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Abstract

We develop a proof-of-principle model for auto-regulation of water volume in the lung airway
surface layer (ASL) by coupling biochemical kinetics, transient ASL volume, and homeostatic
mechanical stresses. The model is based on the hypothesis that ASL volume is sensed through
soluble mediators and phasic stresses generated by beating cilia and air drag forces. Model
parameters are fit based on available data on human bronchial epithelial cell cultures. Simulations
then demonstrate that homeostatic volume regulation is a natural consequence of the processes
described. The model maintains ASL volume within a physiological range that modulates with
phasic stress frequency and amplitude. Next, we show that the model successfully reproduces the
responses of cell cultures to significant isotonic and hypotonic challenges, and to hypertonic
saline, an effective therapy for mucus hydration in cystic fibrosis patients. These results compel an
advanced airway hydration model with therapeutic value that will necessitate detailed kinetics of
multiple molecular pathways, feedback to ASL viscoelasticity properties, and stress signaling
from the ASL to the cilia and epithelial cells.
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Introduction

Mucus traps inhaled foreign particles and pathogens entering the lung, which are
subsequently cleared by mucus transport [9]. Proper hydration of the mucus layer is a
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fundamental prerequisite of efficient transport, thus a detailed kinetic understanding of fluid
volume regulation in the respiratory epithelium is highly relevant to therapeutic strategies
for treating lung diseases that are associated with dehydrated mucus, such as cystic fibrosis
(CF) and chronic obstructive pulmonary disease (COPD) associated with dehydrated mucus
[5, 30].

Recent experimental evidence has shown that soluble mediators and extracellular
nucleotides play a critical, and perhaps primary, role in airway surface liquid volume
regulation by modulating ion channel activity. Soluble mediators govern ASL volume by
actively controlling ion channels and thus changing the overall salt content in the ASL.
Epithelial tissue is highly permeable to water, which results in equivalent osmotic pressures
at steady-state in the ASL and the basolateral layer. The epithelial Na* channel (ENaC) must
be proteolytically cleaved by endogenous channel-activating proteases (CAPS) in order to
activate and conduct Na* [36, 2, 8]. It has been inferred that these CAPs are tethered to the
apical membrane of respiratory epithelia [35, 25]. It has also been proposed that ENaC
activity is negatively regulated by water-soluble ENaC-inhibitors (ENaCiqp) €.9.,
SPLUNCYI, that are released into the ASL by the epithelium [35, 13]. Thus, while
membrane-attached CAPs remain constant at the surface of the epithelia, the concentration
of ENaCiy, is increased whenever ASL volume drops, leading to lower rates of Na*
absorption via ENaC. This cascade hyperpolarizes the apical membrane, creating a driving
force for CI™ secretion. If CFTR is active, this causes a transient increase in ASL osmolarity
and liquid secretion, and thereby ASL volume increases to keep the ASL osmolarity
consistent with that of basal and epithelial compartments. A similar argument explains how
excess liquid can be absorbed from the ASL. In this case, the concentration of ENaCin
decreases, leading to activation of ENaC by CAPs and a drop in the mass of ions in the
ASL. Thus, the concentration or dilution of soluble reporter molecules provides a stable
mechanism for ASL volume regulation [35, 13].

Extracellular nucleotides (e.g. adenosine triphosphate (ATP), uridine triphosphate (UTP),
and adenosine (ADQ)) have also been shown to influence ASL volume by regulating ion
channels. Furthermore, recent experiments show that concentrations of these nucleotides are
strongly dependent on external mechanical stresses felt by epithelial cells [3, 31, 32], and
thus there is compelling evidence that stress-mediated nucleotide release in the ASL plays a
role in regulating ASL hydration. For example, it has been shown that cyclic oscillations in
air pressure at the frequency of tidal breathing (14 cycles per minute) cause an increase in
liquid secretion and ASL volume in cultured airway epithelium, which is carried out by
stress-mediated increases in extracellular ATP and ADO [3]. In clinical practice, percussive
therapies, heavy breathing, and cough therapies are currently employed to stimulate mucus
clearance in cystic fibrosis patients [28]. The modulational role of phasic stress in the model
presented in this paper is hypothesized and constructed on the basis of several experimental
studies [3, 31, 32] which explore ion-nucleotide kinetics in diverse phasic stress conditions.
Extracellular nucleotides (ATP and its metabolite ADO) act as signaling molecules that
activate G-protein coupled receptors (purinoceptors), thus regulating ion fluxes through ion
channels and controlling the mass of ions on the ASL. This, in turn, regulates the ASL
height due to water permeability and osmotic pressure, and we therefore deem it crucial to
include the effect of stress on volume regulation.

There has been a great deal of effort to mathematically model epithelial ion transport [15,
26, 37, 10, 40, 12]. These model developments have helped gain insights on the kinetics,
multiple signaling pathways, and detailed processes happening within the lung. Hartmann
and Verkman [15] developed an electrokinetic model to capture the kinetics of electrical
parameters, ion fluxes, and intracellular ion activity; Novotny and Jakobsson [26] developed
the first computational model describing ion and water flux, using Michaelis-Menten
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kinetics to describe ion transport. More recently, these models have begun to incorporate
more sophisticated details: Warren et a/[37] developed a model which describes fluid
secretion after the rise of intracellular calcium; Falkenberg and Jakobsson [10] describe ASL
pH regulation.

While these models have accomplished a great deal in helping us understand the processes
and kinetics of volume and ion regulation, they have not yet delved into functional
dependencies of ATP release rates arising from stress, nor have they fully incorporated the
role of CAP inhibitors. Much of the literature indicates that stress events will have a
significant impact on ion kinetics. For example, in [40], the authors change the constitutive
release rate of ATP in order to simulate ATP release triggered by stress and find a
significant increase in steady-state ASL ATP concentration, which is in agreement with
experiments. In [38], the authors examine the effects of Ca* kinetics and how they vary with
initially increased ATP concentrations; they acknowledge that mechanical stress is the cause
of this increase in initial ATP, however do not mathematically model its origin. To our
knowledge, the present paper provides the first predictive model that closes the stress-
nucleotide-ion-volume feedback loop.

In order to demonstrate this relationship, we have deliberately chosen to construct a
simplified proof-of-principle model that establishes the consequences of coupling of these
novel regulatory mechanisms. We elect not to incorporate full biochemical kinetics of all ion
and nucletotide species, nor specificity of the various signaling pathways that could be
stress-activated. The feedback loop between stress, volume, and ion-nucleotide kinetics is
the core element of our model, which already constitutes a non-trivial dynamical system,
and further details available within our own research group will be addressed only after
proof-of-principle is established. The payoff of modeling the biochemical kinetics and
mechanics of lung physiology is two-fold: a further understanding of mechanochemical
coupling in lung physiology, and to provide platform to test existing and proposed therapies
in silico.

This section starts with a qualitative overview of the model, which is then followed by a
detailed description of the model equations, and then a discussion of the parameter values.
Many of the model features are inspired by recent experimental observations. We expose the
important observations in the present paper and provide a short review in the supplemental
material.

An Overview of the Model

In the lung, release of nucleotides (ATP, ADP, AMP) into the ASL is strongly stimulated by
changes in the stresses transmitted to the apical membrane [3, 31, 32]. In the ASL, a series
of enzymes metabolize these nucleotides into adenosine and inosine (INO), which are then
taken up by epithelial cells. The conversion of ATP to inosine involves a series of enzymes
that carry out the following chemical reactions: ATP — ADP — AMP — ADO — INO.
Both ATP and ADO are signaling molecules that bind to and activate G-protein coupled
receptors (P2Y5 and A, g, respectively). A complete description of extracellular nucleotide
kinetics can be found in [40, 12]. The balance equation for nucleotide dynamics includes
sources due to secretion and sinks due to metabolism and reabsorption [40, 12]. We describe
ATP influx as a function of mechanical stresses experienced by the airway epithelial cells
which is developed in detail below.

Nucleotide concentrations will, in turn, affect ion channels which will affect ion fluxes
between the ASL and epithelial cells. Sodium is absorbed from the ASL by ENaC and,
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subsequently, actively pumped out from the cytoplasm to the basolateral compartment by
Na*-K* pumps, with K* being recycled across the basolateral membrane. Increased levels of
ATP and ADQ in the ASL cause an increase in ASL ion mass by closing sodium channels
and opening chloride channels. This in turn causes water secretion from the basolateral
compartment towards the ASL.

In addition to the effect of nucleotides on the ion channels, we also infer from [35] that there
is a chemical species in the ASL which inhibits ENaC and that has a constant concentration
in the time scale of a few hours. We will refer to this species as ENaCijn,. The idea is the
same as in the Introduction: when ENaCjp, is diluted, ENaC is more active and ion
absorption is higher; when ASL height is lowered, ENaC is inhibited and the rate of ion
absorption decreases. This means that Na* absorption is a function of the concentration of
ENaCijp; fixing the molar number of ENaCiqp, to be constant, absorption becomes a function
of the ASL height.

Finally we turn to ASL hydration which will be affected by the above processes. The total
ASL concentration of ions (mainly CI~, Na* and K*) is near 300 mOsm at basal levels in
both CF and normal airways [18]. The ASL concentrations of nucleotides range from 1 to
200 nM at steady-state [27]. Because there is a large difference between the ionic
concentrations and the nucleotide concentrations, the main contributors to ASL osmolarity
are the ion concentrations. lon fluxes are driven by electrochemical gradients across the cell
membranes. ATP and ADO regulate these fluxes by controlling the permeability of ion
channels located in the apical membrane. Water will move to balance osmotic gradients
between the mucosal and serosal compartments. The basolateral (serosal) compartment
represents a large reservoir, where ion concentrations can and will be considered constant

(Fig. 1).

Instead of resolving all of the detail found both in the above presentation and in the
referenced works, our proof-of-principle model extracts the fundamental elements of a
general biochemical network model [40, 12] by reduction to three variables: one generic
nucleotide/nucleoside, one generic ion, and ASL height. The nucleotide (which we will
simply denote as ATP) summarizes the roles of ATP, UTP and ADO in promoting fluid
secretion through the receptors P2Y, and A,z [3, 29]. Similarly, the generic ion accounts for
all ions and molecules that contribute to ASL osmolarity, such as sodium, chloride and
potassium. ASL height Has; is likewise proportional to volume as many of the experiments
are carried out on flat cell cultures, allowing us to approximate volume as Vg =

Hasi Sas; Where Sag; is the surface area of the ASL. Coupled with a dynamic ASL height,
and the key new feature of mechanochemical coupling, we derive below a simplified form
of the biochemical network model previously described in [40, 12]. We add, however, a
stress-mediated nucleotide flux, with a phasic (time-periodic) stress condition, along with an
ENaCijn, term in the ion re-absorption term. This gives a three-dimensional dynamical
system for the generic nucleotide and ion species coupled to ASL height. We illustrate the
simplification in Fig. 1 and present the functional dependence of the secretion and
degradation terms as

. ATP - ATP liquid
Narp (t)z‘]secreti(m (6t T, HASL)_‘] (NAT[” H ) @

degradation ASL

Nion()=J" - (N (£), H 4 (1)~ J 5 - (Nign(1), ENaCinp, H' (1)) (2

secretion ASL absorption ASL
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Hy 0=V, Pty (051,15, (=Osmipasar) — (3)

Here, ;represents all components (from cilia and breath) of stress felt by the epithelial cells,
JATP  (units of mols/s.m?) is the nucleotide release rate which explicitly depends on the

secretion

rate of change of stresses as inferred from [3], while the rate of ATP degradation J;‘;’;dm
(units of mols/s.m?2) is described by a Michaelis-Menten kinetics [40, 12]. NVrepresents the

number of moles per unit surface area. Letting Hf;f”" denote the height of the ASL made up

of the liquid and mucus regions (as opposed to contributions from cilia) the concentration of
a species X can be derived as [ X]=N,;/ H""4 \\e further note that the total height of the

ASL

: : _ gyliquid cilia cilia _p + T
ASL is given by H,, =H " +H, “, where H, “=0 in the absence of cilia and

H =2 474,m, which is the estimated contribution of the volume of cilia, calculated by

taking the density of cilia to be 5 cilia per um? [6], the length of cilia to be 7um [23], and

radius of cilia to be 150nm [1]. Ny, has units of mols/m2; Jioron Jabsorption (UNIts Of Mols/
s.m?) are the rates of ion secretion and absorption into and out of the ASL; Vi 0 (units of

m3/mol) is the molar volume of water, and Pi,zo (units of m/s) is the transepithelial water
permeability of airway epithelia. Osmas; is the ASL osmolarity and is equivalent to

Niun/Hi’f,f”d; Osmypasas 1S the osmolarity of the Krebs Bicarbonate Ringer (KBR) solution
commonly used in the basolateral region in cell culture experiments [39], and acts as a
baseline toward which the ASL osmolarity tends. Equations 1 through 3 form a three-
dimensional dynamical system for (NMa7p,NjonHas;). The system becomes explicit once the
functional forms of the flux functions for absorption and secretion are specified, as

described in the following sections.

The Flux Functions

Nucleotide Fluxes—In order to fit the functional dependence on ATP release to stress,
we note that it has been experimentally observed that the ATP steady-state concentration in
the ASL changes when an oscillatory stress is applied to cell cultures of human airway
epithelia [3, 32]. We note also that the ASL ATP concentration is not affected by different

constant air pressures. Thus, we posit that the nucleotide secretion rate (422 .y depends on
the rate of change of stress, and does so monotonically. Although there are many functional
choices that satisfy this simple monotonic criterion, we choose to construct a sum of

traditional quadratic Hill functions, which yields

stress; 2
V:n;ﬁc“ (61Ti(HA5L» t)) +JATP

ATP - —
J (at T, HASU t)— constitutive (4)

secretion

iressi2 2
i={type of stress} (bin'ub‘) +(at7i(HA5L, 1))

where V¢ is the maximum influx response to the different types of stress (stress
experienced via shear stress experienced via tidal breathing vs. stress experienced via cilia),

K37essi is the stress level that elicits half of the maximum response for each type of stress, ¢
is the vector of stress types, and ;is the ith component of this vector. JAT” represents a

constitutive
non-stimulated, constant influx of nucleotide into the ASL. The notation J; represents a time
derivative. We further note that the choice of quadratic Hill functions (as opposed to linear
or of arbitrary mh power) was taken to account for the sharp change in the ATP
concentrations vs. imposed stress (fig. 5); we expect the response to be stronger than linear,

however no fitting was done to find the optimal value of the Hill exponent.
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We note that, experimentally, the ATP release rates have extremely different sensitivity to
different sources of stress. The magnitude of stress from the cilia is roughly four orders of
magnitude greater than stress from breathing [16], however epithelial cells are much more
sensitive to breathing-induced stress than cilia-induced shear stress. More specifically,
whereas ciliated and non-ciliated cell cultures have similar ATP concentrations and ASL
volume, the low shear stresses from experiments mimicking tidal breathing lead to
significant spikes in ATP concentration. We assume the contributions to ATP flux from
different sources of shear stress sum linearly, a common assumption in rheology. Taking this
simple relationship, the model accounts for the contrasts in sensitivity associated with each
source of stress.

The phasic stress due to ciliary motion is taken from the biophysical model described in [21,
241, which describes stress distributions throughout a viscoelastic layer with a phasic strain
or stress driving condition. Indeed, these studies were carried out precisely to understand
stress conditions in the ASL due to forcing by coordinated cilia or tidal breathing, and in
particular how induced stresses vary with ASL height. Several sources (strain versus stress)
of phasic stress on the viscoelastic layer as well as boundary conditions on the opposing
layer boundary (stationary or stress free) were analyzed in [21, 24].

For our purposes, we use the closed-form, analytical formulas which follow from a model
called the upper convected Maxwell(UCM) model for the ASL. This model generalizes
linear viscoelastic models with the ability to resolve the storage modulus and loss modulus
of the ASL at the frequency of the driving condition. The idea is that mucus can be modeled
via the UCM and that cilia beat at a regular frequency despite changes to the underlying
viscoelastic properties. We assume that a layer of fluid moves with the tips of the cilia. In
this setting, the lower the ASL height is the greater amount of work the cilia need to do to
keep beating because the fluid at the epithelial surface holds a no-slip assumption. Although
this model only acts to approximate the stress experienced by the cell tips, it does provide
the most accurate model currently available. More detailed models must take into account
individual cilium and how they interact with the surrounding fluid. With these assumptions
in place, this model incorporates the local ASL height and the dynamic storage and loss
moduli at the driving frequency w of coordinated cilia into an explicit formula for the rate of
change of shear stress:

g ) ) ;o
_::3 ((coth(zH . O)zZH AS,_(t)—2ﬂia)) A nAw)(m —in)

0 ®)

where () denotes the imaginary part of a complex number, n “and n “are the elastic and
viscous moduli of the ASL at frequency w, respectively, A is the strain driving amplitude, p
is the density of the ASL liquid, and zis a complex constant determined by the ASL
properties and driving frequency w, namely

1_ 7/ 1+ 17
z=a+i, where a= 'L’Zz) and f= % (6)
20+n0") N 207+

Equation 5 is derived in [21, 24].

For this paper we use a ciliary beat frequency of 10Hz (w) [19], and take the viscoelastic
moduli to be 7 "= 25 dyne s/cm? and 5 =5 dyne s/cm? [17].

The ASL viscoelastic moduli 7 “and n “are presumed constant over the timescales of our
simulations, since very little is known about how these moduli vary /7 vivo. The dynamics
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of ASL properties can easily be incorporated, including the release of mucins which
continuously replenish the ASL and maintain viscoelasticity in some range, once these
dynamical processes are better understood. Finally, the choice for A, the strain driving
amplitude, is approximated to be proportional to the length of a cilium as an estimate of the
result of coordinated cilia. We note that this constant of proportionality can be absorbed in
the v3'ess and K/ parameters, thus it is approximated as the actual length of a cilium. The
parameter choices for the stress dynamics are given in Table 1.

We note further that we only employ the formula for shear stress and suppress normal stress
in these simulations. Because the ASL is viscoelastic, normal stresses naturally arise in
shear. The formula for normal stress is exposed in [21] and can easily be added when the
model is expanded to include more biochemical detail. We also acknowledge that stress in
this idealized model is imperfectly communicated to the epithelial cells, which would

correspond to an underestimate of the true value for v,

External stresses on the ASL surface (i.e. stresses not contributed by the cilia), have been
experimentally measured in two scenarios. The first was carried out in [32], where the
cultures were radially accelerated, then held at constant speed, and then decelerated; the
process happens at a rate of 14 cycles per minute to mimic breathing. In this study the cell
cultures undergo centripetal forcing as well as air drag via the air drag on the epithelium.
The authors claim that air drag is the primary source of stress and approximate the resulting
shear through a series of simplifying assumptions (see supplemental material of [32]). In a
second set of experiments [3], the pressure of the surrounding air was changed phasically,
20 cycles per minute, and the authors reported similar results in the response of steady state
ATP concentrations. We will denote stress from these experiments as zp,.4: t0 denote the
stresses from tidal breathing acting on the cell.

For the model, we suppose that we have a stationary epithelial layer and that the mucus-air
interface is driven at a particular stress z,. Given these boundary conditions we can read the
analytic solution from [24]. Assuming that the cell will read stress at the epithelial layer, we
take the shear stress at the base of the layer as

1
cosh(zHASL (1)

_ Y~ 2riwt
—=73|Ty€

U]

with zas above. Because the magnitude of the height is small compared to z we
approximate cosh(zH4s;(9) ~ 1. As in [32], we take the frequency of forcing to occur at 14
cycles per minute. We have idealized the stress input to occur with a single frequency mode.
For more complex signal inputs, however, we can take a Fourier decomposition and sum
along different wave modes to find the true time rate of change of shear stress; this is
beyond the scope of this work.

For the nucleotide degradation flux ( Jﬁgada,,-,m), we use Michaelis-Menten kinetics and

write the function in terms of nucleotide concentration ([ATP]=N,,,/H"4"““) as

ATP _ VATPLATP)(1)

ax

degradation ™ m '

The maximum velocity vAZP was obtained by summing over all enzymes that metabolize

max

ATP, while the average Michaelis-constant kA7¥ was calculated so that the steady-state ATP
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concentration provided by Eq. (1) matches the experimental value (* 1 nM; see Table 1). As
described in [12], condensing the effects of all enzymes into a single Michaelis-Menten term
is an accurate approximation of extracellular nucleotide metabolism for low nucleotide
concentrations (< 200nM).

lon Fluxes—We use a generic Hill function to mediate the ion flux which is meant to
account for an average effect over all ions, but suppose that we can model the half response
value at a the same level as the P2Y,-R response. This idea leads to the following equation
for ion secretion:

Jion ) (t): V,i%;([ATP](t))
secretion (K,I,,)lZYz_R)+([ATP](t)) s

where [ATP]:NATP/Hi"S‘fL”"d is again the nucleotide concentration in the ASL as above, and

KkEP2V27R is the nucleotide dose that elicits half the maximum response of ion secretion via the

P2 Y, — Rreceptor pathway. vio" is left as a free parameter to fit the experimental data with
the simulation.

lons are constantly leaving the ASL either across the cell (Na*) or through the paracellular
pathway (CI~, K*, Na*). Since ENaC-mediated Na* transport is regulated, but ion transport
through the paracellular pathway is passive (down the electrochemical gradient), we assume
that ion removal from the ASL is regulated primarily through ENaC regulation, which relies
on ENaCinp. Thus, ion removal from the ASL is modeled as:

Kinax Ostg, (1)

R ENaCon 1K)

ion (
absorption

(10)

where Kjis the inhibition constant; OsmASL(t)zN,-on/H”q‘”‘d is the ASL osmolarity; k" is a

ASL max

free parameter used to fit the experimental data; and [ ENaCin]=N,y. /Hia" is the
concentration of soluble inhibitors that reduce the ENaC-mediated Na* absorption. We
consider Nenac;,, 1o be a constant that we determine by first finding or setting the other
parameters, setting variables equal to their experimental steady-state values, and then
solving for Ngnac;,, by setting Ny, = 0. The denominator is taken to the fourth power to
simulate a sharper signal cutoff; we found similar behavior when squaring it.

It is worthy of comment as to why we allow ATP flux to be stress-dependent, yet do not
include stress-induced ion channel activity. In [32] the authors show that ASL height is
strongly dependent on the presence of ATP and ADO in the ASL and degradation/inhibition
of these two signaling molecules causes ASL height to collapse. Extending this experiment,
the authors found that in the absence of ATP/ADO, the epithelia can no longer respond to
applied phasic shear stress from air drag. Furthermore, they detected a Ca2+ spike and a
concomitant increase in Cl- secretion every time shear stress was either turned on or off.
This signaling event was abolished by the addition of apyrase, which degrades ATP to AMP
[32]. Thus, while we cannot exclude the possibility that mechano-sensitive ion channels or
other mechanisms are being activated by shear stress, we can conclude that ATP release is
paramount for shear stress-induced regulation of ASL height. For this reason we hypothesize
that stresses on the cell do not directly influence the channel permeabilities.

Therefore, the closed system of equations reads

J Theor Biol. Author manuscript; available in PMC 2014 May 21.
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Stress; 2 ATP liquid
N ()= Z Vinax atTi(HAsu 1) + ATP _ Vmax (NATP/ H4SL ) 1)
ATPNY) T tress;2 2 constitutive ATP liquid
i={type of stress}KzSnmss +0,7i(H g, 1) K +(NATP/HASL )
i liquid i liquid
N ()= Vrlgz’zzx(NWP/ H4?1 ) k:ggx(N ion/ HASqL )
zon( )— (]_2)

P2Y,—R liquid~ ioui 4
K+ N, ™) 1Ny, JHI2 ) K))

NaCippy [H,g

. N (2)
H,, (O=V, pt =

-0. .
0 HZO(HASL(Z‘) SMpasal) (13)

Parameter Values—All parameter values are given in Table 1, while the steady-state
experimental values of ASL ATP concentration, ASL osmolarity, and ASL height are given
in Table 2. If no reference is given the parameter is labeled as free or derived as a function
of other parameters (as in the case of Nigyacy,,, @s previously described). The free
parameters were fitted as follows. First, we considered non-stressed, non-ciliated cells and

fitted vior xion | k" 50 that the steady-state variables and time scales after isotonic and

max> “*max> "M

hypotonic challenges were reproduced. Next, we fixed the parameters found for non-stressed
cells and used v;7<** and k" to fit the experimental data for stressed cells. Parameters for

max m

the stress from cilia (v;/7eeiia | goiresseiia) yere found by fitting the experimental data in Fig.
2. Parameters for the stress from tidal breathing ( v;/ssman g sresSiean) were fit by ignoring

mn

cilia and fitting the data in Fig. 5. With the fitted parameter values, we went back and added
cilia and verified that the model predictions remained within experimental ranges.

Numerical Methods

Results

The model is solved using a Runge-Kutta-Fehlberg algorithm in the GNU scientific library
ordinary differential equation (ODE) routines [11]. The code is scripted and results are
visualized using DataTank by Visual Data Tools, Inc. The equations are non-
dimensionalized in the numerical code in order to ensure minimal numerical truncation error
and then rescaled in post-processing.

Comparing the model with experiment

Non-ciliated, non-stressed cells—We now reveal how well the chosen parameter
values mimic the biological behavior of non-ciliated, non-stressed cells. In the model, this

; ion ic limi i ATP  _ jATP
means that ion secretion is limited to the non-stimulated term, namely J5, . ..ion=7constitutive:

this case, the model must be able to reproduce the following experimental behaviors and
data:

In

1. - The system should reach a steady-state in the limit — oo. At steady-state, the
ASL nucleotide concentration ([ATP]) must be in the experimental range (1-10nM
for ATP) [27]. The total ASL ion osmolarity ([ion]) must be 300 mOsm, which is
the osmolarity of the KBR buffer used in the experiments (see Table 1).

2. - Following addition of isotonic liquid, so that the ASL height increases four-fold,
the system returns to steady state in 6—18 hours [4, 31, 32].

J Theor Biol. Author manuscript; available in PMC 2014 May 21.



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

1duasnuey Joyiny vd-HIN

Herschlag et al.

Page 10

3. - After ASL dilution by adding pure water, ASL height recovers quickly to steady
state. We note that physically, this is a consequence of the epithelium being water
permeable. However if the parameters are chosen so that ion recovery occurs at a
faster time scale than volume changes, then volume recovery can be slow for both
the isotonic and hypotonic challenges.

The model reproduces these desired behaviors. For long time periods, the experimental
steady-state values are reached (see Table 3) thus satisfying the first requirement. Following
addition of isotonic liquid (requirement 2), the model returns to its steady-state within 6-12
hours, which is a timescale that is similar to the experimental results [32, 4] (see Fig. 2).
Finally, after ASL dilution, the recovery to steady-state is much faster than after addition of
isotonic liquid. We present and compare the model with an experimental result found in
[33]. In this work, the ciliated ASL was stripped of nearly all water and ions and pure water
was then added to the system. We show that the model reproduces this behavior which
verifies the third requirement (see Fig. 3). In both the experiment and the model, the ASL
height dips below the length of out-stretched cilia (7m), and we note that the volume
contribution of the cilia is present in both. This means there is a very small amount of liquid
present in the culture which is physically and mathematically interpreted as there being a
very low mass of ions in the ASL.

Ciliated cells—Experiments by Okada and colleagues [27] suggest that the steady-state
ASL ATP concentration is weakly dependent on ASL height. When various volumes of
isotonic fluid were added to the cell cultures, the steady-state [ATP] decreased when ASL
height increased (Fig. 4). Model simulations predict that the steady-state nucleotide
concentration (JATP]) is independent of ASL height in non-ciliated cells, but that it
decreases with ASL height in ciliated cells (Fig. 4).

The effect of cilia on the response to isotonic challenge is shown in Fig. 2. The model
matches experimental ranges found by Okada [27], and predicts that cilia play a minor role
in this experiment, by influencing ATP release rates.

External stresses—Finally, we consider the effects of external stresses applied to ciliated
cell cultures. Increasing stress in the model increases the steady-state ASL volume as
observed experimentally (Fig. 2 and Table 3). The model is in close agreement with
experimental timescales and numerical ranges. The model correctly shows that ASL height
increases with stress, and predicts that once a certain level of stress is reached, ASL height
will not appreciably increase [4] (Table 3). We further demonstrate that there exists a level
of stress (0.2 dynes per cm2) which fits the experimental range [32]. This contrasts to the
experimental estimate by Tarran et. al. [32] that epithelial cells were subjected to stress
levels of .06 dynes/cm? at the same frequency. We note that this discrepancy may come
from the simplified choice of our breath stress function, but that it may also come from the
way stress was measured in the experimental set up. In the experiment, cell cultures were
rotated giving regions of zero stress and high stress; the average was approximated as the
reported values. This complexity may cause the reported stress to not directly correspond to
the value of the true stress that would lead to the observed response. Despite this, the trend
in the model is consistent with the experiment.

Finally we consider the change in the nucleotide steady-state concentration with increasing
stress (Fig. 5). The model accurately captures nucleotide increase as a function of applied
stress, and lies within experimental uncertainty (see Table 3 and Fig. 5).

Blind Model Predictions—To test the predictive power of the model, we now test model
predictions against experimental data that was not used to fit the model parameters. We first
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consider the addition of salt to ASL as a proposed therapy for mucus hydration. In the
experiment described both in [7] and the supplemental material of the present paper, 0.8mg
of sodium was added to epithelia from patients with cystic fibrosis. We mimic this
experiment by starting from steady state and increasing the ASL salt concentration 16—fold
(Fig. 6). In both the experiment and the model, there is an immediate and sharp increase in
ASL height. The model predicts that ASL height increases to 70um, while in the experiment
ASL height goes to 96 xm. The experiment has a fast reponse period in which the culture
height drops to 51um over the first hour, after which the rate of ASL height decline begins
to slow. The model is only able to pick up the long term drop rate, and we note that the
average rate of change between the model and the experiment are nearly identical from
hours 1-4. This discrepancy, however, is not surprising, since the ASL ionic composition
has been course grained over a single ion and the model has been fit to mimic long time
scale behaviors. This test suggests that there is more than one control for ion absorption;
modeling the potential sources and coupling them to the present dynamics is worthy of
future study.

We next perform sensitivity analyses (Fig. 7 and Fig. 8). In Fig. 7, we consider constant
phasic shear stress levels from tidal breathing, and the effect of taking away ENaCijn,. We
find that as stress increases, the ASL volume becomes more sensitive to diminishing
ENaCinn, suggesting that an ASL hydrated primarily by stress is vulnerable to an insult
which neutralizes ENaC;j,. We also show the effect of modulating stress over cultures in
which the mass of ENaCinp, is held constant at different fractions of its original level (Fig. 8).
We find that for diminished ENaC;np, stress plays a less important role in volume regulation.
This suggests that in the above mentioned insult that neutralizes ENaCinp, increasing stress
will not be an effective therapy for recovering healthy hydration.

We now speculate how the next generation of our model has the potential for use in CF
treatment. Patients with CF are asked to breathe heavily into tubes as a therapeutic treatment
[28], however there is no predictive guide for how hard they need to breathe. Our model
opens the door for these breathing apparatuses to be coupled to anemometers which can be
used to predict the stress epithelial cells are experiencing. The model can then be used to
predict if the patient is breathing hard enough for the ASL volume to respond in a favorable
way. This can especially be useful in sick patients who are laboring to breathe and such
instruments could foreseeably be used to predict whether or not one should proceed with this
type of therapy or explore other options.

To demonstrate such a clinical application, we hold ASL volume constant and effectively
knock down ion influx channels by multiplying vi** by a channel percentage factor a. For

max

example, suppose 50% of channels are available for ion influx - we then set
Jon =V [ATP]/(KE?Y>~R [ ATP]) where a = 0.5. Since the volume is always greater

secretion max
in the ciliated case, we can analytically solve for a stress that guarantees we will achieve a
particular volume in the non-ciliated case. We visualize the results of this prediction in
Figure 9, which shows a sufficient amount of shear stress from breathing needed to keep the
liquid ASL volume above normal values for both the ciliated and non-ciliated cases. It is not
hard to imagine a fully detailed model in which specific channels can be more accurately
accounted for to calculate the requisite amount of stress needed to maintain a particular
volume. We could also use such a model to determine the optimal repetition frequency of

the therapy so that the volume does not fall below a particular threshold.
A testable hypothesis—Due to the form of its construction, this model is the first to

allow for the possibility that the steady-state nucleotide concentration increases when ASL
volume decreases in ciliated cell cultures (Fig. 4). Furthermore, it predicts that this effect
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will not be seen in non-ciliated cultures (Fig. 4). This additional term and behavior in the
model is consistent with the experimental data for ciliated cells by Okada and collaborators
[27]. Non-ciliated cells have not, to our knowledge, been tested for this effect. If non-
ciliated cells, absent of external stress, do not show an increase of ATP levels when ASL
height decreases, then we can conclude that the cilia (and possibly the stress from cilia) are a
necessary component to capture this effect. Thus, we propose a novel experiment which
tests one of the basic elements of the model.

Discussion

We judiciously reduced the biochemical network of at least nine degrees of freedom [12, 10,
15] to a three dimensional non-autonomous dynamical system to demonstrate the effects of
ENaC-inhibitor, ion-nucleotide kinetics and mechanical stresses on ASL volume regulation.
Where previous models mimic stress by changing a constant influx parameter [40] or by
changing an initial condition [38], our model incorporates stress as an integral element
which we have used for a functional exploration of stress as a modulator of ASL volume.

We have also included a new term for ENaCj,h. Experimental data demonstrates that ENaC,
which is activated by extracellular serine proteases and inactivated by a secreted protein
inhibitor (SPLUNC1), appears to set the tone for ASL volume regulation [13] while
extracellular nucleotides modify this response [34]. Using the fact that non-ciliated cells are
able to regulate volume in the absence of stress, we have first demonstrated that the model is
able to regulate volume in this setting, and then we have demonstrated how volume is
modified by stress. The model also predicts that if ENaC;py, is removed by an outside source,
phasic stress therapies may no longer be an effective treatment for aiding in ASL hydration.

Since we employ a coarse-grained approach, we have condensed ATP and ADO into a
single nucleotide. We note that ATP typically acts on a fast time scale and ADO on a slow
time scale. This averaging of two timescales is consistent with the effect we see in the test
with hypertonic salt increase (figure 6). The model-data comparison suggests that there are
multiple absorptive pathways that have to be delineated in order to match the full transient
behaviors. Furthermore, hypertonic saline induces rapid cell shrinkage [34] which may
cause drastic changes in the cellular parameters that are outside the ranges that we have
modeled.

Despite the shortcomings associated with coarse-graining over ion-nucleotide species and
their detailed kinetic cascades, our proof-of-principle model matches qualitatively in all
cases and quantitatively in some cases with the available data. This demonstrates the
plausibility of our hypothesis of ENaC;j,,, and phasic stress as important effectors on ASL
volume. The primary result of this model is to establish proof of principle for the stress-
nucleotide-ion-volume feedback loop in lung airways and cell cultures. We have stated at
the outset that we deliberately suppressed full details that are available for the full ion and
nucleotide species and their kinetic cascades, and for the multiple signaling pathways and
channels. These generalizations of our model are now rationalized with the results presented
here.

The role of mucus viscoelasticity in the overall story of ASL volume regulation remains a
fascinating and open question. For example, it is widely held that mucus viscoelasticity is
tuned for enhanced clearance by phasic strain from coordinated cilia and by phasic air drag
from tidal breathing; however this notion of enhanced mucus transport has yet to be
established. Our model is the first, to our knowledge, to demonstrate how mucus
viscoelasticity plays a key role in ASL hydration. In planned extensions of the model, the
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dynamics of ASL viscoelasticity through ASL hydration, stress-induced mucin release and
mucin concentration dynamics, will be considered.

As mentioned above, there is still a great deal that is unknown about the biochemical
signaling pathways in respiratory epithelia. The most important outstanding issue that we do
not address is how the cell regulates ENaC;n, Which we have assumed constant. However,
we have identified ENaCj,, as central to ASL volume regulation and challenge future
experiments to investigate its regulation.

The goal of this and future generations of models is to evaluate hypotheses for the
mechanisms of ASL volume regulation. As this model becomes more quantitative and
reflects more resolved ion, nucleotide and inhibitor species, we plan to use the model to test
and evaluate percussive, breathing and cough therapies which are already effective in the
treatment of disorders such as cystic fibrosis [28]. We present a coarse grained
approximation to one such test above, however many more lay open to be tested and
explored.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Diagram of the respiratory epithelium summarizing the complex signaling pathways that

regulate ASL volume (LEFT) compared to the proof-of-principle model cell (RIGHT).

Abbreviations: CaCC = calcium-activated chloride channel, ENaC = epithelial sodium
channel, CFTR = cystic fibrosis transmembrane conductance regulator, CNT =

concentrative nucleoside transporter, P2Y»-R = receptor sensitive to extracellular ATP, A,z
= receptor sensitive to extracellular adenosine (ADO); see text for more information.
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Figure2.
Response to isotonic challenge. Experimental data [35, 32] are compared to model
simulations for non-ciliated vs. ciliated cells for various levels of applied stress.
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Figure 3.

Response to hypotonic challenge. lons are stripped from the ASL and water is added which

causes a large drop in the osmotic pressure. The volume decays over the course of 1 minute.
Experimental data is taken from [33] in which ciliated cell cultures which have been washed
of salt to give a height of 3um (with collapsed cilia). In the experiment, pure water is added

to the ASL and the ASL height quickly collapses back down to a height of 3um.
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Model simulations compared to experimental measurements of ATP steady-state
concentration, with height held constant. The experimental data was taken from ciliated cell
cultures using soluble luciferase [27]. The model predicts that non-ciliated cells will have
steady-state nucleotide concentrations independent of ASL height (crosses x). In contrast,
the model predicts that ciliated cells will have steady-state nucleotide concentrations that
decrease with ASL height (solid boxes H). Only the ciliated model agrees with experimental
data ranges.
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Response to hypertonic challenge. Addition of salt to the ASL leads to dramatic increases in
ASL height. Here we compare the model to an experimental test [7] carried out by adding
0.8mg of sodium to epithelial cells of patients with cystic fibrosis. The numerical test was
done by increasing the ion concentration 8 fold from quasi-equilibrium.
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Figure7.

Model prediction of steady-state ASL height as a function of ENaC;jy;, concentration. Under
a given amplitude of phasic shear stresses, we examine the effect of taking away ENaCijpp, on
ciliated cells, where a value of 1 on the x-axis corresponds to the predicted value of ENaCij,
from Table 1.
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Figure8.

Model prediction of steady-state ASL height as a function of stress. Holding the mass of
ENaC;,, constant on ciliated cells, we modulate the tidal breathing shear stress from 0 to 0.6
dynes/cm?. The constant values of ENaC;,p, correspond to the predicted level from Table 1
(100%), half this value (50%), and a fifth of this value (20%).
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Figure9.

We ask for a sufficient amount of stress needed to keep the liquid volume above 4.5um in
both the ciliated and non-ciliated cases. As the fraction of secretion channels drops by a
fraction of a, more tidal breathing shear stress is needed to pump nucleotides into the
system and increase ion secretion. The results are found by analytically solving for the
required constant rate of change of shear stress stress when there is no cilia. Because of it’s
analytic form, no data points are shown.
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Table 1

Parameter values

Parameter Value Units References
AP parameters
243 x 105 [12]
V::Zf pmol
sm?
stress. 140 free
Vmax cilia pmol
sm?
stress 408.16 free
Vma;( breath pmol
sm?
5100 free
KZ"ESS(;HM g
s3cm
K stbmh 35.28 g free
s3cm
3.9511 x 1010 12
Kﬁ,TP pmol =
m3
61.5 [20]
ATP mol
Jconstitutive p
sm?

Stress parameters

n’atl0Hz 25 [17]
g
cms
n”at10Hz 5 [17
-
cm s
A 7 %1074 cm [23]
w 10 st [19]
1.015 14
P g [14]
cm?

Jjon Darameters

. 1073 free
Vzon mmol

max

sm?

. 3x1073 free

kion mmol
S

KPR 100 mM [32]

m
K 10 #M [35]
Nenaciy, 13.85 uM derived
Has; parameters
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Parameter Value Units References
Vel 18.1x 1076 3 [22]
m
mol
. 200 um [22]
p Hy0 -
S
OSMpasal 300 mOsm [39]
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Table 2

Preciliated (i.e. non-ciliated) experimental steady-state values of ASL ATP concentration ([A7A]), ASL
osmolarity (Osmas;), and ASL height (Hasy).

Variable ApproximateValue Units Reference

[ATA 1 nM [27]
Osmyus, 300 mOsm  [39]
Hast 45 pm [35]
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Model predictions for the quasi steady state values of ASL ATP concentration ([A7F]), ASL osmolarity

Table 3

Page 29

(Osmas;), and ASL height (H4s;) in cells with and without cilia. The heights for ciliated cells have a volume
correction (height due to the cilia plus height due to the liquid); the height without cilia only includes the

liquid height.
Experiment [ATPInM  Osmpg. mOsm  Hag um
No Cilia 1.00 300.0 4.5
Ciliated Cells with the following shear stresses from tidal breathing:
0 breath stress 2.92 300.0 8.69
.06 9.57 300.0 10.65
.6 9491 300.0 17.04
6 129.01 300.0 18.51
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