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Abstract

Saliva is secreted from the acinar cells of the salivary glands, using mechanisms that
are similar to other types of water-transporting epithelial cells. Using a combination
of theoretical and experimental techniques, over the past 20 years we have continu-
ally developed and modified a quantitative model of saliva secretion, and how it is
controlled by the dynamics of intracellular calcium. However, over approximately the
past 5 years there have been significant developments both in our understanding of the
underlying mechanisms and in the way these mechanisms should best be modelled.
Here, we review the traditional understanding of how saliva is secreted, and describe
how our work has suggested important modifications to this traditional view. We end
with a brief description of the most recent data from living animals and discuss how
this is now contributing to yet another iteration of model construction and experimental
investigation.

Keywords Saliva secretion - Calcium oscillations - Water transport - Mathematical
modelling - Three-dimensional finite element computations

1 Introduction

Secretion of saliva from the major salivary glands provides both fluid that hydrates
and lubricates the oral cavity and proteins that begin to digest food. In addition, factors
are also present in saliva that protect the oral cavity and upper gastrointestinal tract
from bacterial and fungal assault. Malfunction of the salivary glands resulting in a
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reduction in fluid flow (a condition called xerostomia) results in difficulty swallow-
ing and chewing food, a marked increase in dental carries and susceptibility to oral
candidiasis, and leads to a severe deterioration in the quality of life. Xerostomia is
associated with the auto-immune disease, Sjogren’s syndrome, and is also commonly
seen after radiotherapy for head and neck cancers (Ship et al. 1991; Melvin 1991; Fox
and Maruyama 1997; Daniels and Wu 2000).

The most important early studies of saliva secretion were those of Lundberg (1956,
1957a,b) who was the first to propose that the principal underlying mechanism was
the transport of CI™ through the cell. A specific qualitative model was proposed by
Silva et al. (1977); it is these studies that have provided the foundation for practically
all subsequent work, including ours.

For almost 20 years, our group has used a combination of experimental and theo-
retical approaches to study the mechanisms of saliva secretion (Sneyd et al. 2003; Gin
etal. 2007; Palk et al. 2010, 2012), and in 2014 we wrote a review of our major results
(Sneyd et al. 2014). However, so much has changed since that time that another review
is not only timely, but necessary. In particular, it is slowly becoming clearer that the
traditional understanding of how saliva secretion works is not entirely accurate. The
broad outlines remain the same, but the details have changed significantly.

The study of saliva secretion is a (fairly small) part of a much larger body of work on
water transport by epithelial cells (Diamond and Bossert 1967; Swanson 1977; Wein-
stein and Stephenson 1979, 1981b, a; Reuss 2002; Dawson 1992; Mathias and Wang
2005; Chara and Brusch 2015). Water transport by epithelia is important in a number
of body parts; the lung epithelium maintains a surface layer of water which is critical
for mucociliary clearance (with sample models by Novotny and Jakobsson 1996b, a;
Warren et al. 2009; Garcia et al. 2013; Sandefur et al. 2017; Wu et al. 2018), the gut
epithelium absorbs water (sample models by Larsen et al. 2000; Larsen 2002), while
water absorption is a crucial function of epithelial cells in the kidney (sample models
by Weinstein 1994, 1999; Layton and Layton 2005a,b; Layton 2011a,b; Weinstein
2020). In a manner similar to salivary secretion, tear and sweat glands also secrete
water. Each of these areas relies on underlying models of water transport, a field which
remains controversial, with a number of competing theories that we shall not discuss
here. The interested reader is referred to Hill (2008), an excellent and readable review
of the pros and cons of five major theories of physiological water transport.

2 Saliva Secretion: The Traditional View

The traditional explanation of saliva secretion goes as follows (Foskett and Melvin
1989; Martinez 1990; Nauntofte 1992; Cook et al. 1994; Melvin 1999; Turner and
Sugiya 2002; Melvin et al. 2005; Ambudkar 2012; Lee et al. 2012). In a salivary
gland, there are two major types of cells; firstly, the acinar cells, which are arranged in
groups like a bunch of grapes or a blackberry (hence the name, from the Latin acinus,
meaning a berry) and, secondly, the duct cells. Primary saliva is produced by the acinar
cells and is collected in the acinar lumen (analogous to the stem of a bunch of grapes)
whence it flows through the ducts to the mouth, emerging as secondary saliva (usually
just called saliva).
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2.1 Production of Primary Saliva

A salivary gland acinar cell is a polarised epithelial cell; it has a basal surface which
faces to the interstitium and an apical surface which faces to the acinar lumen. At rest,
the entry of Na™, CI~ and K* through a Na* /K™ /2CI~ cotransporter (NKCC1) in
the basal membrane is balanced by the exit of C1™ through the apical membrane into
the lumen, the exit of K across the basal membrane through a number of different
types of K+ channels, and the removal of Na™ by the Na* /Kt ATPase (NaK) which is
ubiquitous in all cells. This achieves internal ionic balance, control of cell volume and
a very low flow of water through the cell, driven by slight differences in osmolarity;
the water comes in across the basal membrane and exits the cell across the apical
membrane into the lumen.

At rest, most cells have a cytoplasmic [C1™] that minimises the electrochemical
potential of CI™ from inside to out. Indeed, many models of cell volume control—
for example, the classic model of Tosteson and Hoffman (1960), see Keener and
Sneyd (2008) for an introduction to models of cell volume control—incorporate this
as a fundamental assumption. However, secretory epithelial cells such as salivary
gland acinar cells accumulate C1~ to much higher concentrations; they do this by
the combined action of the basal NKCC1 cotransporter and the basal HCO; /CI™
exchangers (AE2 and AE4). The NKCCI1 cotransporter flux is, in turn, maintained by
the [Na™] gradient created by the NaK ATPase.

It follows that, at rest, a salivary acinar cell is primed for CI™ release into the lumen
and thus primed for water transport. However, flow at rest is kept small as the apical
CI™ channels are mostly closed, thus allowing for only a small C1™ flux into the lumen.

Production of much greater quantities of primary saliva is initiated by extracellular
hormones or neurotransmitter (such as acetylcholine or cholecystokinin) that bind
to G-protein-coupled receptors on the basal membrane, stimulating the production
of inositol trisphosphate and the subsequent release of Ca®>* from the endoplasmic
reticulum (Berridge et al. 2000; Berridge 2009; Ambudkar 2012, 2014; Dupont et al.
2016). The increase in cytosolic [Ca’>*] activates two ion channels in particular; in
the apical membrane Ca%*t-activated C1~ channels (CICa) release Cl~ into the lumen
and depolarise the apical membrane. At the same time, Ca®*-activated K* channels
(KCa) in the basal membrane repolarise the membrane, allowing for a continued flow
of C1™ from the cell into the lumen. Water follows by osmosis, while charge balance
in the lumen is maintained by a paracellular Na™ current through the tight junctions
into the lumen. The primary saliva that collects in the lumen is thus high in Na¥ and
Cl—.

In summary, the underlying driving force for saliva secretion is the transport of
CI™ from the interstitium, through the acinar cell, into the lumen. This sets up small
osmotic gradients down which water flows from the interstitium, into the cell, and
thence into the lumen. This is illustrated in Fig. 1.
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Fig.1 Traditional view of saliva production (Melvin et al. 2005; Lee et al. 2012). At rest, uptake of CI™ by
a NKCCI cotransporter maintains a high intracellular [C1™]. Agonist stimulation results in the release of
Ca2* from the endoplasmic reticulum (ER) through inositol trisphosphate receptors (IP3R) and (possibly)
ryanodine receptors (RyR). Calcium is resequestered into the ER by ATPase Ca*t pumps (SERCA). CaZt
activates C1~ channels on the apical membrane and K+ channels on the basal membrane (with possibly
some on the apical membrane also). This results in the flow of C1™ into the lumen, whereupon water follows
by osmosis. Hence, in summary, C1™ transport across the cell provides an osmotic gradient down which
water flows, from the interstitium, through the cell, into the lumen. Charge balance is maintained by a
paracellular Na™ current

2.2 The Role of Ducts

As the primary saliva flows through the ducts, its ionic composition is changed by the
duct cells that line the duct. Primary saliva has a high [Na™] and [C1~] but a low [K™]
and [HCOj5 ] content. The duct cells replace the N at and C1~ with K* and HCOy5, so
that secondary saliva has a high [K*] and [HCO;3 ] but low [Na®]and [C]~]. However,
the duct cells are impermeable to water.

Ionic balance is not at steady state by the time the saliva emerges into the mouth.
We know this because the ionic composition of the secondary saliva depends on the
rate of saliva secretion, with higher rates of secretion causing a decrease in [K™*], and
an increase in [Na™] in the secondary saliva (Mangos et al. 1973a,b).

2.3 Calcium Dynamics

Because saliva secretion is initiated by a rise in cytosolic [Ca®*], it is important to
understand in detail the mechanisms that control [Ca2+], mechanisms that are common
to almost all cell types. At steady state, the cytosolic [Ca>t ] is low; Ca>* influx into the
cytoplasm is tightly controlled, while ATPase Ca>* pumps (SERCA pumps) actively
pump Ca®* from the cytoplasm into the endoplasmic reticulum (ER), resulting in a
resting [Ca2+] of around 50 nM, but a much higher [Ca2+] in the ER. Outside the
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Fig. 2 Time series of the mean fluorescence of the Ca2t indicator Fluo-4, averaged over a whole acinar
cell in an intact mouse parotid gland (Pages et al. 2019). These oscillations were stimulated by the agonist
carbachol, which binds to acetylcholine receptors. The fluorescence is closely related to [Ca2T], although
the relationship is not linear. It is a good working assumption that the fluorescence is an analogue of [Ca®t],
with oscillations with the same qualitative properties

cell, [Ca®*] is of the order of a few mM. In addition, the cytoplasm has many Ca™-
binding proteins, or Ca?* buffers, which contribute to the maintenance of a low resting
cytosolic [Ca®*].

Hence, the cell cytoplasm is under enormous Ca”>* pressure. If Ca>* channels in the
cell membrane or the ER are opened, then Ca>* will flow into the cytoplasm, quickly
raising the cytosolic [Ca’T]. Once these channels shut again, Ca>* is removed from
the cytoplasm by ATPase pumps, whereupon the influx channels reopen, leading to a
second rise in [Ca>T]. Repetition of this process results in repetitive spikes of increased
[Ca2™t], often called Cat oscillations.

One particularly important concept for understanding (and modelling) Ca>* oscil-
lations is the idea of the calcium toolbox. There are many types of Ca>t currents and
fluxes that can let Ca>* into the cytoplasm or remove it; these are the components of the
toolbox. Membrane Ca”>* channels allow Ca”* to flow from the interstitium into the
cytoplasm, while ER Ca>* channels (such as the inositol trisphosphate receptor, IPR,
or the ryanodine receptor, RyR) allow Ca”* to flow from the ER into the cytoplasm.
Similarly, there are Ca>* channels in other organelles such as the mitochondria and
lysosomes. Ca”* is removed from the cytoplasm by a range of different mechanisms,
principally ATPases in the ER membrane and the cell membrane.

Each of the toolbox components has its own model, many of which can be found
in Dupont et al. (2016). By using various combinations of these models, it is possible
to construct a wide range of different models of Ca>" oscillations, each adapted to a
particular cell type.

The toolbox components also have well-defined spatial distributions, which are
different for every cell type. By including these spatial distributions, it is possible
to construct spatially distributed models tailored for different cell types. In this way,
the study of Ca’T dynamics combines limited variety with almost infinite flexibility.
There are only a relatively small number of toolbox components, but they may be
combined in essentially an infinite number of ways, leading to an endless variety of
outcome.
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Typical Ca>* oscillations in an acinar cell from an intact mouse parotid gland are
shown in Fig.2. The overall shape is characteristic and seen in all responding cells
in the gland, although the frequencies and amplitudes show considerable variety. The
oscillations have a period of around 9 s, and are superimposed on a raised plateau.

2.4 Earlier Models

In our earlier work, we combined the above mechanisms into a unified spatially homo-
geneous model of saliva secretion, which was presented in detail in our previous review
(Sneyd et al. 2014).

1. Agonist stimulation leads to the production of IP3 which binds to IP3 receptors
(IPR) on the ER membrane, releasing Ca2" from the ER into the cytosol. The
IPR are restricted to the apical region (Kasai et al. 1993; Thorn et al. 1993; Thorn
1996; Nathanson et al. 1994; Lee et al. 1997), but IP3 diffuses quickly through the
cell. Hence, the IP3 (which is produced at the basal membrane where the agonist
receptors are located) is able quickly to activate the IPR at the other end of the
cell.

2. Modulation of the production and degradation of IP3 by Ca’>* leads to a feedback
loop that results in an oscillation of cytosolic [Ca®*].

3. These Ca’T oscillations activate C1~ channels in the apical membrane and K+
channels in the basal membrane. C1~ flows into the lumen, while cytosolic C1™
is maintained by the influx of C1™ through the NKCCI1 cotransporter in the basal
membrane.

4. The osmotic gradient set up by these C1~ fluxes drive the flow of water through
the cell, from the interstitium to the lumen.

3 Recent Developments in Modelling Salivary Acinar Cells

Not surprisingly, the model as described above has had to be modified extensively as
new experimental data have appeared, often in direct response to questions posed by
the modelling.

3.1 Calcium Dynamics

One important parameter in the model is the exact spatial distribution of the IPR. It has
been known for some years that the IPR are situated in the apical region of the acinar
cell (Kasai et al. 1993; Thorn et al. 1993; Thorn 1996; Nathanson et al. 1994; Lee et al.
1997), but limited resolution in the data meant that it was only possible to say that the
IPR were within approximately 200 nm of the apical CICa channels. This supported
the construction of models in which Ca>* was able to modulate the rate of production
and/or degradation of IP3, leading to positive or negative feedback that could result
in oscillations. Such models are called Class II models (Dupont et al. 2016); we had
already successfully tested predictions from a Class II model in a pancreatic acinar
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Fig. 3 Upper left panel: maximum projection of a confocal z stack (vertical resolution of 7 um) showing
CICa channels (TMEM 16a) and type 3 IPR. The entire section was 80 pm thick. Lower left panel: maximum
projection of a stimulated emission depletion (STED) image. The STED image clearly shows that the
proteins have distinct localisation. Right panel: Huygens deconvolution of the boxed region of the STED
merged image. Scale bars = 5 um

cell (Sneyd et al. 2006) which was additional motivation for using a Class II model
for a parotid acinar cell, which is similar to a pancreatic acinar cell in many ways.

However, using Leica STED superresolution microscopy (Pages et al. 2019) we
were able to show that the IPR and the CICa channels are nearly always located not
further than 50 nm from each other, and, furthermore, appear to be organised in puncta
rather than being spread homogeneously through the apical region (Fig. 3). The spatial
distribution of the IPR is critical, as they are the site of Ca>* release. In a Class II
model, the Ca?t released from the IPR must be able to stimulate further production
of IP3, which can occur only at the basolateral membrane (as this is where PLC is
located). This means that the sites of Ca>* release and IP3 production cannot be too
far apart. The old Class IT model, which always struggled to cope with the requirement
that the IPR were within 200 nm of the apical membrane, was completely beaten by
the new figure of 50 nm, and it became clear that our hypothesis for the mechanism
underlying the Ca®* oscillations was incorrect.

Our new model of Ca®T oscillations in parotid acinar cells is a so-called Class I
model, in which oscillations appear via modulation by Ca®>* of the IPR open proba-
bility (Dupont et al. 2016). Although in many Class I models this modulation takes
the form of fast activation by Ca>* followed by slower inactivation by Ca>*, our latest
IPR model (Cao et al. 2013; Sneyd et al. 2017) has a different mechanism. The IPR
is still activated quickly by Ca?T, but the inactivation of the IPR is now a result of
the time-dependent rate at which the IPR responds to changes in [Ca’*]. Although
the overall behaviour is very similar to that of older Class I models, the underlying
physiological assumptions are quite different.

With this new model, the apical region of the cell essentially turns into a pacemak-
ing region. Ca>* oscillations are generated, entirely within the apical region, by the
interactions between Ca>* and the IPR, and these oscillations are propagated as waves
throughout the cell by a secondary excitable mechanism, based either on ryanodine
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receptors or a different type of IPR (Pages et al. 2019). The Ca’T oscillations in the
apical region activate the ClCa channels, while the propagated Ca>* waves activate
the basal KCa channels.

3.2 Chloride Reuptake

Another critical component of the saliva secretion mechanismis C1~ reuptake. The C1™
that is lost to the lumen across the apical membrane must be replenished by CI™ entry
across the basal membrane. Approximately 70% of this reuptake is accomplished by
the NKCC1 cotransporter which bringsin 1 Na™, 1 K+, and 2 C1~ ions per cycle (Evans
et al. 2000). However, the remaining 30% of CI™ reuptake is HCO; dependent, and
involves two anion exchangers, AE2 (Slc4a2) and AE4 (Slc4a4) (Pefia-Miinzenmayer
etal. 2015). Both AE2 and AE4 bring CI™ into the cell and take HCO; out, but AE4
anion transport is also linked to Na™ exit.

The AE2 exchangers are paired with the NHE1 Na™/H™ exchangers, in a complex
that allows for the control of intracellular pH, the removal of HCO3 and Nat, and
reuptake of C1™.

Although both AE2 and AE4 are functionally expressed in salivary acinar cells and
thus potentially involved in CI™ reuptake, Pefia-Miinzenmayer et al. (2015) showed
that, surprisingly, knockout of AE2 had no effect on saliva secretion, while knockout
of AE4 decreased saliva secretion by approximately 35%. The most likely explanation
for this discrepancy was the cotransport of Na™ by the AE4, but it was not clear why
such cotransport would make such a large difference.

This puzzle was explained, at least in part, by Vera-Sigiienza et al. (2018) who
showed quantitatively how increased AE4 activity can compensate for the loss of AE2
activity. However, the loss of Na™ transport when the AE4 are knocked out turns out
to be critical; since the AE2 do not exchange Na™, they are unable to compensate for
the loss of AE4 activity, and thus, C1™ reuptake and saliva secretion are impaired upon
AE4 knockout.

3.3 Potassium Channels and Pumping

In the traditional view of saliva secretion, KCa channels on the basolateral membrane
are responsible for maintaining cell depolarisation during the efflux of CI™ into the
lumen. Since there is very little K in primary saliva, it was thought that there could be
few, if any, K™ channels in the apical membrane, as otherwise it was thought that there
would necessarily be significant levels of KT in the primary saliva. Furthermore, there
was no evidence for the presence either of functional K™ channels or NaK ATPases
in the apical membrane.

This belief was challenged by Almadssy et al. (2012) who used flash photolysis
of caged Ca>" to demonstrate the presence of functional KCa channels in the apical
membrane of parotid acinar cells. Although modelling studies demonstrated that the
presence of some K channels in the apical membrane could increase the total amount
of saliva produced (Palk et al. 2012), there remained no explanation of how this could
result in primary saliva with very low [K™].
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Fig. 4 New model of saliva secretion is similar in most respects to the traditional view discussed above,
but with some important differences. Ca2t is accumulated by the NKCCI1 cotransporter and the AE4 anion
exchanger, both of which are in the basal membrane. Upon agonist stimulation, IP3 diffuses through the
cell to the apical membrane where it binds to IPR located within 50 nm of the apical membrane. The apical
region acts as a pacemaker, generating Ca?t oscillations locally via Ca?* modulations of the IPR open
probability, and these oscillations are propagated across the cell by a secondary active mechanism, which
could be either RyR or a different type of IPR. Kt channels in the apical and basal regions maintain
membrane depolarisation as Ca?t flows into the lumen, and lumenal [K*] is kept low by apical NaK
ATPases

This discrepancy was partially resolved by Almadssy et al. (2018) who showed
that the apical membrane of parotid acinar cells contains both K* channels and NaK
ATPase pumps, thus providing a mechanism for transport of K™ into and out of the
lumen. In the same paper, a mathematical model of this new mechanism showed how
the lumenal [K*] could be decreased approximately threefold by the NaK ATPase
pumps in the apical membrane, while maintaining approximately 40% of the total
cellular K™ conductance in the apical membrane.

3.4 Summary of New Model

Our new model, incorporating the changes described above, is shown in Fig.4. The
major differences from the traditional model discussed above are, firstly, the presence
of a substantial KCa current, as well as NaK ATPases, in the apical membrane, and,
secondly, the tight clustering of the IPR with the apical CICa channels.
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Fig.5 A typical frame from a z
stack of confocal slices. The
NaK ATPases are shown in red
(giving the position of the basal
membrane), while the apical
CICa channels are shown in
green (giving the position of the
apical membranes). By stacking
multiple such frames a
three-dimensional picture of the
group of cells, together with a
branched lumen, can be
reconstructed

4 Solving the Acinus Model

An important feature of our model was the construction of a three-dimensional finite
element mesh upon which the model equations were to be solved. The mesh was based
on z stacks of confocal slices with the apical and basal membranes labelled (Pages
et al. 2019). The basal membranes were determined by labelling the NaK ATPase,
while the apical membranes were determined by labelling the C1Ca channels.

A typical frame from the z stack is shown in Fig. 5, with the NaK ATPase shown in
red and the ClCa channels shown in green. Each membrane component can be traced
(this was initially done manually) and then combined into a three-dimensional mesh.
Each cell has well-defined apical and basal regions, and the boundaries between cells
are conformal, in that the same set of boundary mesh points are in both the neighbouring
cells. This allows for the computational solution of models with intercellular fluxes;
thus, the model incorporates the intercellular diffusion of both Ca?* and IP3, so that
the cells are coupled.

The final grid (with an idealised lumenal structure) is shown in Fig.6. In each
cell, the apical region has a finger-like structure and sits between two different cells,
while the overall structure of the lumen is similar to that of a tree. When considering
this reconstruction it is important to keep in mind a number of things. Firstly, it is
an idealisation only, based on a semi-manual reconstruction from the experimental z
stack. Thus, one would necessarily expect there to be deviations from the structure of
the actual cells. Secondly, the lumen is not a structure in its own right, it is instead
simply a gap between cells. Here, the gap is drawn as a cylinder, but that is merely a
simplification for the sake of clarity. In an alternative reconstruction the lumen has a
varying width. Thirdly, important cell types, such as the myoepithelial cells and the
duct cells, are entirely missing. Finally, the IPR are clustered within 50 nm at most
of the apical membrane and thus display the same fingerlike structure as the lumen.
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Fig.6 Three-dimensional grid of seven acinar cells, together with an idealised reconstruction of the lumenal
structure. The lumen is colour-coded according to the colours of the cells that border each lumenal segment.
It is important to keep in mind that the lumen is not a stand-alone structure; it is simply the gaps between
cells. The top left panel shows the isolated lumen; the top right panel shows how a single cell fits between
the branches of the lumen; the bottom left panel shows how three cells fits in the lumenal branches; the
bottom right panel shows a view of all seven cells, with the lumen now almost entirely obscured

However, other receptors and channels are distributed uniformly over the appropriate
membrane.

The model equations (given in full detail in Pages et al. 2019; Vera-Sigiienza et al.
2019, 2020) are solved on the 7-cell structure shown in Fig.6. Ca’t and IP3 obey
reaction—diffusion equations inside each cell and can move between cells at a rate that
is proportional to the local concentration difference. All the cytosolic ions, with the
exception of Ca>*, are assumed to diffuse so fast that they can be treated as spatially
homogeneous, but the apical and basal membrane potentials are modelled separately.
Because of buffering, the effective diffusion coefficient of Ca’T in the cytoplasm is
low, allowing for significant intracellular [CaZt] gradients. Fluid flow inside the lumen
is highly simplified, being described simply by a total flow in response to changes in
inflow and outflow. Pressure in the lumen is not included in the model.

The volume of the cell is computed also, and incorporated in the reaction—diffusion
equations. However, our modelling of changes in volume is highly simplified; we do
not recompute the mesh for each change in volume, we simply scale the diffusion
coefficients and transport rates as needed. Since we have no information on how the
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Fig. 7 Typical model results from cell 6 (Vera-Sigiienza et al. 2020). Results from the other cells are
qualitatively similar. Left panel: time series of [CaZt], spatially averaged over the apical and basal regions.
At this resolution is it difficult to tell the difference between the apical and basal responses, but they are
not identical. Right panel: the resting and stimulated rates of saliva secretion. Full details of the model
output, including the apical and basal membrane potentials, and the cytoplasmic and lumenal concentration
of Nat, K and Cl1~, can be found in Vera-Sigiienza et al. (2020)

shape of the acinar cell and the lumen changes as the cell shrinks, this is the simplest
approach, requiring the fewest assumptions.

5 What Have We Learned from the Model?

Solution of the model equations gives Ca>* responses and fluid flow that closely
resemble data. A typical result (from cell 6) is shown in Fig.7. In the apical region
[Ca®*] oscillates with a period of about 8 s and each oscillation initiates a travelling
wave of Ca’* (not shown in the figure) which travels to the basal region, giving
basal [Ca2+] oscillations with the same period and almost identical amplitude. The
oscillations are superimposed on a raised baseline. Slight variations in amplitude are
caused by intercellular coupling of nonidentical oscillators. Because each cell has a
different shape and thus makes a different amount of IP3 and has different numbers
of IPR, each cell has a different oscillation period and amplitude. Since the cells are
coupled by the intercellular diffusion of both IP3 and Ca®* (although the intercellular
diffusion of Ca?" has no discernible effect) these differences in oscillation period
cause slight variations in the amplitude and period of the oscillations inside each cell,
as expected from the general theory (Neu 1979; Ermentrout and Kopell 1984; Kopell
and Ermentrout 1986, 1990; Mirollo and Strogatz 1990; Kuramoto 2003).

5.1 Oscillation Period is Unimportant

The usual theory of Ca®* oscillations holds that the oscillations are a frequency-
encoded signal; since a sustained rise in [Ca2+] is toxic to cells, the best way for a
cell to use Ca’* as an intracellular messenger is to carry the signal encoded in the
frequency (Berridge and Galione 1988; Cuthbertson 1989; Berridge 1990; Thul et al.
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2008; Dupont et al. 2011). There is considerable evidence from multiple cell types that
this is indeed the case for many signalling pathways (Gu and Spitzer 1995; Dolmetsch
et al. 1998; Li et al. 1998; Watt et al. 2000; Nash et al. 2002).

However, this does not appear to be the case for salivary acinar cells. The model
predicts that, for a given average [Ca2T], the rate of saliva secretion is almost entirely
independent of oscillation frequency (Vera-Sigiienza et al. 2020). Because it is difficult
to measure accurately the water flow through a single cell, this prediction yet remains
untested. However, the prediction is supported by preliminary intravital measurements
(i.e. measurements in a living mouse, as discussed later) from mouse submandibular
acinar cells which suggest strongly that the average [Ca’>*] increases with increased
stimulation, with little change in frequency. Thus, the rate of saliva secretion, which
increases with increased stimulation, appears to depend on the average [Ca’*] rather
than the Ca”* oscillation frequency.

5.2 Do We Need a Multiscale Model?

Our multiscale model incorporates many known features of saliva secretion (par-
ticularly in the parotid gland), ranging from properties of the IPR measured at the
single-channel level (Siekmann et al. 2012; Cao et al. 2013) through to responses
across multiple cells. It includes a range of membrane ion transport mechanisms that
control intracellular ion concentrations and pH, and is based on an anatomical recon-
struction so that the model is solved in a realistic domain.

Although these might seem like model advantages, this is not necessarily so. The
full model is complex to program and takes a long time to run (a full run can take
well over a day), which is potentially a serious problem. We wish to use the model
to investigate how saliva secretion depends on a range of parameters, and to predict
the outcome from a range of pathological situations. In addition, ideally we want to
predict the fluid flow from an entire salivary gland, not just from the 7 cells chosen in
this reconstruction. However, since it takes many hours to solve the model on only 7
cells, solving the model on 10,000 cells is not possible. Neither is it realistic to perform
many hundreds of simulations, testing various parameter values and interventions.

On the other hand, we can have some faith in the predictions from this model. After
all, predictions from a simple, but inaccurate model are easily obtained, but useless.

We attempt to resolve this conundrum by determining how far the full model can
be simplified while still retaining the essential model behaviour. We emphasise that
by “essential behaviour” we mean the total amount of fluid secreted by the group of
cells. If a simplification of the model causes significant changes to the responses of
individual cells, but no significant change to the average amount of fluid secreted by the
acinus, then we claim that the essential behaviour is preserved by the simplification.

It turns out that the vast majority of the model complexity can be omitted without
a significant change to the model predictions.
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5.2.1 The Lumenal Structure is Unimportant

We have previously shown that, in the limit as the membrane permeability to water
gets large, and the osmotic gradient gets small, cells that are coupled by a common
lumen act essentially as a single super-cell (Maclaren et al. 2012). In this case, the total
amount of fluid secreted by N coupled cells is just the sum of the fluid secreted by
each cell acting independently. Although this is theoretically true in the limit, it was
unclear how accurate this would be in a more realistic situation. It turns out that, in our
model, the membrane permeability to water is high enough, and the osmotic gradient
is low enough, that this situation holds in most cases (Vera-Sigiienza et al. 2020).
Simulations of a simplified version of the model, in which each cell is independent of
the others (and not coupled via the common branching lumen shown in Fig. 6), show
that total fluid flow (mostly) remains practically unchanged.

This result is not an artefact of our particular lumenal topology. When the model is
computed for an arbitrary selection of different lumenal topologies (i.e. with the cells
connected by a common lumen in a different way), the total fluid flow is the same in
each case (Vera-Sigiienza et al. 2020), and in each case is equal to the flow that would
be generated by 7 cells acting independently.

The exception to this general rule is for model cells that demonstrate spontaneous
Ca** oscillations at rest. In the model this can happen when the cell is small, but this
is an artefact of parameter selection, as we did not parameterise the model differently
for every cell, thus avoiding any hint that our results depend on careful cell-dependent
parameter selection. However, in an actual salivary gland we have not seen any evi-
dence that any cells exhibit spontaneous Ca>T oscillations at rest.

The reason for this exception is that, if an isolated cell has a spontaneous Ca?t
oscillation at rest (and thus significant fluid flow at rest), this oscillation can disappear
when the cell is connected to others via a common lumen. In this case, the coupling
via a common lumen has a significant effect on the resting fluid flow, although no
significant effect on the fluid flow when all the cells are stimulated.

5.2.2 Spatial Structure and Intercellular Communication are Unimportant

If the internal spatial structure of each cell is ignored and the Ca>* dynamics modelled
with an ODE rather than a PDE, there is very little difference in total fluid flow.
There are two slightly different ways of constructing an approximate ODE; firstly, one
can simply model the cell as a homogeneous region, making no distinction between
apical and basal regions, or, secondly, one can model the cell as two coupled spatially
homogeneous regions, corresponding to the apical and basal regions. In either case,
the total fluid flow of the acinus is almost unchanged (Vera-Sigiienza et al. 2020).

More surprising, perhaps, is the result that the intercellular diffusion of Ca?* and
IP3 makes no significant difference to the total fluid flow. Intercellular diffusion of
Ca’* makes little difference to anything at all; this is because any Ca®* that gets
through a gap junction (which are assumed to be homogeneously distributed on the
lateral surfaces of each cell) is quickly bound by Ca>* buffers.

However, intercellular diffusion of IP3 has a significant effect on the intracellular
Ca®* dynamics of each cell, particularly at low coupling strength. This is because each
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Fig. 8 Model oscillations from a single independent cell (Pages et al. 2019), showing the effect of incor-
porating changes in cell volume. If the volume of the cell is artificially held constant, the model oscillation
is slower and not superimposed on a raised plateau. The concentrations are averaged over the apical and
basal regions

cell is an autonomous oscillator with a period different to that of its neighbours. When
non-identical oscillators are coupled, we know from the general theory that when
the coupling strength is high the oscillators can synchronise, but when the coupling
strength is lower (but not zero) much more complex behaviour can appear (Torre
1975).

Although this general result remains true in our model, the overall fluid flow simply
doesn’t care. The details of the oscillations in each cell might change, but the average
[Ca?*] doesn’t change greatly, and that is all that matters for the fluid flow. Thus,
even at high intercellular coupling strength, when the individual cellular oscillators
are significantly perturbed by their neighbours, total fluid flow remains unaffected.
This is true for all stimulation levels.

5.3 The Change in Volume is Critical

As it transports water, each cell shrinks in volume by approximately 30% (Foskett and
Melvin 1989), and this effect is incorporated into our model. Indeed, it’s not possible
to construct a model of water transport without taking the volume change into account.
In our model, the change in volume is included both in the water transport equations
and in the Ca?* dynamics equations. Surprisingly, it turns out that the change in
volume upon stimulation plays a significant role in the Ca’>* dynamics. When volume
changes are not incorporated in the Ca>* dynamics model, the Ca>T oscillations have
a much larger period and are not superimposed on a raised baseline (Fig. 8). However,
incorporation of volume changes into the Ca>* model changes the oscillations into
the form seen experimentally.

It follows that the Ca®t dynamics of a salivary acinar cell cannot be understood
independently of an understanding of water transport; these two processes are inex-
tricably linked.
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Fig.9 Schematic diagrams of two different kinds of duct cells (Fong et al. 2017). The upper panel describes
a duct cell that allows for transcellular and paracellular water transport, while the lower panel describes a
duct cell that allows no water transport. ENaC is the epithelial Nat channel; CFTR is the cystic fibrosis
transmembrane regulator anion channel that allows both CI™ and HCO5' current; BK is the usual K+ channel

(i.e. not the Ca2+—dependent version seen in acinar cells); NHE1 and NHE3 are Nat/Ht exchangers; NBC
isa Na"'/HCO; cotransporter; K channel is a generic unspecified K channel

6 Recent Developments in Modelling Salivary Duct Cells

Less is known about salivary duct cells than about salivary acinar cells. The traditional
view of them is that they mostly just transport Na™ and C1~ out of the duct, and K
and HCOj into the duct, while remaining impermeable to water. There are two major
types of duct cells; intercalated duct cells, which are closer to the acinus, and striated
duct cells, which are further downstream. There is evidence that intercalated duct cells
transport water (Lee et al. 2012; Hong et al. 2014), although less than acinar cells do,
but there remains general agreement that striated duct cells are impermeable to water.

The secondary saliva that flows out of the ducts and into the mouth is hypotonic
to the interstitium, which explains why much of the duct must be impermeable to
water. If it wasn’t, then water would be drawn out of the duct by osmosis, leading to
a decrease in saliva secretion.
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Recent developments in gene therapy to treat xerostomia arising from irradiation
for head and neck cancers have motivated a more detailed understanding of how duct
cells work. Briefly, in the 1990s it was conjectured that transferral of the gene for the
human hAQP1 aquaporin (water channel) to salivary ducts which had been damaged
by irradiation might be able to restore salivary function, at least partially (Baum et al.
2006, 2010, 2017). This was first shown to work well in rats and minipigs, and around
2012 a clinical trial showed that this therapy would also work in humans (Gao et al.
2010; Baum et al. 2015).

However, given current understanding of how the ducts work, this outcome was
rather a puzzle. It was thought that the aquaporins were mostly ending up in the duct
cells, thus making them permeable to water, but it was not clear why this didn’t result
in water leaving the ducts, rather than entering them.

An initial model by Patterson et al. (2012) was later modified and extended by
Fong et al. (2017) (Fig.9), based largely on the qualitative model of Lee et al. (2012).
They concluded that, firstly, the hAQP had to be transfected only into the intercalated
duct cells, and that transfection of the gene also changed the expression of other
ionic transport mechanisms. For example, the model predicted that, after transfection,
the nonsecretory duct cells would have fewer ENaC and CFTR channels, but more
apical NHE exchangers. These model predictions have not yet been tested, and neither
have they been rigorously tested for robustness. Hence, it is fair to say that our current
understanding of how ducts work, either before or after transfection, remains uncertain.

7 The Next Generation of Models

Most recently (in early 2020), exciting new data have appeared that threaten to overturn
yet again our ideas of how salivary acinar cells work.

Developments in genetic manipulation and microscopy have now made it possible to
measure, at high spatial and temporal resolution, Ca>* responses in the submandibular
gland of a living mouse, in response to direct neural stimulation. Since all previous
results were from isolated cells or glands, and the responses were stimulated by direct
application of agonist to the cells, this is the first time it has been possible to determine
salivary gland Ca®* responses in a realistic physiological setting.

Preliminary results are surprising in two particular ways.

1. It appears that, in response to neural stimulation ranging from 2 to 10Hz, the
[Ca?t] in submandibular acinar cells oscillates with a period of around 1 s, much
faster than the oscillations seen in isolated cells or glands (in response to direct
application of agonist). These fast oscillations still occur on a raised baseline.
Preliminary results are shown in Fig. 10.

2. The fast oscillations described above occur principally in the apical regions of the
cell, and do not appear to be propagated to the basal regions to any significant
extent. Preliminary results are shown in Fig. 11.

Clearly, these new data paint a very different picture than the older data from isolated
cells and glands. The Ca’* oscillations seem no longer to be periodic intracellular
waves, being far more spatially restricted, and their frequency is much higher.
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Fig. 10 Preliminary data from intravital measurements of CaZt oscillations in acinar cells from the sub-
mandibular gland acinar cell of a living mouse. (These data are a low-resolution version of more extensive
high-resolution data that are submitted for publication.) The oscillations were initiated by neuronal stimu-
lation, which results in the release of acetylcholine. Neuronal stimulation was SmA at 5Hz, for 12, and
responses were measured at 2 fps. The 6 cells are all from different acini. These intravital oscillations were
stimulated by activation of the same receptor as those from an intact gland, as shown in Fig. 2, but their
frequency is significantly higher
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Fig. 11 A still image from a video of intravital Ca?t oscillations in acinar cells from the submandibular
gland of aliving mouse, in response to neuronal stimulation. (These data are alow-resolution version of more
extensive high-resolution data that are submitted for publication.) The majority of the cells demonstrate
Ca27 oscillations only in their apical regions

We must, of course, keep in mind that the new data are from the submandibular
gland, not the parotid gland, and thus, it is possible that Ca’* oscillations in parotid
gland acinar cells (in living animals) are similar to those observed in isolated parotid
acinar cells and glands. However, because of the extensive similarities between parotid
and submandibular acinar cells, this is not the most plausible way to resolve the
discrepancies between the old data and the new. It is more likely that the discrepancies
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are caused by the fact that, in the living animal, the cells are stimulated directly by the
nerves, as would occur physiologically.

7.1 The Proposed New Paradigm

It is particularly interesting that our new observations of Ca®t signalling in sub-
mandibular acinar cells are consistent with previous work on the spatial positioning
of the KCa channels and the NaK ATPase pumps.

As we discussed above, there is mounting evidence that the apical membrane of
acinar cells contains KCa channels and NaK ATPase pumps, in addition to the ClCa
channels. Our new intravital data suggest why this should be so. First, we note that,
since the CICa current moves the membrane potential towards the Nernst potential of
CI™ (in which case the C1™ current would stop), the cell requires the activation of K™
channels to counterbalance the C1™ current. However, in the absence of a propagated
Ca’* wave across the cell, KCa channels can only be activated if they are in a region
where the [Ca”*] increases, i.e. in the apical region. Thus, our new data suggest that the
cell will secrete water properly only if the apical region has a substantial KT current.
This apical K™ current, rather than being a non-critical byproduct of the modelling
studies, now appears to have morphed into a critical feature.

In addition, since we still know that the primary saliva is low in K+, the KT that
flows into the lumen needs to be removed, and this appears to be the function of the
apical NaK ATPase pumps.

Thus, all these results are converging to a new version of saliva secretion in sali-
vary gland acinar cells, as illustrated in Fig. 12. In this new model the regulation of
water transport occurs almost exclusively in the apical region; because of their spa-
tial proximity, the Ca>* released from the IPR has enhanced access to the two critical
Ca”*-dependent ion channels that control the membrane potential and the C1~ current.

There is, as yet, no quantitative description of this proposed new model, so it
remains unclear how well this new approach will deal with the harsh requirements of
a stable cell volume and electroneutrality. Although it is also unclear whether or not
our previous conclusions about the unimportance of the spatial structure of the acinar
lumen will remain accurate, it is a reasonable first guess that they will. Finally, it is
plausible that intracellular spatial variation of [Ca>*] will be even less relevant in a
new model of an acinar cell; we thus anticipate that an ODE model of the apical region
of the cell, coupled to the water transport mechanisms as before, will be an accurate
and predictive model.

Many spatial questions remain, also. For example, what exactly is the spatial pattern
of ACh released by neuronal stimulation? Is each acinus innervated equally, and does
each acinar cell receive the same level of agonist stimulation? Does it matter if they
do, or don’t?

7.2 What About Duct Cells?

So far we have concentrated our attention on the next generation of models of the
salivary acinar cells, simply because more is known about them. However, new data
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Fig. 12 A proposed new hypothesis for saliva secretion in salivary acinar cells. The only difference from
the model shown in Fig.4 is that there is now no Ca?t wave propagated across the cell, from apical to
basal, and thus, all the necessary Ca2t-modulated ion channels now reside in the apical region. They can
also exist in the basal membrane but do not need to be activated to a significant extent. No quantitative
description of this proposed model yet exists

are beginning to appear from duct cells now also, again in the submandibular gland.
These new data take time to collect as they rely on mouse genetic constructs which
take time to breed and grow, but preliminary data are already good enough for us to be
able to start the construction of three-dimensional models of acini and ducts together.

Given that one of our major conclusions is that the spatial structure of the lumen is
not important, and given also that our new understanding of how an acinar cell works
suggests that the intracellular structure is also unimportant, why would we bother at
all with constructing three-dimensional models of a combined acinus and duct?

There are two principal answers to this question. Firstly, we still do not know if
our previous conclusions will stand the test of the new model, based on our new data.
Secondly, we also do not know how spatial structure affects the function of the duct.
Although we might suspect it has little effect, we will not know for sure unless we test
it.

On the other hand, our previous mesh construction methods were partially manual
and very time-consuming; it would not seem to be a good use of time to continue with
such slow (although accurate) approaches if our expectation is that the spatial structure
will have little importance. We have thus developed a method for the fully-automated
construction of a three-dimensional mesh of a combined acinus and duct with the
correct spatial statistics on average, as determined from the data. Any particular mesh
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will not be an accurate description of any particular group of cells, but it will have the
correct average properties. This work remains ongoing.

One of the first questions to be addressed by this new generation of duct models is
whether or not our predictions from the simplified model (Fong et al. 2017) of hAQP
transfection remain valid in a more accurate model. In addition, the robustness of these
predictions with respect to spatial structure needs to assessed carefully.

8 Conclusions

Over the past 15 years or so, our combined theoretical/experimental work has taught
us a great deal about how saliva secretion works, and we are on the verge of the
next generation of results and models. Even more importantly, we are on the verge of
discovering much more about how saliva secretion works in living animals, in response
to physiological patterns of neuronal stimulation.

From the modelling point of view, one of our most important results has a rather
negative flavour. We have strong evidence that a multiscale model is not necessary if
the goal is to understand how much saliva is secreted. The Ca’* dynamics in individual
cells are dependent on a host of factors, including intercellular permeability to IP3,
and the size and structure of the apical and basal regions. Nevertheless, it appears that
each acinar cell simply averages out the [Ca>"] in the apical region of the cell, and
pays almost no attention to the fine structure of the Ca>* oscillations. The oscillation
period, for example, plays no significant role in determining the rate of saliva secretion.
In addition, the fine spatial structure of the acinar lumen appears to play no significant
role in determining the rate of saliva secretion.

In short, if one cares only about calculating how much primary saliva is going to be
produced, one might as well simply write down an ODE for the apical region of each
cell, calculate the fluid flow for each cell independently, and then add them all up.

It is somewhat ironic that we had to construct a multiscale three-dimensional model
to show that we didn’t need one.
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