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Abstract

We review a multiscale model of saliva secretion, describing in brief how the model is constructed 

and what we have so far learned from it. The model begins at the level of inositol trisphosphate 

receptors (IPR), and proceeds through the cellular level (with a model of acinar cell calcium 

dynamics) to the multicellular level (with a model of the acinus), finally to a model of a saliva 

production unit that includes an acinus and associated duct. The model at the level of the entire 

salivary gland is not yet completed. Particular results from the model so far include (i) the 

importance of modal behaviour of IPR, (ii) the relative unimportance of Ca2+ oscillation 

frequency as a controller of saliva secretion, (iii) the need for the periodic Ca2+ waves to be as fast 

as possible in order to maximise water transport, (iv) the presence of functional K+ channels in the 

apical membrane increases saliva secretion, (v) the relative unimportance of acinar spatial 

structure for isotonic water transport, (vi) the prediction that duct cells are highly depolarised, (vii) 

the prediction that the secondary saliva takes at least 1 mm (from the acinus) to reach ionic 

equilibrium. We end with a brief discussion of future directions for the model, both in construction 

and in the study of scientific questions.
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1. Introduction

The primary physiological role of salivary glands is the production of saliva; a hypotonic 

fluid containing electrolytes and a complex mixture of macromolecules [1,2,3]. Saliva 

begins the initial digestion of food, provides defence from microorganisms and protection 
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from physical and chemical assault on the oral cavity. Saliva is therefore vital for oral health 

and general well being. The importance of saliva is most acutely appreciated in individuals 

with salivary gland hypo-function [4, 5]. “Dry mouth” most commonly occurs as a 

consequence of medication and radiotherapy for head and neck malignancies. Dry mouth 

also can result from organic disease such as duct obstruction in cystic fibrosis patients or 

frequently in Sjögrens syndrome [6, 7, 8], a relatively common autoimmune disease 

associated with significant morbidity. Patients with Sjögrens syndrome typically have a 

profound dry mouth resulting in altered perception of taste, difficulty in swallowing and 

speech, together with an increased susceptibility to dental caries and oral candidiasis.

A fundamental prerequisite for developing therapies for salivary gland dysfunction is a 

thorough understanding of the entire fluid secretion process, not just its isolated 

components. Experimental approaches to the study of salivary function and pathology are, 

of course, crucial. Nevertheless, theoretical methods can also play a vital complementary 

role. Although it is clear that the behavior of an organ is the result of the integrated sum of 

the behaviors of its constituent cells and molecules, it is extraordinarily difficult to make this 

connection explicit, and therefore to understand it in detail. In general, experiments measure 

the constituent properties, or the whole-organ behavior, but cannot easily make a direct link 

between the two. In addition, measurements of the isolated components of a complex system 

are not necessarily predictive of the overall behavior of that system.

Computational models have a vital role to play in helping to understand the relationship 

between cellular properties and whole-organ behaviour, but come with their own set of 

difficulties and limitations. It is not a trivial matter to understand, within the framework of a 

single unified model, the behaviour of cells and organs, from the level of cellular 

components (with space and time scales on the submicron and millisecond time scales) to 

the level of the organ (with typical space and time scales of centimetres and minutes). Such 

models, varying as they do over multiple time and space scales are called multiscale models, 

and are arguably the most important challenge presently facing computational modellers in 

physiology. The challenge arises not only because there are few available methods even for 

the construction, let alone the analysis, of such models. It also arises from the fact that each 

multiscale problem in physiology must be treated on its own merits, possibly in a way quite 

different to every other exisiting multiscale model – a multiscale model of the heart, for 

example, may be of quite limited use in the construction of multiscale models of the lung, or 

the liver, or the salivary gland – and thus, in a sense, different wheels need to be continually 

reinvented.

The multiscale model of saliva secretion that we present here is still a work in progress, and 

we can still only ask, not answer, many questions about the interaction of spatial structure 

and organ function. Nevertheless, it has already contributed a significant amount to our 

understanding of how parotid acinar cells work, and how they interact, and is the first step 

along the path towards a greater understanding of salivary gland function, from molecule to 

organ.
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2. The physiology of saliva secretion

Reviews of the physiology of saliva secretion can be found in [9, 10, 11, 12, 1, 13, 14, 15]. 

Saliva is secreted by three major pairs of glands – the sublingual, submandibular and parotid 

glands – as well as from a large number of minor glands scattered through the oral cavity. In 

each of the major glands primary saliva is produced by acinar cells, which are grouped in 

grape-like clusters at the terminal branches of a tree-like branching system of ducts, which 

are lined by duct cells. The primary saliva then travels along the ducts, where its ionic 

composition is modified by duct cells, to produce secondary saliva which is secreted into the 

oral cavity. Acinar cells are either serous or mucus, with the proportion of each type 

determined by the gland and the species, while duct cells also come in a variety of types 

each with different ion transport functions.

Secondary saliva is typically about 99% water, although the secretion from some glands can 

be a lot more viscous, due to the presence of large amounts of mucus. The majority of saliva 

(humans typically produce about a litre a day) comes from the submandibular and parotid 

glands.

Here, we focus almost entirely on the parotid gland, although data from other glands is used 

if there are no other options.

2.1. Acinar cells

Parotid acinar cells are polarized epithelial cells (Fig. 1). The basolateral membrane faces to 

the extracellular space, while the apical membrane faces into the lumenal compartment, 

which is where the primary saliva is secreted. Multiple acinar cells secrete into the same 

lumen, a fact that will become important later when we consider the multicellular spatial 

structure.

The basolateral membrane has a variety of ion exchangers and channels (Fig. 1), including 

the Na+/K+ ATPase, a Na+/K+/Cl− cotransporter and a Ca2+-dependent K+ channel. On the 

apical membrane the most important ion channel is a Ca2+-dependent Cl− channel.

Control of Ca2+ is crucial (Fig. 2). Binding of an agonist to G-protein-coupled receptors 

(P2Y purinergic receptors, for example, or alpha-adrenergic receptors) results in the 

activation of phospholipase C (PLC) and thus production of inositol trisphosphate (IP3). 

This pathway is important for the control of Ca2+ dynamics in almost all cell types, and is 

described in much more detail in [16, 17, 18, 19, 20, 21]. IP3 binds to IP3 receptors (IPR), 

which are Ca2+ channels situated on the membrane of the endoplasmic reticulum (ER), 

resulting in the release of Ca2+ from the ER. Ca2+ can also be released from the ER through 

ryanodine receptors (RyR) or through a generic small background leak (Jer), and is taken up 

into the ER by SERCA pumps. Finally, Ca2+ is removed from the cell by ATPase pumps on 

the plasma membrane and enters the cell through a variety of channels (although we shall 

simplify the modeling of Ca2+ entry by presuming only a single channel type). The rate of 

degradation of IP3 is controlled by Ca2+ via its effect on the 3-kinase that converts IP3 to 

IP2. Thus, k3K is an increasing function of Ca2+.
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The basic mechanism of saliva secretion is thus as follows. Stimulation of the cell by agonist 

results in the release of Ca2+ from the ER, and the resultant increased [Ca2+] activates the 

Ca2+-dependent Cl− channel on the apical membrane. Cl− thus flows out of the cell, down 

its electrochemical potential gradient into the lumenal space, depolarising the cell. If there 

were no other ion currents, this Cl− current would quickly Cease as the membrane 

depolarises. However, simultaneous activation of the Ca2+-dependent K+ channels on the 

basolateral membrane maintains the membrane potential at a sufficiently negative voltage to 

allow for the continued flow of Cl− out of the cell. Na+ follows Cl− into the lumenal space, 

most likely via an extracellular pathway, and water follows via osmosis.

Upon agonist stimulation [Ca2+] does not simply rise to a new steady plateau. It is observed 

experimentally that [Ca2+] oscillates with a period of around 5–30 seconds (Fig. 3). Despite 

multiple quantitative models [16] the exact mechanisms underlying such oscillations remain 

unclear. However, since it is not the purpose of this paper to enter into such questions in 

detail we present only a single model here, although we urge the reader to keep in mind the 

associated uncertainties. In our model, an increased [Ca2+] increases the activity of the 3-

kinase that degrades IP3 (Fig. 2), and thus there is a negative feedback loop controlling 

[Ca2+] [23]. It is this feedback loop that causes oscillations in [Ca2+].

2.2. Duct cells

Considerably less is known about duct cells. Their principal function is to replace NaCl with 

KHCO3, and thus they come equipped with a variety of ion channels on their apical and 

basolateral membranes (Fig. 4) [24]. Furthermore, secondary saliva is hypotonic with 

respect to the cell. Thus, duct cells need to be impermeable to water, otherwise they would 

absorb water leading to a severe decrease in saliva production. In this respect salivary duct 

cells are quite different to pancreatic duct cells, which are permeable to water.

Calcium dynamics has been measured in detail in duct cell lines (HSY and HSG cells) [25, 

26, 27, 28], but at present it is not known how accurately the behaviour of these cell lines 

reflects that of parotid duct cells in vivo.

2.3. Spatial structure

It is now possible to obtain detailed images of the structure of a parotid acinus and its 

associated ducts (Fig. 5). As has been known for a long time, the ducts form a tree-like 

branching structure [29], and the acinar cells are situated at the terminals of the tree 

branches. However, the acinar cells themselves are distributed around a lumen which is 

itself a branching structure [30]. Thus, each acinar cell secretes fluid into a small lumenal 

tube, and there is no common lumen into which all the acinar cells secrete. It is currently not 

known what role this lumenal spatial structure plays in determining the properties of the 

primary saliva, and this is one question (among many) which will be addressed, although not 

yet answered, by our multiscale model.

3. The model

The multiscale model is built as a series of modules, from the molecular level through to the 

organ level (although the organ level is not yet completed), and these modules are then 
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connected into an overall multiscale model. Much of the interaction between the modules is 

of a feed-forward type. For example, a typical chain of effect would go as follows,

without any apparent feedback from, say, the primary saliva to the level of agonist 

stimulation, or to the properties of the Ca2+ oscillations. This greatly simplifies the 

construction of the multiscale model; at each stage, the input to one level can just be taken to 

be the output from the previous level, and at the organ scale these outputs are summed to 

give the output of the entire gland. Within each module, of course, there are multiple 

feedback processes (otherwise one could never obtain Ca2+ oscillations, for example), but 

these are dealt with internally to each module.

In the following description of the model we do not list all the equations for each module. 

To do so would require more space than we have available. Instead, we try to give an 

overview of the model structure. The exact model equations can all be found in the 

literature, to which we refer the reader.

3.1. The molecular level: IPR

At the heart of the multiscale model sits the model for Ca2+ oscillations, and this in turn 

depends crucially on the properties of the inositol trisphosphate receptors (IPR). This is the 

Ca2+ channel that controls Ca2+ release from the ER, and is thus necessary for Ca2+ 

oscillations to occur. Many models of the IPR have been constructed [31, 32], but the latest 

generation of models is based on single-channel data measured from on-nuclei patch clamp 

experiments [33, 34, 35, 36]. These data have allowed the construction of IPR that are more 

closely based on in vivo behaviour. The IPR model we use is discussed in slightly more 

detail in the Results section, as it was derived specifically as part of the construction of our 

multiscale model.

It is not always a simple matter to use a detailed IPR model as the basis of a model for Ca2+ 

oscillations. The IPR model is stochastic, and is controlled by Ca2+ concentrations in very 

small microdomains around the mouth of the channel [37]. Thus, methods must be 

developed to allow for the simplification of the IPR into an approximate deterministic 

model, and the incorporation of Ca2+ microdomains in a way that is not too computationally 

intensive. Work on such model simplifications are ongoing.

3.2. The cellular level: acinar cells

The acinar cell model is based on the schematic diagrams of Figs. 1 and 2.

3.2.1. The calcium and IP3 equations—The cell is initially assumed to be well-mixed, 

with no spatial gradients of [Ca2+]. This severe approximation will be relaxed subsequently, 

but is useful for the initial model construction. If we let c denote the concentration of Ca2+ 

in the cytoplasm (with volume w), and ce denote the concentration of Ca2+ in the ER (with 

volume we), then conservation of Ca2+ gives
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(1)

(2)

Each J denotes a flux of Ca2+, in units of moles/second, and comes with its own model.

JIPR is the flux through the IPR and is modelled as described in the previous section and 

in [33]; it is a function of c and the IP3 concentration, p.

JRyR is the flux through the RyR and is modeled as in [38].

Jer is a background leak out of the ER, and modelled as a linear function of ce – c.

Jserca is the flux through SERCA pumps and is modelled as a Hill function with 

coefficient 2 [39].

Jpm is an analogous flux through plasma membrane ATPase Ca2+ pumps and is 

modelled as another Hill function, but with coefficient 3. There is no good reason for 

choosing a different Hill coefficient for the plasma membrane pump, and changes to 

this coefficient have little effect on behaviour.

Jin is a flux of Ca2+ into the cell and is assumed here to be through a receptor-operated 

channel (ROC) of unknown mechanism. We thus assume that this flux is a linearly 

increasing function of agonist stimulation.

The equation for [IP3] (p) is

(3)

where ν denotes the level of agonist stimulation, and the rate of IP3 degradation is an 

increasing function of c (see Fig. 2).

3.2.2. The current and voltage equations—There are similar conservation equations 

for the concentrations of Na+, Cl− and K+, based on the transport mechanisms shown in Fig. 

1. Thus, for example,

(4)

where ICl is the current through the apical Cl− channels, zCl is the valence of Cl−, F is 

Faraday’s constant, and JNKCC is the flux (in moles per second) through the Na+/K+/Cl− 

exchanger (which transports 2 Cl− ions for each cycle). The conductance of the Cl− channel 

is an increasing function of Ca2+ [40], while the NKCC model is a simplified version of the 

model of [41].

The equation for the membrane voltage is slightly more complicated, as the model assumes 

that there is a potential difference between the basolateral and apical regions. Thus, the cell 
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is modelled by the circuit diagram shown in Fig. 6. Application of Kirchoff’s Laws to this 

circuit gives

(5)

(6)

where Jin and Jpm are the fluxes of Ca2+ in and out of the cell (assumed to occur only across 

the basolateral membrane). Note that the Na+/K+/Cl − transporter is electrically neutral and 

thus does not appear in the voltage equation. Also note that we have assumed the presence 

of a K+ current in the apical membrane, even though this does not appear in Fig. 1. This 

because we wish to investigate the effect on secretion of an apical K+ current.

Since the sum of voltage drops around the circuit must be zero, it follows that

(7)

and since Vtight = RtightItight, and Vcell = ItightRcell, it follows that

(8)

This tight junctional current is assumed to consist of Na+ and K+ currrent, of relative 

fractions gt and 1 – gt, where gt is assumed to be constant. Thus, time-dependent changes in 

Na+ and K+ current across the cell membrane are not reflected by time-dependent changes 

through the tight junction.

3.2.3. Osmosis—Finally, we assume that water flow across each membrane is osmotically 

driven, and linearly proportional to the difference in ionic concentration across the 

membrane. Thus

(9)

where the flow across the basal membrane, qb (usually expressed in units of litres per 

second. Since this is a very small number, it is often normalised to cell volumes per second), 

is given by

(10)

and the flow across the apical membrane, qa, is given by

(11)
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Here, X denotes the number of moles of other molecules (such as proteins, etc) inside the 

cell, R is the gas constant, T is absolute temperature, and La and Lb are permeabilities, with 

units of litres2 J−1s−1.

This completes the specification of the model of a single parotid cell.

3.3. The cellular level: duct cells

The duct cell model is similar to the parotid cell model, except that it has no Ca2+ dynamics 

and it has different ion transporters on the apical and basolateral membranes. Although it is 

not unlikely that dynamic changes in [Ca2+] are important in duct cells, as they are in acinar 

cells, as yet we have no experimental data about them. The only available data presently are 

from duct cell lines, HSY and HSG cells [25, 27, 26], and it is still unknown how accurately 

Ca2+ responses in these cell types reflect behaviour of duct cells in vivo. Hence, the duct cell 

model is based only on the ionic fluxes shown in Fig. 4, and the equations for each ion are 

based simply on conservation, as in the acinar model. The major difference is that the apical 

membrane of the duct cell is assumed to be impermeable to water.

3 4. The Saliva Production Unit (SPU)

At the next spatial level, we construct a model of an acinus and an associated length of duct, 

a structure that we call a Saliva Production Unit, or SPU, as illustrated in Fig. 7. The lumen 

collects the fluid output from a number of acinar cells (anywhere from 3 to 20 cells), and 

this total fluid output then flows along the duct, being modified in ionic composition as it 

does so. Mathematically, the construction of the SPU model partakes more of the brute force 

approach, the model being constructed essentially by solving multiple coupled cell models, 

with no underlying simplications to the spatial or model structures.

Fluid flow and ionic concentrations along the duct are modelled using a radially symmetric 

advection equation with a lumen of fixed radius, R (the model can be easily adapted to a 

varying lumenal radius if desired). Let C denote some ion (Na+ for instance, or K+), and let 

JC denote the flux, with units of moles per unit area per unit time, of ion C across the apical 

membrane of the duct cells. Also, let x denote distance along the duct, and let ν be the fluid 

velocity along the duct. Note that ν will be constant, as the duct radius is assumed to be 

constant, and the duct is assumed to be impermeable to water. Then, the concentration of C 

in the duct is modelled as

(12)

This equation is coupled to the duct cell equations via the expression for Jc, which also 

appears in the equation for the local duct cell concentration of ion C, and which depends on 

the duct cell concentration of ion C. The boundary conditions at x = 0 (i.e., where the duct 

abuts the acinar cells) are given by the composition and flow rate of the primary saliva 

produced by the acinar cells.
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3.5. The multiscale structure

At the highest spatial level, multiple SPUs are connected in a branching structure similar to 

that seen experimentally. However, we have not yet developed a model at this highest 

spatial scale. This is a matter for current investigation; in the Discussion we shall briefly 

discuss some ideas for how this might be done.

The entire multiscale model, from the molecular to the organ level is summarised in Fig. 7.

Full details of the model equations and parameter values can be found in [42, 22, 40, 24, 

34].

4. Results

The model has been used to develop hypotheses and predictions at the three lowest scales. 

At the molecular level, most of our work was focused on the properties of the most 

important Ca2+ release channel, the inositol trisphosphate receptor (IPR). At the cellular 

level our model considered mostly the dynamics of Ca2+ in the acinar cells, the interaction 

of cytosolic Ca2+ with the membrane ion channels, and the subsequent movement of water 

by osmosis. At the next highest spatial scale, the multicellular scale, we include 

consideration of the spatial structure of the acinus, and its influence on water transport. At 

the next highest scale the output of the acinus is used as the input to the duct model, which 

can then predict the composition of the secondary saliva. The model results and predictions 

associated with each of these scales are briefly discussed in turn in the following sections.

4.1. The inositol trisphophate receptor

Our model of the IPR is illustrated in Fig. 8. The left side of Panel A shows some sample 

single-channel recordings, while the right side of panel A shows the steady-state open 

probability of the IPR as a function of [Ca2+] (for two different ATP concentrations). These 

data (and a great many more of similar type) were fitted using a Bayesian Markov Chain 

Monte Carlo method. Such a fitting method finds distributions for the unknown parameters 

(rather than finding so-called “best-fit” values), and thus can be used to determine whether 

or not a model is unambiguously determined by the data. More details can be found in [43, 

34, 44]. The result is the Markov model shown in Fig. 8B. The IPR exists in two modes, 

Park and Drive. In Park mode the IPR is almost always closed (q45 ≈ 10−3 ms, q 54 ≈ 3.4 

ms), while in the Drive mode it is open about 70% of the time (q26 ≈ 10 ms, q62 ≈ 3.3 ms). 

Transitions within each mode are independent of [Ca2+] or [IP3]; it is only the intermode 

transitions (with rates q42 and q24) that depend on those ligands. Full details of the model 

parameters, the fits to data, and the most recent modifications can be found in [37]. Similar 

work by [45] has suggested that the IPR can exist in three modes rather than just two, but it 

is yet unclear which is a more accurate and useful description of the IPR.

4.2. Calcium oscillations and waves

Upon stimulation by an agonist such as acetylcholine, the cytosolic Ca2+ concentration (in 

the model) oscillates in a way that is qualitatively similar to experimentally observed 

oscillations [22]. These oscillations occur in the absence of extracellular Ca2+,and are 
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modified by flux through the RyR, both features that are observed experimentally. 

Oscillations in cell volume and water secretion occur in synchrony with the Ca2+ 

oscillations, with the cell volume decreasing to approximately 70% of the resting volume 

(Fig. 9). Fluid flow also oscillates, with an amplitude of around 0.006 cell volumes per 

second.

Most interestingly (and surprisingly) the total fluid flow does not depend sensitively on the 

Ca2+ oscillation frequency, with only a 4% change in secretion over a wide range of 

frequencies. As agonist increases saliva secretion does increase, but this is due almost 

entirely to the increase in average Ca2+ concentration. If the oscillations are scaled to have 

the same mean level, but a different frequency, almost no change in saliva secretion is 

observed [40].

In parotid cells, the Ca2+ oscillations do not occur as whole-cell oscillations, but are instead 

periodic Ca2+ waves that begin in the apical region (where there is a higher density of IPR) 

and travel across the cell to the basal region [46], with a wave speed of around 25 µm s−1. 

Model simulations [40] predict that saliva secretion is highest when [Ca2+] rises 

simultaneously in the apical and basal regions of the cell (i.e., when the Ca2+ rise takes the 

form of a whole-cell oscillation, not a wave). If the time-dependence of the Ca2+-dependent 

Cl− channels is taken into account this prediction is relaxed somewhat, but the model still 

predicts that the most efficient wave speed is on the order of 100–200 µm s−1, much faster 

than the observed waves.

4.3. K+ channels inapical membrane

Although it used to be generally accepted that Ca2+-activated K+ channels were situated 

only on the basolateral membrane, while Ca2+-activated Cl− channels were situated only on 

the apical membrane, the model predicted that the greatest saliva secretion occurs when 

approximately 20% of the total K+ conductance is situated on the apical membrane (Fig. 

10). Motivated by this model prediction we showed experimentally that the apical 

membrane of parotid acinar cells contains functional Ca2+-dependent K+ channels [47]. As 

yet it is not known what fraction of the total cellular Ca2+-dependent K+ current is across the 

apical membrane, so that detail of the model prediction has not yet been tested.

4.4. Efficiency of secretion

It is observed experimentally that the lumen is almost isotonic to the external medium, and 

that the cell is highly permeable to water. These observations can be understood by a 

relatively simple argument [48], that has important implications for the construction of the 

multiscale model.

Firstly, if we assume that the lumen has a constant volume, wl, the equation for the 

concentration of Cl− in the lumen is

(13)
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Note that, since the lumen has constant volume, all the water that flows into it (at qa litres 

per second) must also flow out, taking with it Cl− at concentration [Cl−]l. It is shown in [48] 

that [Cl−]l can be assumed to be at quasi-steady state, in which case

(14)

It turns out to be useful to write this in terms of a slightly different variable

(15)

where [Cl−]e is the constant Cl− concentration in the external medium. In this new variable

(16)

Secondly, to a good approximation we can also assume that the volume of the cell is also at 

quasi-steady state, in which case qa = qb, from which it follows that

(17)

where C denotes the total concentration of osmolites in the relevant compartment. Hence,

(18)

Since

(19)

it thus follows that

(20)

where  is the total cell permeability. We note in passing that this last equation is 

a useful one, as it essentially a cell-free equation; it uses only the total cell permeability to 

water, and does not involve any of the internal ionic concentrations. In this equation the cell 

can be thought of simply as a barrier, with permeability Lt, separating two solutions with 

total concentrations Cl and Ce.

Next, notice that, because both the lumenal and external solutions must be electroneutral 

(and, in this model at least, contain only Na+, K+ and Cl− ions), it follows that 2[Cl−]l = Cl 

and similarly for the external solution. Thus,

(21)
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Finally, we eliminate [Cl−]d between (16) and (21) to get

(22)

where

(23)

(24)

In Fig. 11 we sketch a plot of qa against ICl for two cases; α = 0 and α ≠ 0. Note that α = 0 

corresponds to the case of infinite permeability, and thus isotonic transport. The curve for α 

= 0 always lies above the curve for α ≠ 0. Numerical simulations [48] show that for realistic 

values of the cell permeability, (22) gives an excellent approximation to the exact solutions.

This explains why a cell would wish to transport water in an isotonic manner. For a fixed 

Cl− current, and thus for a fixed expenditure of energy, fluid secretion is maximised as α → 

0, i.e., as Lt → ∞. In this limit Cl – Ce → 0, i.e., the lumen becomes isotonic with the 

external medium.

4.5. Influence of acinar spatial structure

We now ask the question: what role is played by the spatial structure of the lumen? For 

example, if N cells all secrete into a common lumen, and thus all experience the same 

lumenal [Cl−], does this result in more water secretion than if the N cells were all secreting 

independently and the secretions were summed?

Let us consider first the case of the common lumen. From (20) we see immediately that cells 

(with the same permeability) that share a common lumen all secrete water at the same rate 

(at least to a first approximation). Since the rate of water secretion through a cell is 

dependent only on the difference between the lumenal and external concentrations, and since 

cells that share a common lumen all see the same lumenal and external concentration, the 

conclusion follows easily. Hence, from symmetry, the water flux through each cell is given 

by (22), where

(25)

Here, ICl,i is the Cl− current through the ith cell. The ICl,i need not all be the same, even 

though the fluid secretion through each cell is identical.

If the cells do not share a common lumen, the argument is almost the same, but with a 

crucial difference. Each cell again has its own ICl,i, different from all the other cells, but now 

we can no longer use the argument that each cell must have the same rate of secretion, and 

thus appeal to symmetry. In this case, each cell’s rate of secretion is calculated from
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(26)

where

(27)

The total secretion is then Σqa,i.

In summary, when the cells ‘share a common lumen, the average rate of secretion is 

obtained by first averaging the Cl− current across all the cells, and then solving for the flux 

generated by that average current. When there is no common lumen, you first find the flux 

for each cellular Cl− current, and then average the fluxes. Of course, one must ensure that 

the total Cl− current is the same in both cases.

In the isotonic case, the equation for the flux is linear (as α = 0). In this case it matters not 

whether you average the Cl− current first and then solve, or whether you solve for the flux 

first and then average. The result is the same either way. Hence, for isotonic transport, a 

common lumen gives the same flux as N independent cells. However, when water transport 

is not isotonic, it is a relatively simple matter to show that the common lumen always gives 

slightly greater transport than does the case of independent cells [48], although it remains 

less than the isotonic case.

There are clear implications for a multiscale model; the closer water secretion is to isotonic, 

the less important is the detailed spatial structure of the lumen, and thus the simpler is the 

model that needs to be used. Although we have only shown this to be true for the case of a 

single common lumen, we predict that a similar result will be true for a lumen with the more 

complicated spatial structure shown in Fig. 5. However, this remains to be tested.

4.6. Production of secondary saliva

The output of the acinus, the primary saliva, is then transported along the duct, where its 

ionic composition is modified by the duct cells. Although there are multiple kinds of duct 

cells our model presently includes only a single type. Together, a single acinus and duct 

form the Saliva Production Unit (SPU).

We compared the output of the model SPU to a variety of results from wild-type and 

knockout mice [49, 50]. Typical results are shown in Fig. 12, where we compared the model 

to results from mice submandibular glands with the CFTR channel knocked out. In this case, 

the data show a large increase in [Na+] and [Cl−], as well as a significant increase in 

osmolarity of the secondary saliva (the wild-type data, labelled data WT, are the same in 

panels A and B; they are given twice purely for ease of comparison with the model results).

Panel A shows the model results when CFTR knockout is assumed to affect only the CFTR 

channel. In this case the model is able to reproduce the increase in [Cl−], but is unable to 

reproduce the observed rise in [Na+]. If the Na+ conductance, ENaC, is also assumed to be 

downgraded in CFTR knockout mice (panel B) then the rise in [Na+] is obtained in the 
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model. Thus the model is consistent with the observation that CFTR knockout also affects 

ENaC conductance [49]. Interestingly, a rise in [Na+] is not observed in mice for which the 

CFTR channel has been only blocked chemically, not knocked out entirely [49].

The SPU results predict that the apical membrane potential along the duct increases to as 

high as −11 mV, that the steady state is attained within 1 mm of the acinus, and that the tight 

junctions are highly impermeable to cations. However, it is not yet possible to test such 

model predictions with any ease or accuracy

5. Discussion

Although the multiscale model remains incomplete, much has been accomplished so far. 

Models at the molecular scale (the IPR) have been successfully integrated into models at the 

cellular scale (Ca2+ and voltage dynamics), which have in turn been incorporated into a 

multicellular acinus, and thence into a full saliva production unit, involving hundreds of 

cells. What remains is to combine thousands of SPUs into a model of the entire salivary 

gland, thus completing the multiscale model.

We have learned a lot from our model, incomplete though it is. At the molecular level our 

work fitting Markov models to single-channel data from the IPR have shown us that the IPR 

exists in two different modes, and that Ca2+ and IP3 control the open probability of the IPR 

by switching the channel between modes. This work is similar to complementary work of 

[51, 35, 45], although their model proposes three modes of the IPR, not two. Our IPR model 

has also been used to study Ca2+ dynamics in airway smooth muscle [37]. At the cellular 

level, our conclusion that the period of Ca2+ oscillations is almost entirely unimportant is 

unexpected, and contradicts the current dogma. Such a prediction is not easy to test, 

however, and experimental confirmation has yet to appear. Another model prediction, the 

presence of functional K+ channels in the apical membrane, has been confirmed 

experimentally, but other quantitative aspects of the model, such as the difference between 

the apical and basolateral membrane potentials, again have yet to be confirmed in detail.

One of the most surprising things to arise so far from the model is the prediction that the 

spatial structure of the lumen is unimportant. This is true (theoretically at least) in the limit 

of isotonic water transport, as long as the cell volume and the Cl− concentration in the lumen 

are in quasi-steady state. Although it is unlikely that such a prediction will be amenable to 

direct experimental testing, it is well-known that saliva secretion is close to isotonic, and 

that acinar cells are highly permeable to water, both of which observations strongly indicate 

that an acinus does indeed operate close to the isotonic limit. In this case the model strongly 

suggests that any spatial structures may be of little importance, and that the total output of 

the salivary gland is essentially just a sum of the outputs of the individual cells.

Much remains to be done, both in model construction, and in use of the model to address 

scientific questions. Firstly, the full multiscale model of the entire organ needs to be 

constructed. Although daunting at first sight due to the thousands of PMUs that need to be 

included, and their intricate spatial structure and arrangement, such complexity may well be 

a red herring. If secretion is close enough to isotonic (and assuming the necessary quasi-
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steady state conditions are satisfied), then all this intricate spatial structure might be doing 

almost nothing at all. In this case, the output from each acinus will be just the sum of the 

outputs from each cell in the acinus, and then the acini can be combined using a continuum 

approach in which each part of the domain contains both acinar and duct cells mixed 

together. However, such a model would have to be compared carefully to more accurate 

spatial representations to ensure that important behaviours are not lost.

Duct cells have been far less studied than acinar cells, and we still have only very limited 

knowledge of such things as their internal Ca2+ dynamics. Studies in HSY cells [28] suggest 

that duct cells may themselves exhibit complex Ca2+ and IP3 dynamics and that such 

responses might be important for controlling duct cell ion transport, but construction of 

detailed models awaits more experimental work. Duct cells are particularly important given 

the effectiveness of aquaporin transfection treatments [52, 53, 54], in which salivary 

function can be restored, even in the seeming absence of acinar cells, by transfecting 

aquaporins into duct cells. How this might work remains a mystery, but to answer this 

question a quantitative model of duct cell transport will be required. Our multiscale model 

will be ideally positioned for such studies.

Another major question our model is designed to study is how to understand pathological 

conditions associated with salivary hypofunction. To do this will require the construction of 

a model of an irradiated and malfunctioning salivary gland; this will not be merely a 

reparamaterisation of the healthy model, but will most likely require dramatic changes in 

prevalance and function of important cellular components. Any model changes must be done 

in close consultation with additional experimental data, but the model will then be able to 

predict the most efficient ways in which salivary function might be restored.

Although our model is the first to study saliva secretion across multiple scales, there are 

many previous models of fluid transport by epithelial cells [55, 56, 57, 58, 59, 60, 61]. Our 

model differs principally in the detailed inclusion of intracellular Ca2+ dynamics, and the 

specific application to salivary glands, but the fundamental mechanisms of water transport 

by osmosis are unchanged. Previous models of the pancreatic duct [62, 63, 64, 65], however, 

are significantly different from our duct cell model, as the pancreatic duct is permeable to 

water, necessitating a qualitatively different approach.
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• We review the construction of a multiscale model of saliva secretion.

• We predict that calcium oscillation frequency is unimportant for saliva 

secretion.

• We predict that Ca-sensitive K channels are situated in the apical membrane.

• We predict that saliva secretion is most efficient in the isoosmotic regime.

• Acinar spatial structure might be unimportant.
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Figure 1. 
The major ion channels involved in the secretion of saliva, and their control by Ca2+. 

Although Ca2+-sensitve K+ channels are also situated on the apical membrane, they are 

omitted here for clarity.
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Figure 2. 
Summary of the important reactions involved in the control of Ca2+ in a salivary acinar cell. 

Agonist stimulation induces the formation of IP3, which releases Ca2+ from the endoplasmic 

reticulum (ER) via the opening of IP3 receptors (IPR). The rate of degradation of IP3 is 

Ca2+-dependent. Calcium is pumped into the ER, and out of the cell, by ATPase pumps, 

while it can also leave the ER through ryanodine receptors (RyR). Jpm represents the 

removal of Ca2+ from the call by plasma membrane ATPase pumps, while Jin represents a 

generic influx of Ca2+, most likely through receptor-operated or store-operated Ca2+ 

channels.
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Figure 3. 
Oscillations of Ca2+ concentration in a parotid acinar cell, in response to carbachol (CCh) 

[22].
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Figure 4. 
Diagram of the major ionic currents in a salivary duct cell [24]
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Figure 5. 
The detailed spatial structure of the lumen and associated ducts of a salivary acinus, 

obtained by flourescent labelling of apical membrane markers (such as the TMEM16a Cl− 

channel) in a clump of acinar tissue.
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Figure 6. 
Circuit diagram of a salivary acinar cell where the apical membrane potential is different 

from the basal [22].
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Figure 7. 
The multiscale model is developed as a series of modules at the molecular, cellular and 

glandular level. A: The model is developed based on experimental data to represent the fluid 

secretion process of the acinar cells. B: The ionic modification by the duct. C. These models 

are integrated into a combined acinar and duct model of a salivary production unit (SPU). D. 

Finally, the model is developed to incorporate the morphology of the tissue to describe the 

entire salivary gland.
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Figure 8. 
A: activity from single type-2 IPR recorded from the isolated nuclear envelope, showing 

modulation by Ca2+ and ATP at submaximal IP3. Two modes of channel activity are 

evident; a long-lived Park mode that is mostly closed (blue bars), and a bursting mode 

refered to as Drive mode (red bars). The panel on the right shows the steady-state open 

probability as a function oc Ca2+ concentration, at a single fixed IP3 concentration and two 

different ATP concentrations. B: schematic diagram of the IPR model [34]. C and O denote, 
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respectively, closed and open states. The only transitions that are dependent on [Ca2+] and 

[IP3] are q42 and q24, the transitions between the Park and Drive modes.

Sneyd et al. Page 28

Math Biosci. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 9. 
Model simulations showing oscillations of [Ca2+] and cell volume in response to addition of 

agonist [22].
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Figure 10. 
Salivary flow as a function of the proportion of K+ conductance in the apical membrane. It 

can be seen that saliva flow is maximised if approximately 20% of the K+ conductance is in 

the apical membrane [22].

Sneyd et al. Page 30

Math Biosci. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 11. 
Salivary flow as a function of Cl− current for isotonic transport (blue line; α = 0) and non-

isotonic transport (red line; α = 1). For a given Cl− current flow is always greater in the 

isotonic limit (in which case the permeability of the cell must go to infinity) [48].
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Figure 12. 
Model variations against data from the wild-type and CFTR knockout mouse secondary 

saliva [24]. The CFTR knockout mouse model has the CFTR channel deleted. A: CFTR 

channel conductance is reduced (to 0.15 of base value). Notice how the model [Na+] for the 

deletion is unable to capture behavior as measured in the CFTR knockout mouse. B: in 

addition to the CFTR channel reduction performed in A, the ENaC channel conductance is 

also reduced (to 0.4 of base value), in which case the model is able to reproduce the 

observed rise in [Na+].
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