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Abstract

We construct a mathematical model of the parotid acinar cell with the aim of investigating how the
distribution of K* and CI~ channels affects saliva production. Secretion of fluid is initiated by
Ca?* signals acting the Ca2* dependent K* and CI~ channels. The opening of these channels
facilitates the movement of CI™ ions into the lumen which water follows by osmosis. We use
recent results into both the release of Ca2* from internal stores via the inositol (1,4,5)-
trisphosphate receptor (IP3R) and IP3 dynamics to create a physiologically realistic Ca2* model
which is able to recreate important experimentally observed behaviours seen in parotid acinar
cells. We formulate an equivalent electrical circuit diagram for the movement of ions responsible
for water flow which enables us to calculate and include distinct apical and basal membrane
potentials to the model. We show that maximum saliva production occurs when a small amount of
K* conductance is located at the apical membrane, with the majority in the basal membrane. The
maximum fluid output is found to coincide with a minimum in the apical membrane potential. The
traditional model whereby all CI™ channels are located in the apical membrane is shown to be the
most efficient CI~ channel distribution.
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1. Introduction

Saliva production is an important process for both digestion and oral health. Problems with
salivation can cause issues with dental cavities, oral pain and infections. In mastication, an
adequate supply of saliva is needed to provide lubrication to the mouth and facilitate
swallowing. Humans and most mammals possess three major pairs of salivary glands
(parotid, sublingual and submandibular). The parotid gland is the largest of these, and is also
the only major salivary gland that produces purely serous fluid, with the other glands
producing mucous. The structure of the parotid gland consists of bunches of acini connected
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by ducts. Each acinus comprises several epithelial parotid acinar cells secreting fluid into a
shared lumenal cavity. The salivary fluid passes from the lumen of the acini into a branching
network of ducts, where it is collected and travels to the mouth. Dysregulation of fluid
secretion from the parotid acinar cells can lead to conditions such as xerostomia (dry
mouth), where sufferers experience pain with eating and speech because of a lack of saliva.

Fluid is known to travel through the parotid cells by the process of osmosis. Given a
membrane impermeable to ions but permeable to water, water will flow from the area of low
ionic concentration to that of high concentration. The parotid gland must maintain an ionic
gradient, increasing from the interstitium, to the cytoplasm and then into the lumen, to
facilitate water movement through the cell to the duct. Whilst maintaining this gradient the
acinar cells must avoid accumulation of too much water in the cell, as the cell membrane is
incapable of sustaining any significant pressure difference.

Existing models for fluid flow through the parotid acinar cell place K* channels exclusively
in the basolateral membrane (Gin et al. (2007), Nauntofte (1992), Turner et al. (1993),
Turner and Sugiya (2002)). However, there is building evidence for the existence of K*
channels in the apical membrane (Sgrensen et al. (2001) find apical K* channels in frog skin
glands, Catalan and Melvin [Unpublished] in parotid acinar). Cook and Young (1989)
looked at adding apical K* channels to a model with constant ionic concentrations and
steady state currents. We aim to investigate how the distribution of K* channels changes the
saliva production of the parotid acinar cell in a dynamic model where salivation is initiated
by Ca2* signalling.

We use the currently accepted model for saliva production (see Nauntofte (1992) for a
review) where the movement of ClI™ into the cytoplasm and then into the lumen creates a
concentration gradient which water follows by osmosis. In this model the basolateral
membrane contains a Na*-K*-2CI~ cotransporter (NKCC), a Na*-K*-ATPase (NaK) and a
K* ion channel. CI~ moves into the cell via the NKCC and then moves through Ca2*
sensitive apical CI~ channels into the lumen. The Na* and K* ions are removed from the cell
by K* channels and the NaK pump. See Figure 1 for a diagram of the model used.

Calcium (Ca?*) plays a critical role in epithelial tissue as a second messenger activating
fluid flow. Previous models have investigated Ca2* signalling in a variety of epithelial
tissues including airway epithelium (Sneyd et al. (1995), Warren et al. (2010), Warren et al.
(2009)). As Ca?* concentration increases in parotid cells the ionic channels at the basal and
apical membrane open and fluid production is seen to increase. The salivation process is
initiated in the otic ganglion parasympathetic nerve which runs from the brain to the parotid
gland. When stimulated, for example when we smell food, these nerves release
acetylcholine, which binds to receptors on the cell surface, leading to the production of
inositol (1,4,5)-trisphosphate (IP3) in the cytoplasm. The raised IP3 concentration releases
Ca?* from internal stores in the endoplasmic reticulum (ER). As Ca%* concentration
increases in parotid cells the ionic channels at the basal and apical membrane open and fluid
production is seen to increase. We create a model for intracellular CaZ* using recent results
relating to the release of Ca2* from internal stores via the inositol (1,4,5)-trisphosphate
receptor (IP3R) and the dynamics of IP3. Feedback of Ca2* on the degradation of IP5 is the
mechanism which our model uses to recreate Ca2* oscillations.

Insight into the role of the K* channel distribution in determining the rate of water transport
in the parotid cell is gained by observing the apical and basolateral membrane potentials
during simulations with and without the addition of apical K* channels.
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2. The model

2.1. Model assumptions and notation

2.2. Calcium

We introduce a subscript notation for ionic concentrations, with [x];, [X]i, [X]e, [X]er denoting,
respectively, cytosolic, luminal, interstitial and ER concentrations of an ion x. We assume
the ionic concentrations in the interstitium stay constant, while the concentrations in the
cytoplasm and lumen change as a result of the ion movements seen in Figure 1. Stepwise
increases in total ionic concentrations from the interstitium to the cytoplasm and then to the
lumen result in fluid flow by osmosis into the lumen. Any difference between water flow
into or out of the cell causes changes in cell volume and thus cytosolic volume, w, is also a
variable of our model. Volumes of the ER, wg,, and the lumen w,_are constant and given as
fractions of the unstimulated steady-state cytosolic volume, wpg.

dynamics

In an earlier model of the parotid acinar cell by Gin et al. (2007) Ca2* oscillations were
found to depend on cell volume oscillations. It seems unlikely that parotid cells require
oscillating volume to display Ca2* oscillations. Indeed, many cell types which do not
transport fluid, and hence have a fixed volume, exhibit Ca2* oscillations. Therefore we aim
to produce a model where Ca?* oscillations can be shown not to depend on oscillating cell
volume.

We use a recent model of the inositol (1,4,5)-trisphosphate receptor (IP3R) by Gin et al.
(2009) and a model of inositol (1,4,5)-trisphosphate (IP3) dynamics by Politi et al. (2006)
with the aim of reproducing Ca2* behaviour seen experimentally. Ca2* is stored in the ER
and is released via Ca?* and 1P3-dependent channels into the cytoplasm. Ca2* influxes and
effluxes are also present from the interstitium to the cytoplasm. A schematic diagram of our
Ca?* model is shown in Figure 2.

Two feedback mechanisms have been found capable of creating Ca2* oscillations. In one,
Ca?* feeds back on the inositol (1,4,5)-trisphosphate receptor (IP3R), and in the other Ca2*
feeds back on IP3 metabolism. This second feedback mechanism can be positive or negative
in nature, with Ca%* increasing 1P production or increasing IP3 degradation. Sneyd et al.
(2006) found that in pancreatic acinar cells Ca?* oscillations were dependent on 1P3
oscillations and thus the feedback on IP3 metabolism was responsible for CaZ* oscillations.
Given the similarity of the pancreatic acinar to the parotid acinar cell our model assumes
that the Ca2* oscillations arise from feedback of Ca,, on 1P3 metabolism.

2.2.1. IP3 dynamics—Our model of IP3 dynamics is based on Politi et al. (2006). The 1P3
production rate, v is proportional to the applied agonist concentration. 1Pz then degrades by
Ca?*- dependent phosphorylation up to a maximum rate ksx and constant dephosphorylation
at a rate ksp. High 1P3 concentrations cause the channels in the ER to open which causes an
increase in the cytosolic Ca2* concentration. As the Ca2* concentration rises IP3 degradation
is increased and IP3 concentration falls, causing a subsequent closing of the ER channels and
adrop in Ca2* concentration. As the Ca2* concentration decreases IP; is able to increase in
concentration due to the lowered degradation rate. It is in this cycle that the Ca2* and 1P3
oscillations occur. The rate of change of IP3 can be expressed in the following differential
equation

d([1P3]w) _

wov — J,
7 wov

1P3deg (1)
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where w is the cell volume, wy is the steady state cell volume, v is the agonist-dependent rate
of IP3 production, which will be used as our control parameter for simulations, and

[Cal?
J[mdeg =wo k5P+kT~K W [1Ps],

Qe g

(2)

is the rate of degradation. Parameter values are given in Table 1.

Sims and Allbritton (1998) give the half life of IP3 in the parotid acinar cell as
approximately 1 second. The parameter value ksx = 40 s~1 satisfies this half life at a
intracellular Ca2* concentration near the steady state value of 50 nM and using the half
activation of kgeq 0f 400 nM as given in Politi et al. (2006). The constant dephosphorylation
rate ks is a fitted parameter found to give Ca?* oscillations seen experimentally.

In Politi et al. (2006) parameter values are given for both positive and negative feedback
relating to whether Ca2* feeds back on 1P production or degradation, with positive
feedback models being relevant to fast IP3 behaviour. Given the IP5 turnover in parotid cells
is slow with a half life of 1 second our model includes only Ca,. feedback on IP3
degradation and has production of IP3 linear with agonist.

2.2.2. IP3 receptor model—The IP3 receptor model is based on the recent work of Gin et
al. (2009). Where single channel data from the type-1 IP3 receptor is used to determine rate
constants and their dependence on both 1P3 and Ca?*.

Following Gin et al. (2009) we use a four-state model with one open state and three closed
states, (Figure 3). The steady state open probability is given by

q12932924
G12932924+442G23q12+442932G12+q42932421 3)

P IPR

The rate constants between the states were investigated for their dependence on both the
concentration of Ca* and 1P3 and are given by,

q12=0.74 ms™! g21=02 ([IP3]) ms™!,
g3=a2023([Cal)®2([IP3]) ms™'  gn=azys2(]Cal)®s([1P3]) ms™!,
q24=17.84 ms™! q42=3.6 ms~!, (4)
where
O ([IP3]) =g b,
_ } Vs \"ng[Ca]?
Yo3([Caly) =ax ‘;(k;ﬂCul? vb23) (A,,z;+[Ca]§ +bm23),
D3 ([1P3]) =m+bpzy
Vi ] Vinz,[Cal]
¥32([Caly) =(m+b3z) (m"’bmﬁ),
_ _VPy[IP:P
Oxa([IP3]) =22l 32, .

The rate constants g3 and g3, depend on both Ca2* and 1P3. The dependence of the rate
constants on Ca2* was established at an 1P3 concentration of 100 uM. Scaling factors ensure
our model matches the experimental data at this IP3 concentration.
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Parameter values can be found in Table 2. All values are those found in Gin et al. (2009)
with the following exception. bp,; is increased slightly from the paper value of 0.085 to the
new value of 0.11. This is to ensure that when the IP3 concentration is 100 UM the rate gy is
equal to that found in the Cay, dependence experiments. The parameter bps, is set to zero
(as opposed to its value in Gin et al. (2009) of 0.0007) this is to ensure that the 1P3 receptor
is shut when the IP3 concentration is zero.

Given the steady-state open probability, Pjpr, the flux through the IP3 is given by,

e =Wokip P ([ Caler — [Caly). ©)

Here kjpg = 0.04 sL is the IP5 receptor density, [Ca]e, and [Ca]; are the Ca2* concentrations
in the ER and cytoplasm respectively.

2.2.3. Calcium fluxes—Experimental data shows the ryanodine receptor (RyR) is
important for Cay, oscillations, Bruce et al. (2002). We use a RyR model developed by
Keizer and Levine (1996). Here the flux through the RyR is given by

./R>R=H‘0k

R)RPRyR([Ca](’r - [Ca]i)- (7)
where kryr = 0.01 s71 s the receptor density and Pryr is the steady state open probability
given by

~ w®(1+([Cal;/K»)?)
1+(K,/[ Cal)*+([Cal;/Kp)*’ ®

RyR

and

o= 1+(K,/[Cal;)*+([Cal;/Kp)?
1+1/Ke+(Ka/[Cal)*+([Cali/Kp)* ©

Here K=k, /K, K =k;, /k; and K=k /k*, (Table 3). We include a passive leak of Ca?* from
the ER into the cytoplasm,

Jer=woker([ Caler — [Caly), (10)

where kgr = 1.554 x 1074571,

Ca?* is removed from the cytoplasm back to the ER by a SERCA pump. This is modelled
with a Hill coefficient of 2 and a half activation, Ksgrca, of 400nM (Lytton et al. (1992)),

5
_ VS];R(',J\ [ Ca]i
SERCA —
KSI‘R(,'.\

2rertlLCal}’ (11)

Ca®* enters and leaves the cytoplasm through the membrane via two fluxes, J; and Jpm-
Efflux is approximated by a Hill function with Hill coefficient of 3 and half activation, Ky,
of 200 nM (Camello et al. (1996)):
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Voml[ Cal}

pm=—

K3y, +[Cal}’ (12)

Influx of Ca2* from the interstitium to the cytoplasm is modelled as by Gin et al. (2007)
with a constant leak, oy and agonist dependent influx aypv.

Jin=a1+asv. (13)

2.2.4. Calcium model equations—Changes in Ca?* are the result of the fluxes into and
out of the cell and ER. The system of equations for the Ca?* model is,

d([Ca];w)

7 =JU>R+JR_VR+Jer -J +Jin = Jpm

SERCA n

(14)

d([Calewer) _

7 == (e trgr +er = Jgipea)s (15)

together with

d([1P3]w)

wov — J,
dt

IP3deg * ( 1 6)

Here, w is the volume of the cytoplasm and we, is the volume of the ER.

2.3. lon channels and fluxes

The osmotic gradient across the apical membrane, which drives the fluid flow, is maintained
primarily by movement of CI~ ions through the CI™ channels located in the apical
membrane. We use a model developed by Arreola et al. (1996), where the CI™ channel open
probability is a function of Ca2*. Details can be seen in Appendix A.

Our model allows for K* channels in both the apical and basal membrane, with the currents
denoted by Ik 5 and Ik ,, respectively. In Section 3.4 we investigate the effect the distribution
of the K* channels has on saliva secretion. We use a K* channel model developed by
Takahata et al. (2003) where the open probability of the channel increases as Ca%* increases
(Appendix B). The maximum whole cell conductance gk is distributed in either the apical or
basal membrane with the parameter ax. As ak increases from zero to one the whole cell K*
conductance is distributed from entirely in the apical membrane to entirely in the basal
membrane. It is with this parameter we investigate how apical K* channels affect secretion.

At the basal membrane the NKCC brings CI~ into the cell along with Na* and K*. The basal
membrane also contains the NaK which exchanges 3 Na* ions for 2 K* ions. Previous
models of the parotid acinar cell by Gin et al. (2007) used complicated models for these
fluxes with a large number of parameters (7 for the NKCC and 19 for the NaK).

We simplify the NKCC model of Benjamin and Johnson (1997) to a two-state model (details
can be found in Appendix E). Similarly we simplify the NaK model of Smith and Crampin
(2004) to a two-state model with only 2 parameters, a great reduction from the original 19
parameter model (Appendix F). A comparison between simulations run with our simplified

J Theor Biol. Author manuscript; available in PMC 2011 October 21.
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models and those used in previous studies can be found in Appendix G. We see no
qualitative difference in results using the simplified NKCC and NaK and only a 3% change
in average fluid over a 300 second simulation compared to results computed with the
original flux transporter models.

2.4. Intracellular ionic differential equations

CI™ influx into the cytoplasm is via the NKCC. The apical CI™ channel releases this CI™ into
the lumen.

d([Cl];w) I,

+2J e -
dt zoF TR (17)

The factor of 2 in the cotransport term is present because for every K* and Na* that enter the
cell, two CI™ are transported into the cell. zc; = —1 is the valence of CI™ and F = 96490 C
mol~1 is Faraday’s constant.

Na™ enters the cytoplasm via the NKCC and is extruded by the NaK;

d([Na];w)
T’: = 3/ ke (18)

The rate of change of intracellular K* is due to the K* channels, the NKCC and the NaK;

—~

]

K.ba

d([K]iw)
dt

Ap

=7 —
_"JNK +JN1(CC

~
2
b}“.

&

K K

(19)

Here zi = +1 is the valence of K*, Ik pa and Ik,ap are the basal and apical K* currents
respectively.

2.5. A two membrane model and the role of the tight junction

Previous modelling of the parotid cell by Gin et al. (2007) assumed that because the
resistance in the tight junction is small the electrical properties at the apical and basal
membranes will be the same. However it is seen in experiments that the lumen is far from
electroneutral with respect to the interstitium (Young (1968)). Thus, here we include both an
apical and basolateral membrane. The membrane potential at a given membrane is
determined by the movement of ions through the membrane and any current applied to the
membrane.

With a closed circuit model as seen in Figure 4 we include a current of positive K* and Na*
ions through the tight junction, lgghe. This movement of cations through the tight junction
balances the movement of negative CI™ ions to stop the lumen becoming too negatively
charged. Membrane potentials, currents and fluxes are measured from the exterior of the cell
to the cytoplasm. Thus,

dVI,__]

C,,, dt - K.Ba

— Flyy = 2FJpm+2F Jip+ Iight, 0
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dv,
Cn—=—1y— IK.AP - Iﬁgh"

dt (21)

where Jj, and Jpm are the Ca?* fluxes into and out of the cell. The factor of 2 is due to Ca?*
having a valence of +2.

In Figure 4 the tight junction current is shown to be moving anticlockwise around the
circuit. Here lijgnt is the movement of negative ions and is equal and opposite to the
movement of K* and Na* ions. We assume the resistances to ions moving through the tight
junction and the cell, Right and Regy respectively, are constant and independent of cell
activity. Given that the sum of voltage drops around the circuit must be zero we have

Vit Veen — Vu+Vlighl=0- (22)

Note that V, is negative as we measure its potential from the lumen to the cytoplasm. By
substituting Viignt = ltightRtight and Veerl = ltightRcent We can then calculate the current through
the tight junction

Vo= Vp

Light=——"——".
et Reenn+Ruiignt (23)

The current through the tight junction is the sum of the K* and Na* currents through the
tight junctions. We denote the respective ionic currents as,

1 =8 xaTtight
I =(1 = g iighe (24)

Here g; na is the relative conductance of Na* ions through the tight junction with respect to
K* ions. As such it gives a measure for what fraction of the tight junctional current is due to
Na* movement. Although we allow for resistance of ionic flow in both the cell and the tight
junction, no significant potential changes are seen throughout the interior of the cell,
(Berridge and Prince (1972)) and hence we set Reg) = 0.

2.5.1. Luminal ionic concentrations and water transport—We model the rate of
water flow based on the difference between external and internal concentrations and a water
permeability term. We assume cell volume changes purely based on the difference between
apical and basal fluid flow,

dw

E:qb —Ya (25)

where the rate of water flow through the apical and basal membranes is given by,

4u=RTL,, ([ClI+{Nal +{K), - ([CIl+[Nal+[ K +[Cali+ ), 6
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qv=RTL,, ([Cl],-+[Na],~+[K],~+[Ca],~+;—i - ([Cl]c+[Na],,+[K}C)). ©7)

Here x is the number of impermeable ions and other solutes in the cytoplasm, Lp, and Lpy
are the permeability of the apical and basal membranes respectively to water. Interstitial
ionic concentrations, with notation []e, are assumed constant with the values shown in Table
5.

Ma et al. (1999) find in aquaporin-5 (APQ5) knockout mice saliva secretion is reduced by
more than 60% compared to wild-type mice. This suggests that the majority of water flow is
through the cell. We also allow for water flow through the tight junction to the lumen,
paracellular water flow, and denote this gtignt,

Giight=RTL, ([ Cl];+[Na];+[K]; — ([Cl].+[Na].+[K],)), (28)

with the permeability of the tight junction given by Lp;. Water flow into the lumen will then
be the sum of the apical fluid flow and the tight junctional fluid flow, gt = Ga*0tight. We
assume the flow of water into the lumen, gt must be matched by a water flow out of the
lumen and into the parotid duct. Any ions in the lumen will be removed by this water flow.

Sodium enters the lumen via the tight junctional current and so

w, ST S
dt 2 F (29)

Here wy_is the luminal volume and is modelled as a constant. Luminal K* concentration
changes due to the tight junction K* current, any current through the apical K* channel and
removal due to fluid flow;

d((K1l) (A —=gHisne Iy,
w, ( ]1):( 8ix: 11¢ht+_1<'\p <
dt wF wF (30)

CI™ enters the lumen through the chloride channel and is removed at the rate of apical water
flow;

dqen) I
L dt "z, F G Clls (31)

2.6. Summary of the model

d([Ca];w)

dr :‘,IPR+‘]R)VR+‘IE" - ‘ISI:RCA

+Jin = -Ipms (32)

d([Ca]erwer) _
dt =-U

. +JRyR +Jor — J.

SERCA )’ (33)
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d([TP3]w)

ov—J
ar

1P3deg *

d([Cl];w) 3 I,

—+2J,
dt o F

NKCC?

zl([Na],-w)= _3) 4]

dt NaK NKCC?

d(K];w) L, I,
o0 A e — Sy
d[ NaK NKCC ZKF ZKF

Vo—-Vp

Ligh=5———,
- Rcel]+Rtight

d([Na])) Light
YTTar T F

<Na

- qlot[Na]la

w d([K]l):(l - 8|.xu)1tight+lxi.«p

- g K
[ ZKF ZKF Gt K1y,
d(cly) _ 1,
Mg o p - delCll
dv;,
=~ fkne = Pl = 2 0pm +2F it g,
dVy

Cm dr = Ir[ - I](,Ap - I(igh(s

4u=RTL,, (ICII+[Nal+[K], - ([CIL+{Nal K]+ Cali+- )
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gv=RTL, (ICIl+[Nal+[K]+[Cali+- — ([CI],+[Nal+[K],)),

(45)
Gight=RTL,, ([Cl];+[Na];+[K]; — ([Cl].+[Na].+[K].)), (46)
Giot=Ga+qights (47)
dw
T e (48)

2.7. Numerical simulations

In solving the system of equations the small membrane capacitance Cp, produces a highly
stiff system of equations, which gives rise to difficulties during numerical solution. We
ignore the fast dynamics of the membrane potentials and find solutions to the differential
equations using a quasi-steady state approximation to the membrane potential Vi, and V3.
The system of differential equations is solved using the Matlab code ode15s. At each time
step we solve dVy/dt = 0 and dV,/dt = 0 to find the quasi-steady state potentials using a
simple Newton solver.

As such we solve the following at each time step,

L (Vi O KT = FU (Vi N K= 2F Ty (C D) 42F T+ Ligne(Vi, VE)=0 (49)

IV, L Ly —

K.Ap

(Vo CTL KK = Tign(V), Vi)=0. (50)

Here the superscript notation denotes the time step. We use a simple Newton solver in the
implementation of the above solution which finds the present membrane potentials using
concentrations from the previous time step.

3. Results

3.1. Calcium model results

We aim to reproduce experimental traces found by Bruce et al. (2002) using the
unconstrained Ca2* flux density parameters, kipr, kryr: Vserca and the constant 1P3
dephosphorylation rate ks, to fit the model to the data. In simulating the experimental
procedures we hold the cell volume constant, this demonstrates that the model Ca%*
oscillations are not dependent on cell volume oscillations.

In experimental recreation of the salivation process carbachol (CCh) is added to the parotid
cells. CCh is known to stimulate the muscarinic acetylcholine receptors which results in the
activation of phospholipase C which in turn induces the breakdown of phosphatidylinositol
4,5-bisphosphate (PIP2) in the cell membrane to release IP3 into the cytosol. We model CCh
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application by increasing the 1P3 production rate, v, assuming a greater CCh concentration
leads to a higher 1P3 production rate. The Ca2* concentration is measured using fura-2 dye.

With the parameters found our model is able to recreate several experimentally observed
Ca?* behaviours. Firstly our model is able to recreate experimental results of Ca*
oscillations at three different agonist concentrations, (Figure 5). We simulate different
agonist concentrations by changing the 1P3 production rate, v. Ca2* oscillations are seen for
v =5100 nM/s. As the IP3 production rate is increased or decreased from this value to v =
4800 nM/s or v = 5400 nM/s the Ca2* oscillations are damped. Any further increases or
decreases in the 1P3 production rate would result in no Ca2* oscillations being found. Unlike
Gin et al. (2007), who similarly recreated this result, our model is able to reproduce the
experimental traces when cell volume is fixed.

Ca?* release from the ER is due to the IP3 receptor, ryanodine receptor (RyR) and a leak
term. Experimentally when a high concentration of ryanodine is added to the cell, with the
effect of blocking the RyR, Ca2* oscillations are damped. As can be seen in Figure 6 our
model recreates the observed Ca2* traces and oscillations are damped when the ryanodine
receptor is blocked.

Experimental traces show CaZ* oscillations continue when extracellular CaZ* is set to zero.
We recreate this experiment by setting Jj, = 0. The parameter Vpy, is chosen to give the right
time scale of Ca2* efflux from the cell. Parameters a4 and ay are then subsequently found in
order to have balanced influx and efflux in both stimulated and un-stimulated conditions.
Parameter values can be found in Table 3.

The results from this simulation can be seen in Figure 7. When the addition of agonist is
simulated by setting v = 5100 nM/s Ca2* oscillations are seen. As Jj, is set to zero the total
Ca?* in the cell decreases due to the leak Jpm Which slowly damps the oscillations until
eventually the total intracellular Ca2* decreases sufficiently to stop oscillations entirely.
When Jj, is restored to its previous non-zero value Ca2* oscillations are again observed.

3.2. Steady state results

We simulate the un-stimulated parotid cell by setting v = 0. We then use experimentally
observed steady-state ionic concentrations to fit model parameters to the pump densities
anak and ankce. Water permeabilities Lp,, Lpp and tight junctional conductance g; n, are
fitted to give correct steady state luminal concentrations and cell volume. Finally the
resistance of the tight junction, Ryignt is fitted to give the correct steady state membrane
potentials. A comparison between model steady state values and those observed
experimentally can be seen in Table 5.

With the parameter values found at zero agonist we have a Ca* concentration of 50 nM.
This similar to the 59 nM observed by Foskett and Melvin (1989).

In the cytoplasm CI™ has a steady state of 61.2 mM, which agrees well with the 61 mM
found by Foskett (1990). The K* steady state is found to be 145 mM in the cytoplasm,
slightly less than that found by lzutsu and Johnson (1986) of 152 mM. The steady state
sodium in the cytoplasm is 11.2 mM which is close to the values of 13 mM found by Izutsu
and Johnson (1986) and the 18.6 mM found by Soltoff et al. (1989).

We have luminal steady-state values of 124.3 mM, 118.7 mM and 5.6 mM for CI~, Na* and
K* respectively. Mangos et al. (1973) found experimental values of 112.6 mM, 141.6 mM
and 5.6 mM for ionic concentrations of CI~, Na* and K* in the primary fluid respectively.
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Our model results are similar to those by Mangos et al. (1973) with a slightly lower luminal
Na* concentration than found experimentally.

The steady-state membrane potentials are found as —50.7 mV for the basal membrane and
—39.7 mV for the apical membrane. The basal membrane potential is between the
measurements of —44.2 mV and —65 mV obtained by Berridge and Prince (1972) and Lang
and Walz (2001) respectively. Measurements by Lang and Walz (2001) and Martin et al.
(1973) find the lumen to be around 13 mV negative with respect to the interstitium which
agrees nicely with the 11 mV negative found in our model.

3.3. Fluid transport results

We next simulate fluid secretion in the presence of an agonist by setting the parameter v =
5100 nM/s. With this stimulation we see Ca2* oscillations around 140 nM (Figure 9a). Once
stimulated the intracellular CI™ is seen to drop from 61.2 mM to 43 mM (see Figure 8a).
Foskett (1990) similarly observes a fall in cytosolic CI™ concentration, albeit slightly larger
with a 50% reduction in CI™ upon stimulation. The cell volume is seen to shrink by 22%
after stimulation with agonist (Figure 9a). Experimentally Foskett and Melvin (1989) see an
almost identical 15% cell volume reduction upon stimulation. Cytosolic Na* increases from
11.2 mM to 15.7 mM (Figure 8b), increases in Na* upon stimulation are found
experimentally by Soltoff et al. (1989), where Na* doubles in concentration after
stimulation. No experimental data was found as to the change in cytosolic K* upon
stimulation. Our model shows only a small increase (Figure 8c) which may explain the lack
of data. As with experimental results seen by Mangos et al. (1973) the luminal
concentrations change very little when stimulated. The luminal CI~ and Na* increase
slightly (Figures 8g and 8h) with no significant change in luminal K* as seen by Mangos et
al. (1973).

In Figure 9b the relationship between cell volume and Ca?* is shown. Foskett and Melvin
(1989) found cell shrinkage corresponded with Ca2* increases, and that the cell would
continue to shrink even after Ca2* levels started to subside. This behaviour is observed in
our model where a peak in the Ca2* is seen to precede a trough in the cell volume.

When stimulated, the basal membrane hyperpolarises from —50.7mM to around —75 mV
(Figure 8e) whilst the apical membrane oscillates around its steady-state value of —43 mV
(Figure 8f). Experimentally Lundberg (1957) finds the basal membrane to hyperpolarise by
—22 mV which agrees well with our model. With this hyperpolarisation of the basal
membrane stimulation is found to make the lumen more negative with respect to the
interstitium than steady state values. Lundberg (1957) observe a 10-22 mV
hyperpolarisation of the lumen with respect to the interstitium. Our model shows a similar
hyperpolarisation from —11 mV to —31 mV with respect to the interstitium.

Upon stimulation the average normalised water flow is found to be 0.0058 s71, 3 times its
resting rate, see Figure 8d. Evans et al. (2000) found a volume of 400 pl saliva secreted per
100 g of parotid gland in 50 minutes. One cell in our model produces 1.77 x 107> pl in 50
minutes. We therefore require 2.26 x 107 cells in 100 g to produce the experimentally result.
This agrees well with the 108 parotid cells Gin et al. (2007) estimated to be found in 100 g
of parotid gland.

3.4. Location of K* channels

In Figure 10a it can be seen that as the whole cell K* conductance goes from being entirely
in the basal membrane to being entirely in the apical membrane we see an initial increase in
fluid output before the saliva secretion then diminishes. Maximum fluid production occurs

for 5100 nM agonist when 20% of the whole cell conductance is located in the apical
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membrane and the remaining 80% is in the basal membrane. Figure 10b shows the apical
membrane potential as the distribution of the K* channels is changed. The distribution of K*
channels for which maximum fluid production occurs coincides with the distribution where
the minimum membrane potential is seen. Similar results were observed by Cook and
Young (1989) in their steady-state model.

3.5. Location of Cl~ channels

Existing models of the parotid acinar cell place CI~ channels exclusively in the apical
membrane. However, Marty et al. (1984) reported basal CI™ channels in the rat lacrimal
glands which similarly transport fluid from the interstitium to the lumen via osmaosis.

Using the same method of distributing the whole cell conductance between apical and
basolateral membranes, as used above in Section 3.4, we can investigate the location of the
CI™ channels. We find that maximum fluid secretion occurs when all the CI~ conductance is
located in the apical membrane, supporting the traditional models. As CI™ is distributed into
the basal membrane the average fluid flow is seen to decrease almost linearly, see Appendix
H.

3.6. Effect of tight junctional resistance

It can be seen in Figure 11a that as the resistance of the tight junction increases the fluid
output from the model decreases. As the tight junctional resistance increases the flow of
cations through the tight junction is reduced. This causes the apical membrane to depolarise
(Figure 11b), which inhibits the flow of CI~ through the apical CI~ channel and thus reduces
the water flow.

3.7. The effect of water permeabilities on the model

The water permeabilities were chosen such that the majority of fluid would flow through the
transcellular pathway, with only a small amount travelling through the tight junction. In
Table 6 the effect of varying the water permeabilities are calculated, showing that the model
is robust, with large changes in the parameters having very little effect on the average fluid
flow and steady-state ionic concentrations.

4. Discussion

The model we have developed here with intracellular Ca2* oscillations driving secretion via
secondary chloride transport we have shown to be consistent with a range of experimental
data and extends previous parotid acinar cell models by Gin et al. (2007) and Cook and
Young (1989). Ca%* oscillations that previously depended on volume oscillations (Gin et al.
(2007)) or were altogether absent (Cook and Young (1989)) are now based on physiological
models of the IPR and IP3 dynamics. Independent apical and basal membrane potentials
allow for the inclusion of an apical K* channel and an understanding of how potentials
change during stimulation.

There remain some differences between model predictions and experimental observation
that warrant further comment. In Figure 7 Ca2* oscillations are seen instantaneously with the
reintroduction of J;,,. Experimentally, CaZ* oscillations are not seen immediately but instead
return after a delay where the cytosolic Ca2* slowly increases. This delay in oscillations
experimentally can be explained by the gradual increase in the Ca?* influx as the external
Ca?*-free solution is replaced by a solution containing CaZ*. In our model, however, the
term J;,, has no dependence on extracellular Ca2* so is applied suddenly causing
instantaneous oscillations.
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It should also be noted that experimentally when external Ca2* is reintroduced the cytosolic
Ca?* increases to a peak slightly above the value seen when first stimulated. This is not seen
in our model. This difference can be explained by the absence of Ca2* release-activated
Ca?* channels (CRAC) or store-operated channels (SOC) in our model. CRAC and SOC are
situated on the plasma membrane and bring Ca2* into the cytoplasm at varying rates
dependent on ER Ca2* levels, increasing when the internal stores are depleted.

Upon stimulation with agonist, concentrations of ions behave in the model as seen
experimentally. Some slight inconsistencies are found with the magnitude of concentration
and volume changes upon stimulation. Foskett (1990) saw a 50% reduction in cytosolic CI*
upon stimulation, whereas only a 30% reduction is seen in our model. Similarly Soltoff et al.
(1989) found Na* to double in the cytoplasm upon stimulation, a much larger increase than
the 40% found in the model results. Experimentally Foskett and Melvin (1989) observed
volume oscillations between 0.85 and 1 times the resting cell volume with agonist induced
Ca?* oscillations. However our model results show only small amplitude oscillations of cell
volume. The above discrepancies could be due to the amplitude of the Ca2* oscillations in
our model. Upon stimulation with agonist Ca2* increases from its steady state of 50 nM to
oscillate around 140 nM. However Foskett and Melvin (1989) see Ca%* increase from 60
nM to 474 nM upon stimulation, 3 times the Ca2* concentration in our model results.

Poulsen and Bundgaard (1994) measured the apical membrane of the parotid acinar cell to
be more than 12 times smaller in surface area than the basal membrane. However it is the
apical membrane through which CI™ exits to the lumen and is therefore essential for saliva
production. Extending the work of Gin et al. (2007) we include both an apical and basal
membrane with distinct properties in our model. Several attempts have been made to
measure the potentials of these two membranes. There is agreement that at the basal
membrane the cytoplasm is negative with respect to the lumen. Values found experimentally
range between —33 mV and —65 mV. Where there is disagreement is in whether, at steady-
state, the lumen is negative or positive with respect to the interstitium. Berridge and Prince
(1972) and Lundberg (1957) claim the lumen is positive with respect to the interstitium
whilst Young (1968), Martin et al. (1973) and Lang and Walz (2001) find negative readings.
A feature of our model is the movement of Na* and K* ions through the tight junction into
the lumen which requires a lumen negative driving force we therefore lumen negative with
respect to the interstitium at steady-state. Our model agrees with experimental findings that
the lumen becomes more negative when stimulated with agonist (Berridge and Prince
(1972), Lundberg (1957), Lang and Walz (2001)). The reader should be aware that we are
cautious relying entirely on readings by Berridge and Prince (1972) and Lang and Walz
(2001) which are taken from insects, where the salivation process is thought to be very
different to mammals. However these readings are reconfirmed by similar recording in
mammals.

The current through the tight junction is determined by the voltages of the apical and basal
membranes and the resistance of the tight junction. There is very little experimental data as
to the size of ionic currents through the tight junction or what the resistance to ionic flow
must be. In our model the tight junctional resistance is fit to ensure a correct difference
between apical and basal membrane potentials. The parameter gt N4 then assigns the fraction
of tight junctional current that results from Na* and K* movement. Simulations were run
allowing for CI~ movement through the tight junction but the addition of large tight
junctional CI™ only decreased the fluid production slightly. As the resistance of the tight
junction to cations increases, fluid flow was seen to decrease due to a depolarisation of the
apical membrane and a subsequent reduction in CI~ movement into the lumen.

J Theor Biol. Author manuscript; available in PMC 2011 October 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Palk et al.

Page 16

Mangos et al. (1973) measured the ionic concentrations of the primary fluid. We expect
these to be consistent with the luminal concentrations found by our model. Mangos et al.
(1973) found the Na* concentration in the primary fluid to be 141.6 mM, higher than the CI~
concentration found, 112.6 mM. Our model is created such that Na* moves through the tight
junction to the lumen to balance the movement of negatively charged CI™ into the lumen
through the CI™ channels. It is a constraint of our model that the luminal Na* can never be
greater than the luminal CI™ concentration. In order to recreate experimental concentrations
of Na* in the lumen the model would require the addition of a mechanism bringing other
negatively charged ions into the lumen. Evans et al. (2000) find that impairing the Na*-
K*-2CI~ cotransporter reduces saliva secretion by 60%. However this impairment does not
stop saliva production entirely and a significant fluid flow is still observed. A second
mechanism for CI™ uptake into the cell is thought to exist in the form of a CI™- HCOJ paired
with a Na*-H* exchanger. This mechanism using HCO; allows saliva production to continue
even when the Na*-K*-2CI~ cotransporter is removed. The presence of these CI™- HCO3
exchangers has been found in rat sublingual gland. Future work will include modelling of
HCO; in the cell. The addition of HCO; could provide the necessary negative ion movement
into the lumen required to find experimentally observed luminal Na* concentrations that our
current model is unable to reproduce.

Our model uses fitted parameters for water permeability. Poulsen and Bundgaard (1994)
found the basolateral membrane surface area to be 12.32 times larger than the apical
membrane surface area. In our model we assume permeability per area is the same for both
the membranes and therefore Lpp = 12.32 x Lp,. The permeability per unit area of the tight
junction is seen by Berry (1983) to be higher than that of the apical or basal membrane.
However, the tight junction is assumed to have a very small area in comparison to the two
membrane and therefore Lp; is small. Ma et al. (1999) found that knocking out APQ5
reduced saliva secretion by great than 60%. Experimentally, if we were to effectively block
all aquaporins we could make a prediction of the relative paracellular pathway of fluid flow
to the lumen, giving us an idea of the size of Lp; in relation to Lp, and Lpp. Changes to the
model water permeabilities were found to make very little effect to the volume of saliva
produced or the the steady-state concentrations.

We investigated the effect the distribution of K* channels had on fluid output. Our results
agree with those found by Cook and Young (1989) where a small conductance through an
apical K* was found to increase fluid flow. The additional movement of positive ions
through the apical membrane was initially able to reduce the apical membrane potential and
facilitate the flow of CI™ through the CI~ channel. However as K, conductance is distributed
away from the basal membrane a depolorisation of the basal membrane is observed, this
inhibits the effectiveness of the Na*-K*-ATPase, which in turn causes a decrease in the flux
of the Na*-K*-2CI~. The movement of CI~ into the cytoplasm is then reduced and fluid flow
is similarly reduced. This accounts for the initial increase in fluid output followed by a
decrease as the conductance is moved to the apical membrane.

As agonist concentration increases both the mean and frequency of the Ca2* oscillations
increases and an increase in saliva production is seen. However if we increase agonist but
scale the mean Ca2* to some base concentration no significant change in saliva production is
found. We therefore conclude that Ca2* oscillation frequency has no effect on saliva
production. Presently our model is non spatial and Ca2* concentration is the only direct
factor in fluid production. However the entry or exit of ions in the cell is distinctly
distributed in either the apical or basal membrane. Ca* waves have been seen in parotid
acinar cells by Won et al. (2007) and may be important in the signalling process required to
initiate saliva production. We plan to build a spatial model of the parotid cell and investigate
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how Ca* waves and specifically frequency affect saliva production. Currently our model
produces Ca* oscillations with a smaller amplitude than seen experimentally. The addition
of spatial Ca* to the model could solve this problem with high micro-domain Ca*
concentrations around the ER receptors causing an increased release of Ca* from the ER and
subsequently larger amplitude Ca2* oscillations.
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Appendix A

Cl- channel

The main driving force of the fluid flow is the chloride channels located in the apical
membrane. We use a model developed by Arreola et al. (1996). The steady state open
probability of the chloride channels is given by,

1

Py= 2 2
1+K>(K7/[Ca];+K, /[Ca]+1) (A.1)
where
K1=214 exp (_O'BFV") nM
1= B —
RT (A.2)
K>=0.58 exp (M)
- RT (A.3)

Here Vj is the membrane potential of the apical membrane. Total current through the CI~
channels is then given by,

I(‘| :gc1PCI(VG - VCI) (A.4)

gc) is the maximum whole cell conductance, 31.4 nS found by Arreola et al. (1996). V¢ is
the Nernst potential given by,

_RT . ([Cl]
Vo=  F'%8 ([CIL)

“a

(A.5)

Zc1 = -1 is the valence of CI”, R =8.315 Jmol™1 K1, T =310 K and F = 96490 C mol™1.

Appendix B

K+ channels
We use the model of Takahata et al. (2003), here the open probability of the K* channel is,
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1
T 1+(Ky/[Cal)™ (B.1)

X

where nH = 2.54 and K4 = 0.182uM. Ky is modified from the value found by Takahata et al.
(2003) of K4 = 0.43uM to give a small open probability at steady state Ca2* concentrations.

The current through the K* channel at the basolateral membrane, Ik pa, and the apical
membrane, Ix ap, are given by

Iy, =ay g Py (Vo= Vi) (B.2)

IK.up:(l - al\')gl\’PK Va - VK.up) (B.3)

respectively, where gk is the maximum whole cell conductance of 14 nS, the value found by
Thompson and Begenisich (2006). The factor ax denotes the fraction of whole cell
conductance in the basal membrane leaving 1 — ok in the apical membrane. Vi pa and Vi ap
are the nernst potentials at both the basolateral and apical membranes,

LU ([K]c)

K.ba ZKF [(K]; (B.4)
RT ([K]I)

Kap— —log
o F [K]; (B.5)

here zx = +1 is the valence of K*.

Appendix C

Nat - K+ - 2Cl- cotransporter

We present a model by Benjamin and Johnson (1997) which was used in a previous model
of the parotid acinar cell by Gin et al. (2007) for comparison with the simplified model show
in Appendix E. The whole cell flux is then given by,

Jnkee =ee Vakee (C.1)

where ankcc is the density of the cotransporter.

—kg" " [CIFTK I Nal+#4 k™ [CIZ[K].[Nal,
, ‘

weer D J.NKC(' (C.2)

where
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DJ e =Znkce1+Znkec2+Znkees+ Znkeeat Znkees+Lnkec6+ Znkee7+ Znkees + nkee9+ Lnkee 10+ Znkee 11+ Znkee 12+ Znkec 13+ Znkee 14+ Znkee 15+ Znkec 16

(c3)

and

with

anc(‘] =Zl [Cl]n

Zykee2

=7Z>[Na],,

Zkee3

=Z3[CI,[K];.

Znkeed

=Z4[ CIL[K]..

Zpkees

=Zs[CII7[K],,

Zykees

=Z[CI.[K].[Na],.

Zykee7

=Z;[ CIJ7[K];[Nal,,

Znkees

=Zg[ CIIZ[K].[Nal,,

Znkee9

=Z[ CIJ7[K];[ Na],[ Na],,

Zkeel0

=Zo[ CIF[CIIZ[K].[Nal,,

Zukeell
=Z11[CI}[K]{[Na],[Cl].[Na],,
Zkee12

=Z [ CIL[K]{CIIZ[K].[Na].,
Znkeel3

=Z3[ CIF[KL[CIZIK] [Nl Zukee 14
=Z14[ CI7[K],[Na],[CI][K].[Na].,
Zykeels

=Z4s[ C1J7[K];[Na],[ Cl][K].[Nal,,
Znkecl6

=K Ky Ky (k)" +K)
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Z\=K K, K, k""",
Z>
—x2  empty
=K pt K.k TN
Z3
empty
=K('IKNukI7 Pe s
Zy
empty
:KC,K,\.kfm’ 7,
Zs
— K‘\h ]\ ;)’mp{\'~
Zs
empty
=K (,,kf Py
Z7
__gempty ull
=k kM 7
=KL, 7
1l
=L,\;,I‘{,u B
Zio
full
S
Zn
1l
:L('/LN"]‘J/:“ B
Zp
1l
=L, L K",
Zi3
_72 full
_L('LLK kb >
Zi4
— full
_chLKL,\;,kbu s Zis
g2 Sull | full
—LUL,(LM(/\,7 +1\f ).

Where Lo, is the reciprocal of Kjqp. Finally

2 full y empty
o KeK KKK
L > full
KC,KKKM,I‘b (C.4)

Appendix D

Na* - K* - ATPase

Here we present the original four-state model of the NaK used by Gin et al. (2007) in their
model of the the parotid acinar, for comparison to the two-state simplification shown in
Appendix F. Details of the original four-state simplification can be found in Smith and
Crampin (2004). The flux through the NaK exchanger is given by,

Ik = Ve (D.1)
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where apgk is the density of the Na* - K* - ATPase.

Steady state flux is given by,

where,

where

Finally
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T
(1+Na;) +(1’+K,) -1 =
ot KR? ot Kk} MgATP
37 (laNay +(1+R)-1T 4 1+MgATP
15 Na,
_ _ _ <5 Na,
a’|=k| [MgADP], U=
7 (1+Na) +(1+K )*~1
__K[PI[H*] _ K K}
37 1+mgatP”’ 47 (14+Nay) +(14K ) -1

MgATP
Mear p=MEATP]

dMgATP

K

d.Nae

=K, exp (1+A)FV/3RT)

K, =K° exp(AFV/3RT)
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I=a ;a5
+ajasay
+ajasay
+ayaiay
+a, azay
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+aTa£aI
+ajazay
+ay azay
+az a5
+ajaya;
+ajaza;
+aja,ay
+ajjay
+asaiag

+ 4+
+ajaza; (D.9)

Appendix E

Nat - K+ - 2Cl- cotransporter simplification

We construct a two-state simplification of the model by Benjamin and Johnson (1997), the
original model can be seen in Appendix C. Given an outside state, O and an inside state | we

assume simultaneous binding and unbinding of CI~, Na* and K*. Denoting S ,=K,N,L> as
the ions outside the cell and SizKiNiLf as ions inside the cell, the model can be written as,

Kk
0+S =I=0+S;
Kok (E.1)

By setting the resulting scheme of differential equations to steady state and assuming the
outside ions are supplied at a constant rate J, the same rate at which the inside ions are
removed, we find the steady-state flux:

kTS — kS,
TS Ak K S (E.2)

The steady-state flux through the cotransporter, vykcc is equal to the rate at which ions are
supplied on the cells exterior and removed on the cells interior. Therefore we have an
expression for the whole cell flux which depends on four constants (reduced from seven
constants in the original model),

a; — aoNKI?
a3+asNKL? (E.3)

Yxkee =

We now complete a parameter search to best approximate the original model by Benjamin
and Johnson (1997) over a physiologically reasonable range of ionic concentrations. We can
then simplify the flux through the cotransporter as,
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1 — 1.8310NKL?
Vnkee =4.: 3
1.0306+19.8846NKL> (E.4)

Then Jnkce = VNKecankee Where ankec is the membrane density of the cotransporter.

Appendix F

Na* - K* - ATPase simplification

The Na* - K* - ATPase exchanges two external K* ions for three internal Na* at the expense
of energy. We write a two state scheme simplification of the original model by Smith and
Crampin (2004), the original model can be seen in Appendix D.
K
O+2K,=I+3N,

Ky (F.1)

[+3N;=20+2K;
k5 (F.2)

By setting the resulting system of differential equations to steady state, and assuming
external K* and internal Na* get supplied at a constant rate, J we get

kikiK2N? — kyk; N2K?
ki K2+k% N3 +k7 N2 +k; K2 (F.3)

If we assume that the forward reaction rates are higher than the reverse rates, k| > k; and

k3 > k; , and that the steady-state flux through the Na* - K* - ATPase, vnak, is equal to the
constant rate J, then

K2N?
I
K2+aN; (F.4)

VNuK

We match our simplified model to the original by Smith and Crampin (2004) to find the two
model constants (a great reduction from the 18 in the original model). We find our constant
to be, r = 1.305 x 106 and « = 0.647.

Then Jnak = onakVNak, Where anak is the density of the Na* - K* - ATPase exchanger.

Appendix G

Comparing simulations run with simplified NKCC and NaK models versus
the more complex models

We compare simulations run with the simplified NKCC and NaK seen in Appendix E and
Appendix F to those run with the more complicated models in Appendix C and Appendix D.
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In Figure G.12 we can see that there is no qualitative difference between the fluid flow
predicted by the two simulations.

All parameters are the same between the two simulations, and are those given in the main
body of this manuscript, with the exception of ankce = 2.3 x 10716 for the simulation with
complicated transporters (Figure G.12b). If we compare the average fluid flow over a 300
second simulation (Table G.9) we see that simplifying the parameters only affects the result
by 3%.

Appendix H

Location of Cl—- channels

Similar to the apical and basal K* currents in Appendix B we define two CI~ currents, one in
the apical and one in the basal membrane.

I =208 Pe(Va—Ve,,) (H.1)
I('l.hu:(l = @)8c P (Vi — Vcl,m) (H.2)
where
RT [Cl],
Vow=7 F ([cu»
e i (H3)
and
RT | ([Cl]e)
.. =——]0¢g
Clba Z(‘IF =3 [C]]i (H.‘i)
Given the possibility of an basal CI™ channel we must alter the equations for membrane
potential seen in Section 2.5, we now have,
dvy, R
=~ b = lap = Fly = 2P pm+ 2F i+ ligh, (H5)
dv,
CmTZ - Icl,ap - IK_AP - Ilights (H.6)

Then using the parameters o) we can distribute the whole cell CI~ conductance between the
apical and basal membranes.

In Figure H.13 it can be seen that regardless of IP3 production rate, v, or the distribution of
K* channels, the maximum fluid flow is always seen to occur when all of the CI~ channels
are located in the apical membrane.
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Interstitium

Basolatoral Membrane

il Apical Membrane

Lumen

Figure 1.

Mechanisms underlying fluid flow. The basal membrane separates the cytoplasm from the
interstitium, with the apical membrane at the other pole separating the cytoplasm from the
lumen. CI™ moves into the lumen through the apical membrane and water follows by
osmaosis. Paracellular movement of cations through the tight junctions balances the
movement of negative CI™ ions into lumen. The model allows for the possibility of apical as
well as basal K* channels. We also allow for possible CI~ efflux through the basal
membrane.
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agonist- -
¥
A > Jir
. Ve —if——t—
) T
a+
Jer Jserca
pm
=
e
Jin
Figure 2.

Schematic of the calcium model. Ca2* fluxes are shown with solid black arrows. 1Pz and
Ca?* feedback on the IP3R and IP3 degradation are shown with dashed arrows. Agonist
concentration stimulates I1P3 production via PLC. IP3 then degrades by dephosphorylation at
rate ksp and phosphorylation at a Ca2*-dependent rate ki (grey arrows). Increases in Ca2*
and 1P3 concentration raise the open probability of the IP3R, releasing CaZ* from the ER.

J Theor Biol. Author manuscript; available in PMC 2011 October 21.




1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Palk et al.

q
24| | 42

q 4 qza

Page 29

C1 < > CE *
21 32

Figure 3.
Four state model of the IP3 receptor
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Page 30

Basal Membrane

Cm dV, /dt —— IE‘
v, mdV, IkBa [FNak Y Flin-Flom

T

_|_
Vcell % Rcell Vtight
y CmdV /dt ——
a @ lcl |K,Ap
_I_

-

Apical Membrane

ﬂ ltight

Tight junction

2 Rtight

ﬂ ltight

Lumen

Figure 4.
Circuit model of two membranes in series
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(b) Experimental trace
Figure 5.

Ca?* traces for three agonist concentrations with the model result in (a) and the experimental
trace (b) reproduced from original figure in Gin et al. (2007) with permission from the
authors. Parameter v is zero except when indicated by a horizontal bar with its non-zero
value written above. In the experimental trace, F340/F380 represents the fluorescence of
fura-2 and gives a measure of Ca2* concentration.
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(b) Experimental trace
Figure 6.

Effect of blocking the Ryanodine receptor in the model (a) by setting kryr = 0 and (b)
experimentally by applying a large (500 uM) Ryanodine concentration. Ca2* oscillations are
initiated in the model by setting v = 5100 nM/s, and experimentally by adding 300 nM
carbachol at the times shown with the horizontal bars. With the exception of the period
when kryr = 0 all the model parameters are those found in Table 3. Experimental ‘ratio unit’
represents the fluorescence of fura-2 and gives a measure for Ca2* concentration.
Experimental trace reproduced from Bruce et al. (2002) with permission from the authors.
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(a) Model result

Figure 7.
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100 nM CCh
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1 1 1 I I 1
0 100 200 300 400 500
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(b) Experimental trace

The effect of stopping Ca2* entry from the interstitium which is seen to damp oscillations,
experimental result shown in (b), experiment reproduced in the model by setting Ji, = 0,
seen in (a). Ca2* oscillations are initiated in the model by setting v = 5100 nM/s, and
experimentally by adding 100 nM carbachol at the times shown with the horizontal bars.
Experimental ‘ratio unit’ represents the fluorescence of fura-2 and gives a measure for Ca*
concentration. Experimental trace reproduced from Bruce et al. (2002) with permission from

the authors.
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Model ionic and potential changes with simulated saliva production. Parameter v = 5100
nM/s for the duration to represent continued stimulation with agonist.
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Figure 9.
Model volume (red trace) change with Ca2* oscillations (black trace) upon stimulation with

agonist. 9b shows the final 50 seconds of 9a and shows clearly the simultaneous Ca2* and
volume oscillations.
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Figure 10.

Dependence of fluid flow and apical membrane potential on location of K* conductance at
three different 1P3 productions rates.
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Figure 11.

Change in normalised water flow and apical membrane potential with tight junctional
resistance
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Figure G.12.
A comparison between a model simulation run with (a) the simplified NKCC and NaK
fluxes found in Appendix E, Appendix F and (b) run with more complicated 4-state models
found in Appendix C and Appendix D. v = 5100 nM/s for duration to simulate continuous
stimulation with agonist.
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Change in normalised water flow with distribution of CI™ channels, in (a) with varying IP3

production rates and in (b) with varying K* distributions.
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Table 1

Parameters modified slightly from those given for the negative feedback model in Politi et al. (2006)

1P parameter values

kak 4057t
Ksp 0.005s71
Keeg 400 nM
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Table 5

Steady state results and comparison to experimental results

Model Result  Experimental Result

Cytosolic ion concentrations

[Cl; 612mM 61 mM (Foskett, 1990)
[KI;i 145.0 mM 152 mM (lzutsu and Johnson, 1986)
[Na]; 11.2mM 13 mM (lzutsu and Johnson, 1986), 18.6 mM (Soltoff et al., 1989)

Luminal ion concentrations

[Cll; 1243 mM 112.6 mM (Mangos et al., 1973)
K] 5.6 mM 5.6 mM (Mangos et al., 1973)
[Na], 118.7mM 141.6 mM (Mangos et al., 1973)

Interstitial concentrations (constants)

[Cl]e 102.6 mM 102.6 mM (Mangos et al., 1973)
[Kle 53mM 5.3 mM (Mangos et al., 1973)
[Na]e 140.2mM 140.2 mM (Mangos et al., 1973)

Membrane potentials

Vp -50.7 mM —44 mV (Berridge and Prince, 1972), —65 mV (Lang and Walz, 2001), —33 mV (Lundberg, 1957).

Vigne  —11mV —13 mV (Lang and Walz, 2001), —13 mV (Martin et al., 1973)
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The effect of water permeability on the model

Table 6

Water permeabilities

Average Fluid flow  Steady state concentrations (mM)

{LpaLpnLPt Gfiow/Wo (571 [ KL [Na],

{Lpa.Lpp.Lrct 6.10948 x 1073 124.27 5.59 118.68
{10 x Lpa LppLpk 6.16029 x 1073 124.27 5.58 118.49
{0.1 % Lpy,Lpp,Lpi} 5.14813 x 1073 124.07 5.74 121.85
{Lpa10 % Lpp,Lpi} 6.08307 x 1073 124.59 5.59 118.69
{LPa,0.1 x Lpp,Lp} 5.99480 x 103 124.26 5.64 119.77
{LpaLpp, 10 x Lp} 6.12486 x 1073 125.42 5.58 118.50
{Lpalpp0.1 X Lp} 6.06686 x 1073 124.09 5.59 118.70
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Table C.7

Values from Benjamin and Johnson (1997)

Parameter values for Na* - K* - 2CI~ cotransporter

Rate constants

full 1406 571 full 4025571
ky ky

empty 37767571 empty 13196571
k‘ ) k,

Dissociation constants
Kei 2.42 mM Kk 234.74 mM
Kna 22.38 mM
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Values from Smith and Crampin (2004) with the exception of [MgATP], [MgADP] and [Pi]

Table D.8

Parameter values for Na* - K* - ATPase

Rate constants

K T 1050571
X 2+ 481571
Kt 2000571
Kt 320571

Dissociation constants
0 15.5 mM
dNae

Kake 0.213 mM

Kgmgatp 251 mM

Other parameters

[MgATP]  4.99 mM

[Pi] 4.95mM

pH 7.09

_ 172.1s 1 mMm1
kl

_ 40571
kZ

_ 79300 st mM2
k3

_ 40571
ky

2.49 mM
0

d.Na;

Kax; 0.5mM

[MgADP]  0.06 mM
[H*] 1000 x 10PH mM
A -0.031
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Table G.9

Comparison between simulations runs with complicated NKCC and NaK (Appendix C, Appendix D) and the
simplified versions (Appendix E, Appendix F). v = 5100 nM/s for duration to simulate continuous stimulation
with agonist.

Average fluid flow over 300 second simulation

Original transporter models ~ Simplified transporters

5.954548 x 1073 5.766172 x 1073
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