
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A reminder 



K+ channel location 

•  Whole cell K+ conductance distributed between apical and basal 
membranes 

•  Maximum fluid flow with a small apical K+ conductance 

This is where you 
want to be. 



Real data, like totally.  
From David Yule. 



An actual lumen 

Thanks to 
Roberto Weigert (NIH) 

This is a bit scary 



Airway smooth muscle 

Hamburgers cause asthma, 
NZ research says 

8/11/2005 
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Actin/myosin, 
crossbridge models. 
(Anne-Marie Lauzon, 
James Sneyd). 

Calcium dynamics. 
Cell signalling. 
Cellular mechanics. 
(Michael Sanderson, 
James Sneyd). 

Lung slices. Tissue 
mechanics. (Michael 
Sanderson, Jason 
Bates). 

Whole-lung models. 
Air flow. Impedance. 
(Merryn Tawhai, 
Jason Bates). 
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Airway detail in lung slices 
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Contraction of airways and arteries 



Smooth muscle cell 

Contraction (of an arteriole, actually). 

Endothelial cells 
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Calcium oscillations 
in airway smooth 

muscle. 



How does calcium cause contraction? 

Skeletal muscle crossbridge cycle 



Quite different in smooth muscle 

•  In smooth muscle, myosin can go through a crossbridge 
cycle only if it is phosphorylated (by Myosin Light Chain 
Kinase, MLCK). 

•  MLCK is activated by a calcium/calmodulin complex. 

Raised [Ca2+] 

Activation of calmodulin 

Activation of MLCK 

Phosphorylation of myosin 

Contraction via a crossbridge cycle We construct model of each of 
these steps, then put them all 
together. 



Model summary 

calcium dynamics 

! 

dc
dt

= Jin " Jpm " Jserca + JIPR

calmodulin Hill function 

crossbridge model 

! 

"[AM]
"t

# v "[AM]
"x

= k2[AMp]# [k1 + g(x)][AM]

MLCK, MLCP activation 

! 

k1 = k1(c), k2 = k2(c, p,t)

active force generation 

! 

Force = kx AMp + AM( ) dx
"#

#

$

contraction in 2-D elastic sheet 

! 

" rr(r = R) =
Force
R
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Frequency dependence 

Both airway and arteriole 
smooth muscle have 
calcium oscillations at just 
the rate that maximise 
contraction… but no faster. 

Rather clever. 



Mechanics 

Mechanical properties of lung tissue are also 
very important. 



Power-law  relaxation of airway smooth 
muscle I 

Extend the smooth 
muscle strip and hold  

The relaxation is reeeaaalllly 
sloooooooooow …… 



Power-law  relaxation of airway smooth 
muscle II 

On a log scale, get a straight line, 
i.e., it’s a power law. 

! 

F = At"b

data 



The crosspot  model 

This is a word I made up 

Suppose we have a population of interlinked proteins (crosspots), that bind and 
unbind to each other in a symmetrical fashion, and that produce force when 
extended. Binding sites are continuously distributed. 

! 

n(y, t)

! 

N(t) = n(y,t) dy
"#

#

$

! 

"n
"t

=#(y) 1$ N( ) $%(y)n + v "n
"y

Proportion of bound crosspots with extension y 

Total fraction of bound crosspots 

Conservation of crosspots 

! 

F(t) = "(y)n(y,t)dy
#$

$

% Force 

Turns out that you can prove this model exhibits power-law relaxation. Very cool. 
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velocity 



Fluidization  
(a model prediction) 

Take the muscle strip, stretch 
it out, hold it for a bit, and then 
oscillate the length. 

After the oscillations, the force  
drops, dependent on the 
amplitude of the oscillations. 

So, we did this experiment 
on real airway smooth muscle. 

Note that “we” does not mean 
“me”. I have students and 
post-docs to do all the real 
work. (Thanks to Sharon Bullimore, McGill) 



Results of beauty 

So, not only does airway smooth muscle 
behave as predicted, so do other biological 
tissues! This was unexpected, but very 
interesting indeed. 



Why should we care? 

•  The most potent bronchodilator is a deep breath. 

•  This model provides a possible explanation of why this  is. A 
deep breath, we predict, just pulls all the crosspots apart, 
making the airway smooth muscle all nice and floppy. 

•  So why does this  not work in asthmatics? Hmmm…. a good 
question. Maybe the active crossbridges overwhelm the 
crosspots? Maybe the faster kinetics are important? Maybe 
the different mechanical properties of the surrounding tissue 
is important. Are the crossbridges different? Is the calcium 
dynamics different? Who knows? Not me. 



Putting it all together 

•  Calcium dynamics (ODEs) 
•  Crossbridges and force generation (conservation PDEs) 
•  Contraction of airways (2-d linear elastic material) 
•  Breathing of entire lung (3-d nonlinear isotropic material) 

All in a single model that is solved all at once. Takes a while. 






