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Biophysical Model of Ion Transport across Human Respiratory Epithelia
Allows Quantification of Ion Permeabilities
Guilherme J. M. Garcia,†‡* Richard C. Boucher,‡ and Timothy C. Elston†
†Department of Pharmacology and ‡Cystic Fibrosis/Pulmonary Research and Treatment Center, and the University of North Carolina Virtual
Lung Group, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina
ABSTRACT Lung health and normal mucus clearance depend on adequate hydration of airway surfaces. Because transepi-
thelial osmotic gradients drive water flows, sufficient hydration of the airway surface liquid depends on a balance between ion
secretion and absorption by respiratory epithelia. In vitro experiments using cultures of primary human nasal epithelia and
human bronchial epithelia have established many of the biophysical processes involved in airway surface liquid homeostasis.
Most experimental studies, however, have focused on the apical membrane, despite the fact that ion transport across respiratory
epithelia involves both cellular and paracellular pathways. In fact, the ion permeabilities of the basolateral membrane and para-
cellular pathway remain largely unknown. Here we use a biophysical model for water and ion transport to quantify ion perme-
abilities of all pathways (apical, basolateral, paracellular) in human nasal epithelia cultures using experimental (Ussing
Chamber and microelectrode) data reported in the literature. We derive analytical formulas for the steady-state short-circuit
current and membrane potential, which are for polarized epithelia the equivalent of the Goldman-Hodgkin-Katz equation for
single isolated cells. These relations allow parameter estimation to be performed efficiently. By providing a method to quantify
all the ion permeabilities of respiratory epithelia, the model may aid us in understanding the physiology that regulates normal
airway surface hydration.
INTRODUCTION
Normally, airway surface liquid (ASL) is ~98% water, 1%
salt, and 1% proteins by weight, including the very high
molecular weight mucins that determine the viscoelastic
properties of the mucus layer. As demonstrated by recent
studies (1), proper hydration is a requirement for efficient
mucus clearance. Hydration of the airway surface is
controlled by a balance between ion secretion and ion
absorption. Most of the focus on the balance between secre-
tion and absorption has been on the Naþ and Cl� channels
located in the apical membranes of airway epithelia.
However, a complete understanding of ASL homeostasis
requires a description of the full system, including ion trans-
port across the basolateral membrane and the paracellular
pathway. To this end, we developed a mathematical model
of ion and water transport by the respiratory epithelium.
The model is used to quantify the ion permeabilities of
respiratory epithelia based on experimental data available
in the literature.

Several mathematical models of epithelial ion transport
have been reported (2–17). These models describe a range
of epithelial types (respiratory, intestinal, corneal, kidney),
from different animal species (human, rabbit, dog, mouse,
frog), and different epithelial properties (leaky versus tight
epithelia). Novotny and Jakobsson (5,6) published a seminal
model for respiratory epithelia that was based on data from
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dog trachea. Their model was recently extended to human
bronchial epithelia and used to investigate ASL pH regula-
tion (9) and changes in cell volume that occurred after
hypotonic challenges (8). Although these models include
basolateral and paracellular ion transport, a systematic
parameterization and validation of the models was not
performed.

Our work extends that of Novotny and Jakobsson (5,6) in
several significant ways. Our model includes apical Kþ and
basolateral Cl� channels and distinguishes the paracellular
permeabilities of anions and cations. Most importantly,
the values of model parameters were estimated directly
from experimental measurements of the transepithelial and
intracellular bioelectric properties of human nasal epithelia
(HNE) cultures measured in Ussing Chambers (18–20).
To our knowledge, this is the first time that such a large
dataset has been used to systematically estimate the ion
permeabilities of human respiratory epithelia. Our findings
provide a fuller description of ion transport in respiratory
epithelia and may contribute to understanding of the normal
hydrating process required for lung health.
MATERIALS AND METHODS

Model description

Ions and transport pathways

The model includes apical, basolateral, and cellular compartments sepa-

rated by two membranes, the apical and the basolateral (Fig. 1 A). The

apical membrane is permeable to Naþ, Kþ, and Cl�, while the basolateral
membrane is permeable only to Kþ and Cl�, as suggested by intracellular

microelectrode experiments using nasal epithelial cell cultures (18–20).
http://dx.doi.org/10.1016/j.bpj.2012.12.040
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FIGURE 1 (A) Schematic diagram of the main pathways of ion and water transport in respiratory epithelia, all of which are included in the model. The

paracellular pathway allows the diffusion of ions and water between the apical and basolateral compartments. The basolateral membrane expresses the Na-K

pump, Cl� channels, Kþ channels, and the Na-K-2Cl cotransporter. The apical membrane expresses Naþ channels, Cl� channels, and Kþ channels. Both

basolateral and apical membranes are permeable to water. (B–F) Parameter fitting was accomplished using analytical expressions for the steady-state

short-circuit current (ISC) and membrane potential at short-circuit condition (Vm) to perform an efficient search of the parameter space. (B and C) Triplets

of apical Naþ permeability, apical Kþ permeability, and basolateral Cl� permeability {paNa, p
a
K, p

b
Cl} that reproduce the experimental ISC and Vm as pre-

dicted by Eqs. 10 and 11 (solid lines). Some triplets {paNa, p
a
K, p

b
Cl} are associated with negative values of other ion permeabilities, which are physically

unrealistic (dashed lines). The triplet {1.6, 0.09, 1.4}� 10�8 m/s obtained with a Monte Carlo method (see the Supporting Material) is shown for comparison

(symbols). (D and E) By varying the ratios rK ¼ pbK/p
a
K and rCl ¼ pbCl/p

a
Cl and simulating various experimental conditions (see Table S3), the pair {rK, rCl}

that minimized the score function SSD was identified for each set of paracellular permeabilities {ppNa, p
p
Cl}. (F) To estimate the Naþ and Cl� paracellular

permeabilities, these parameters were varied under the hypotheses ppCl ¼ ppNa or p
p
Cl ¼ (DCl/DNa)p

p
Na ¼ 1.53 ppNa. Simulations were run for various exper-

imental conditions (see Table S3) and the best fits were obtained for ppNa ¼ 2.5–3.0 � 10�8 m/s.
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The Na-K pump and the Na-K-2Cl cotransporter (NKCC1) are localized

to the basolateral membrane. Both membranes are permeable to water,

but the water permeability of the apical membrane is greater than that of

the basolateral membrane (21). The paracellular pathway connects the

apical and basolateral compartments, allowing electrodiffusion of all ions

and water between these two compartments directly, without crossing the

cellular compartment (Fig. 1 A). The cellular compartment contains five

chemical species (H2O, Na
þ, Kþ, Cl�, and IO), where all impermeable

osmolytes (IO) are grouped as a single species. In addition to these species,

the apical and basolateral compartments contain other ions found in KBR

buffer (Ca2þ, Mg2þ, HCO3
�, HPO4

�2, H2PO4
�). The impermeant ions

cholineþ and gluconate� are added to the apical and basolateral compart-

ments to reproduce ion replacement studies (see Experimental Data below).

It is assumed that all ions can cross the paracellular pathway and contribute

to the paracellular electric current, but only Naþ, Kþ, and Cl� can pass

through ion channels in the cell membranes (Fig. 1 A).

Ion concentrations, ion activities, and osmolarity

The concentration of ion i in compartment x ([i]x, units of mM) is given by

[i]x ¼ Nx
i/Hx, where N

x
i (units of moles/m2) is the number of moles of ion

i divided by the surface area of the cell culture and Hx (units of m) is the

compartment height. Each compartment is characterized by its liquid

height, rather than its volume, because the surface area of the cell culture

is constant. Throughout this article, subscripts or superscripts a, b, and c

denote the apical, basolateral, and cellular compartments, respectively.
To take into account the nonidealities of electrolyte solutions, the

model is based on ion activities instead of ion concentrations. The

activity of ion i in compartment x (ai
x, units of mM) is related to its

concentration via ai
x ¼ gx[i]x, where the activity coefficient gx is

a nondimensional constant which depends on electrolyte chemical compo-

sition, concentration, and temperature (22). The activity coefficient of

intracellular and extracellular solutions is not known for respiratory

epithelia. Therefore, we assume ga ¼ gb ¼ gc ¼ gNaCl, where gNaCl ¼
0.76 is the activity coefficient of a 300 mOsm/L NaCl solution at

310 K (22).

The osmolarity of compartment x is given by Osmx ¼ fx

P ½i�x, where fx

is the osmotic coefficient of the solution in compartment x. For example,

the osmolarity of the intracellular compartment is

Osmc ¼ fc

�½Na�c þ ½K�c þ ½Cl�c þ ½IO�c
�
: (1)

Similarly to the activity coefficients, the precise values of the osmotic coef-

ficients are unknown. Therefore, we assume fa ¼ fb ¼ fc ¼ fNaCl, where

fNaCl ¼ 0.93 is the osmotic coefficient of a 300 mOsm/L NaCl solution at

310 K (22).

Equations for ion transport

The molar abundance per unit surface area of a given ion species in the

cellular compartment is governed by an equation of the form
Biophysical Journal 104(3) 716–726
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dNc
i

dt
¼

X
Jmi ;

where Ji
m (units of mols/s,m2) is the flux per unit surface area of ion i

across the membrane m. Thus, the number of moles of sodium (Nc
Na),

potassium (Nc
K), and chloride (Nc

Cl) in the cellular compartment are

governed by the following equations:

d

dt
Nc

Na ¼ JaNa þ JPUMP
Na þ JCONa ;

d

dt
Nc

K ¼ JaK þ JbK þ JPUMP
K þ JCOK ;

d

dt
Nc

Cl ¼ JaCl þ JbCl þ JCOCl :

(2)

The ion fluxes through the apical channels (Jai) and basolateral channels

(Jbi) are described below, while the fluxes through the Na-K pump (Ji
PUMP)
and Na-K-2Cl cotransporter (Ji
CO) are described in the Supporting

Material.

In contrast to permeable ions, impermeable osmolytes (IO) cannot cross

cell membranes. Therefore, their molecular abundance (Nc
IO) is constant

and determined by the initial ion concentrations, cell height, and osmolarity

(Table 1) by assuming that all compartments are initially isotonic. Finally,

the apical and basolateral compartments are assumed to be sufficiently

large that their ion composition remains constant. We assume that apical

and basolateral ion concentrations correspond to the KBR solution

(115 mM NaCl, 25 mM NaHCO3, 2.4 mM K2HPO4, 0.4 mM KH2PO4,

1.1 mM CaCl2, 1.2 mM MgCl2, 5.2 mM glucose) (see Table S1 in the

Supporting Material).

Equation for water transport

The equation for water transport is similar to the equations for ion

transport. The number of moles of water in the cellular compartment per

unit surface area of cell culture (Nc
H2O

, units of moles/m2) is given by

the definition of the molar volume of water, namely Nc
H2O

¼ Hc=VH2O;

where VH2O ¼ 18.1 � 10�6 m3/mol is the molar volume of water.

Substituting the latter expression into dNc
H2O

=dt ¼ P
y J

m
H2O

and rearranging

terms, we get dHc=dt ¼ VH2O

P
m JmH2O

; where JmH2O
is the water flux

through the membrane m. The water flux is proportional to the osmotic

gradient between compartments, so that changes in cell height (Hc) are

described by
TABLE 1 Steady-state properties of human nasal epithelium

measured in Ussing Chambers with micro-electrodes

compared to model simulations

Experiment Model

acNa (mM) 23 5 1 23.2 5 0.3

acK (mM) 80 5 5a 80.2 5 0.3

acCl (mM) 44 5 3 46.0 5 0.6

Va (mV) �26 5 3 �24.4 5 0.4

Vb (mV) �38 5 4 �36.4 5 0.4

Vt (mV) �12 5 2 �12.0 5 0.3

Rt (U/cm
2) 338 5 38 342 5 7

fRa 0.47 5 0.03 0.445 5 0.006

Ieq (mA/cm
2) 39 5 5 35.0 5 0.8

Hc (mm) 29.3 5 4.3 30.2 5 0.3

The standard deviations in model simulations were estimated with a Monte

Carlo algorithm (see the Supporting Material). The experimental data were

taken from references (18,20,31,42,43).
aDog tracheal epithelia.

Biophysical Journal 104(3) 716–726
d

dt
Hc ¼ VH2O

h
paH2O

ðOsmc� OsmaÞ þ pbH2O
ðOsmc�OsmbÞ

i
; (3)

where paH2O
and pbH2O

(units of m/s) are the water permeabilities of the apical

and basolateral membranes, respectively.

Note that the term ‘‘water transport’’ in this article refers to water

entering or leaving the cell, which only affects cell height and intracellular

concentrations. Apical and basolateral solutions can be considered infi-

nitely large in Ussing Chamber experiments and thus their composition

remains constant. Also note that the geometric configuration of our three-

compartment model (Fig. 1 A) is different from some previously published

models (14,23). In these models, the intercellular space is considered

a fourth compartment that is crucial for near-isotonic transepithelial fluid

transport (14,23–25). Our basis for a three-compartment model is based

on the following set of rationales:

1. The experimental observation that respiratory epithelia behave as perfect

osmometers in osmotic challenge experiments (21);

2. There is no evidence (as of this writing) that the basolateral membrane

can be separated into two functional regions (lateral versus serosal),

and we are not aware of evidence that Na-K pumps are more concen-

trated along the intercellular space in respiratory epithelia, as has been

suggested for other epithelial types (25);

3. Respiratory epithelia are structured as a monolayer, in contrast to other

epithelial types where several layers of cells form long channels in the

intercellular space; and

4. In the absence of contradicting evidence, we started from the simplest

hypothesis.

Because our goal here is to use Ussing Chamber data to quantify the ion

permeabilities, we leave transepithelial water transport to future studies,

which will describe ASL volume regulation in thin-film conditions.

Fluxes through ion channels and the paracellular pathway

The passive flux of ion i across a membrane due to an electrochemical

gradient is described by Goldman’s constant field equation (26)

Jy/x
i ¼ pmi zim

ezim � 1

�
ayi � axi e

zim
�
; (4)

where pi
m is the membrane permeability (units of m/s), zi is the ion valence,

ai
y is the activity of ion i in compartment y (units of mM), and m ¼ FVm/RT

is the nondimensional membrane potential, which depends on the

membrane potential (Vm, units of V), the Faraday constant (F ¼ 96,485

C/mol), the gas constant (R ¼ 8.314 J/mol,K), and temperature (T ¼
310 K). All passive fluxes through ion channels and the paracellular

pathway were calculated using Eq. 4.

Paracellular permeabilities

The paracellular pathway is permeable to all ions. To reduce the number of

model parameters, only two paracellular permeabilities were considered

independent parameters, namely the Naþ paracellular permeability (ppNa)

and the Cl� paracellular permeability (ppCl). All other paracellular

permeabilities were calculated from ppi ¼ (Di/DNa)p
p
Na for cations and

ppi ¼ (Di/DCl)p
p
Cl for anions, where Di is the diffusion coefficient of ion

i in water (see Table S2).

Electric currents, membrane capacitance, and membrane
potentials

Movement of ions across plasma membranes generates electric currents and

membrane potentials. The electric current Ii associated with an ion flux Ji is

given by Ii ¼ �FziJi, where Ii is in units of A/m2. Therefore, the currents

through the apical membrane (Ia), basolateral membrane (Ib), and paracel-

lular pathway (Ip) are given by
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Ia ¼ F
�� JaNa � JaK þ JaCl

�
;

Ib ¼ F
�
JPUMP � JbK þ JbCl

�
;

Ip ¼ F
h
� JpNa � JpK � 2JpCa � 2JpMg � Jpcholine þ JpCl

þ JpHCO3
þ JpH2PO4

þ 2JpHPO4
þ Jpgluconate

i

¼ F
h
� JpNa � Jpcholine þ JpCl þ Jpgluconate

þmtð9:752ppNa þ 13:809ppClÞ
i
:

(5)

Note that the flux through the Na-K-2Cl cotransporter does not contribute

to the basolateral current, reflecting the electroneutral nature of the

cotransporter.

To obtain a differential equation for the membrane potentials, we use the

definition of a parallel plate capacitor, q ¼ CV, where q is the magnitude of

the charge on one of the plates, C is the plate capacitance, and V is the

voltage difference between plates. Noting that the charges in the apical

and basolateral compartments are governed by the equations dqa/dt ¼
(Ip – Ia þ Iext) and dqb/dt ¼ �(Ip þ Ib þ Iext), respectively, where Iext is

the electric current generated by an external voltage source (i.e., the electric

circuitry in the Ussing Chamber), the apical and basolateral membrane

potentials are determined, respectively, by

dVa

dt
¼ 1

Ca

ðIp � Ia þ IextÞ; (6a)

dVb ¼ � 1 �
Ip þ Ib þ I

�
: (6b)
dt Cb
ext

The apical and basolateral membrane capacitances per unit surface area of

respiratory epithelia cell cultures were reported as Ca ¼ 3.23 5 0.07 mF/

cm2 and Cb ¼ 33.4 5 0.5 mF/cm2 (27). Note that these values are much

higher than the capacitance per unit surface area of cell membrane, which

is ~1 mF/cm2 for all cell types (28).

Transepithelial resistance and apical fractional resistance

By varying the current Iext generated by the external electric circuitry, it is

possible to manipulate the transepithelial potential (Vt). Varying the

external current in the model provided a linear relation between Vt and

Iext. The transepithelial resistance (Rt) is defined as the slope of the

voltage-current curve, namely

Rt ¼ DVt

DIext
: (7)

To reproduce the experimental methods of Willumsen et al. (18,19), current

pulses DIext ¼ 10 mA of duration 0.5 s were used in our simulations to

compute the transepithelial resistance.

Another parameter commonly measured experimentally is the apical

fractional resistance (fRa), which is defined as

fRa ¼ Ra

ðRa þ RbÞ ¼ �DVa

DVt

; (8)

where Ra ¼ DVa/DI
a and Rb ¼ DVb/DI

b are the resistances of the apical

and basolateral membranes, respectively. Here the symbol D denotes

deflections in currents and potentials after changes in the external current

(DIext).
Derivation of steady-state solution for the short-
circuit current and voltage

At steady state, intracellular concentrations are constant. Therefore, setting

the derivatives in Eq. 2 to zero and eliminating JPUMP and JCO, we find the

relation

4JaNa þ 6
�
JaK þ JbK

�� 5
�
JaCl þ JbCl

� ¼ 0; (9)

where the coefficients 4, 6, and 5 follow from the stoichiometry of the Na-K

pump and the Na-K-2Cl cotransporter (see the Supporting Material). By
definition, under large-bath short-circuit conditions, the transepithelial

potential is zero (Vt ¼ 0, Va¼ Vb ¼ Vm) and the apical and basolateral baths

have the same composition ([i]a ¼ [i]b). Substituting the expression for ion

fluxes (Eq. 4 into Eq. 9 and solving for Vm), we find

Vm ¼ RT

F
ln

�
4paNa½Na�bþ6

�
paKþpbK

�½K�bþ5
�
paClþpbCl

�½Cl�c
4paNa½Na�cþ6ðpaKþpbKÞ½K�cþ5ðpaClþpbClÞ½Cl�b

�
: (10)

Note that, strictly speaking, this equation should be written in terms of ion

activities, and that Eq. 10 represents the case ga ¼ gb ¼ gc. Using the defi-

nition of the apical current (Eq. 5), the analytical solution for the short-

circuit current at steady state is

ISC ¼ Fmm

ðC2e
mm � C1Þ

ðemm � 1Þ ; (11)

where C1 ¼ paNaa
a
Na þ paKa

a
K þ paCla

c
Cl; C2 ¼ paNaa

c
Na þ paKa

c
K þ paCla

a
Cl; and

mm ¼ FVm=RT:
Defining K ¼ ISC
ðemm � 1Þ

Fmm

; we find that Eqs. 10 and 11 can be used to

express the apical Naþ permeability (paNa) and basolateral Cl� perme-

ability (pbCl) as a function of the apical Kþ permeability (paK), namely

paNa ¼ 5ð1þ rClÞK þ paKxKð1þ 6rK � 5rClÞ
xNað1þ 5rClÞ ;

pbCl ¼
�4K � paKxKð2þ 6rKÞ

xClð5þ r�1
Cl Þ

;

(12)

where rCl¼ pbCl/p
a
Cl and rK¼ pbK/p

a
K are basolateral-to-apical permeability

ratios and xNa ¼ emmacNa � aaNa, xK ¼ emmacK � aaK, and xCl ¼ emmaaCl � acCl
are the electrochemical gradients.
Experimental data

The experimental data used to fit model parameters were collected from

Willumsen and co-workers (18–20) and represent the most complete dataset

available for the bioelectric properties of primary cultures of human respi-

ratory epithelia. Using the perfused Ussing Chamber technique and ion-

selective intracellular microelectrodes, these authors reported the results

of various pharmacological interventions on a number of variables (ion

activities, membrane potentials, epithelial resistance, apical fractional resis-

tance, and equivalent short-circuit current).

We found that steady-state properties alone (Table 1) were not sufficient

to constrain model parameters. Therefore, the experimental dataset used to

fit the model also included the effects of amiloride (Naþ channel blocker),

bumetanide (Na-K-2Cl cotransporter blocker), reduction of basolateral Naþ

to 3 mM, and reduction of basolateral Cl� to 3 mM (see Table S3). To test

whether the model was predictive of epithelial behavior, model predictions

were compared to experimental data for the effects of ouabain (Na-K pump

inhibitor), reduction of apical Naþ to 3 mM, and reduction of apical Cl� to

3 mM. That is, a subset of the experimental data available was used to train

the model, while another subset was used to validate the model (see Table

S3). The simulations assumed that each inhibitor completely blocked its
Biophysical Journal 104(3) 716–726
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target transport pathway (i.e., amiloride: paNa¼ 0; bumetanide: Jmax
CO¼ 0;

ouabain: Jmax
PUMP ¼ 0).
Parameter estimation

All experimental data points, including all variables and all time points,

were written as a matrix YEXP, where the rows of YEXP represent different

time points and the columns of YEXP are the experimental readouts. The

score function was defined as

SSD ¼
X
t; v

h
YEXP
t;n � YMODEL

t;n

i2

2
h
sEXP
t;n

i2 ; (13)

where SSD is the sum of square differences between experimental data and

model predictions, YMODEL. The standard deviation in the experimental

data sEXP was used to normalize the squared differences, so that parameters

with different units and different magnitudes contribute equally to SSD.

The model has a total of 51 parameters (see the Supporting Material).

Some parameters were held constant, while others were varied to fit the

experimental data. The 42 parameters held constant were the ion composi-

tion of the bathing solution, activity coefficients, osmotic coefficients,

membrane capacitances, water permeabilities, and the kinetics of the

Na-K pump and Na-K-2Cl cotransporter, whose values were obtained

from the literature (see Table S1). The nine parameters estimated from

the data were the apical, basolateral, and paracellular ion permeabilities,

the maximum flux through the Na-K pump, and the maximum flux

through the Na-K-2Cl cotransporter (Table 2).

The algorithm used for parameter fitting can be summarized as follows:

The analytical solution for the short-circuit current (ISC) and membrane

potential (Vm) provides parameter sets that are consistent with steady-state

values of ISC and Vm, thus allowing an efficient search of the parameter

space. First, we assumed that the paracellular permeabilities (ppNa, p
p
Cl)

and permeability ratios (rK, rCl) were known. Parameter sets that reproduce

ISC and Vm were obtained from the expressions in Eq. 12. Second, the

permeability ratios were varied in the ranges rK ˛[1,30] and rCl ˛[0.01,
1.0] and simulations were run to reproduce the experimental maneuvers

(see Table S3). The pair {rK, rCl} that minimized the score function SSD

was selected as the best fit. Third, to estimate the Naþ and Cl� paracellular

permeabilities, the steps above were repeated for several pairs {ppNa, p
p
Cl}

under the hypotheses ppCl ¼ ppNa or p
p
Cl ¼ (DCl/DNa)p

p
Na ¼ 1.53 ppNa and

the minimum SSD value was searched for. A more detailed description of
TABLE 2 Ion permeabilities of human nasal epithelia

estimated by fitting model parameters to reproduce Ussing

Chamber and microelectrode experimental data

ppCl ¼ ppNa ppCl ¼ 1.53 ppNa

paNa (� 10�8 m/s) 1.66 1.70

paK (� 10�8 m/s) 0.26 0.26

paCl (� 10�8 m/s) 4.3 4.0

pbK (� 10�8 m/s) 7.9 7.8

pbCl (� 10�8 m/s) 1.8 1.7

ppNa (� 10�8 m/s) 3.0 2.5

ppCl (� 10�8 m/s) 3.0 3.8

JPUMP
max (� 10�6 mol/m2.s) 3.8 3.8

JCO
max (� 10�6 mol/m2.s) 3.9 3.6

SSD 169.2 178.6

The training dataset included: steady state (Table 1), amiloride (Fig. 2 A),

bumetanide (Fig. 2 B), reduction of basolateral [Naþ] to 3 mM (Fig. 2 C),

and reduction of basolateral [Cl�] to 3 mM (Fig. 2 D). Results are shown

for two assumptions regarding the paracellular permeabilities (pp), namely,

ppCl ¼ ppNa and p
p
Cl ¼ 1.53 ppNa.
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this parameter fitting strategy can be found in the Supporting Material. To

estimate error bars and prediction bands, a Monte Carlo method was used

(see the Supporting Material).
RESULTS

Analysis of model performance

The model successfully captured the steady-state bioelectric
properties of nasal epithelia, including intracellular ion
composition, membrane potentials, epithelial resistance,
equivalent short-circuit current, and cell height (Table 1).

Inhibition of apical Naþ permeability

The addition of amiloride blocks the sodium channel ENaC
and produces a drop in short-circuit current, hyperpolariza-
tion of the apical membrane, reduction in magnitude of
the transepithelial potential, and an increase in the apical frac-
tional resistance (Fig. 2 A). Model simulations were in good
agreement with these experimental observations. However,
one difference between model results and experiments is
noteworthy. Experimentally, intracellular Naþ remained
nearly constant after amiloride addition, while themodel pre-
dicted a drop in acNa (Fig. 2 A). Willumsen and Boucher (19)
noted that this ‘‘surprising response’’ was inconsistent with
the drop in intracellular sodium after amiloride treatment
reported for other epithelial types (29). This ‘‘surprising
response’’ of respiratory epithelia probably reflects the exis-
tence of other Naþ transport pathways that were not included
in the model. For example, it is known that amiloride-sensi-
tive Naþ-Hþ exchangers are expressed in the basolateral
membrane of respiratory epithelia (30). Thus, a possible
explanation for the nearly-constant acNa observed experimen-
tally is that amiloride blocks Naþ exit through Naþ-Hþ

exchangers, allowing Naþ entry through the Na-K-2Cl
cotransporter to increase the intracellular Naþ concentration.
This effect will be tested in future versions of the model.

Inhibition of the Na-K-2Cl cotransporter

The addition of bumetanide (which blocks the Na-K-2Cl
cotransporter) to the basolateral compartment causes a
slow decrease in intracellular chloride and a slow increase
in intracellular sodium (Fig. 2 B) (18). These changes in
intracellular ion activities are accompanied by cell
shrinkage and only minor, if any, changes in other bioelec-
tric properties (18,19). These features were reproduced by
the model, except that intracellular Naþ did not increase,
but rather remained constant (Fig. 2 B). Willumsen and
Boucher (19) reasoned that cell shrinkage was associated
with loss of Kþ and Cl� ions, so that intracellular Naþ

would concentrate during cell shrinkage. Our computational
results reveal proportional losses of both Naþ and Kþ during
cell shrinkage, thus keeping the intracellular concentrations
of these ions constant. However, if proportional losses of
Naþ and Kþ after bumetanide are possible, what explains
the increased intracellular Naþ (Fig. 2 B)?



FIGURE 2 Model results (solid lines) are compared with experimental data (symbols) from open-circuit Ussing Chamber experiments using cultures of

human nasal epithelium (HNE) (18,19). (Dashed lines) Prediction bands (two SDs around ensemble average) obtained with a Monte Carlo method (see the

Supporting Material). Addition of drugs or changes in buffer solution occurred at 10 min (see vertical line). (A) Effect of inhibition of apical Naþ channels

with amiloride. (B) Inhibition of the Na-K-2Cl cotransporter with bumetanide. (C) Reduction of basolateral Naþ from 140 mM to 3 mM by cholineþ replace-

ment. (D) Reduction of basolateral Cl� from 119.6 mM to 3 mM by gluconate� replacement.
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One interpretation is that bumetanide-induced cell

shrinkage deactivates the Na-K pump, thus increasing

acNa. This interpretation is based on the experimental obser-

vation that cell shrinkage induced by hypertonic challenge

also increases acNa in human nasal epithelium (31). This

hypertonic-challenge-induced increase in intracellular Naþ

is accompanied by a decrease in the equivalent short-circuit

current, which suggests reduced transepithelial Naþ trans-

port and downregulation of the Na-K pump (31).
Reduction of basolateral Naþ to 3 mM

Reduction of basolateral sodium from 140 mM to 3 mM did
not have acute effects on the membrane potentials and
epithelial resistances in Ussing Chamber experiments,
leading Willumsen and Boucher (19) to conclude that the
basolateral Naþ permeability of nasal epithelia is low. Pro-
longed exposure to low basolateral Naþ caused a drop in
acNa due to Naþ loss through the Na-K-2Cl cotransporter.
This decrease in intracellular Naþ caused depolarization
Biophysical Journal 104(3) 716–726
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of the apical membrane, hyperpolarization of Vt, an increase
in Rt, and a decrease in fRa (Fig. 2 C). The increase in Rt

accompanied by a drop in fRa was interpreted by Willumsen
and Boucher (19) as inhibition of a basolateral ion conduc-
tance, possibly basolateral Kþ channels. Model simulations
reproduced most of the effects of low basolateral Naþ,
except that the rate of increase in Rt and the rate of decrease
in fRa were smaller in the model than in the experiments
(Fig. 2 C). Thus, our simulations are consistent with the
interpretation by Willumsen and Boucher (19) that cells
respond to low basolateral Naþ by decreasing the basolat-
eral Kþ permeability, possibly by also reducing the flux
through the Na-K pump to prevent intracellular Naþ from
falling to even lower levels.

Reduction of basolateral Cl� to 3 mM

Chloride replacement with gluconate� in the basolateral
solution caused a decrease in intracellular Cl� that was
faster in the model than in the experimental data (Fig. 2
D). The model successfully predicted that this maneuver
leads to hyperpolarization of the apical membrane, depolar-
ization of the transepithelial potential, and an increase in
epithelial resistance (Fig. 2 D).
Estimated ion permeabilities

To estimate the ion permeabilities, we first assumed that the
paracellular permeabilities and permeability ratios were
known. Initial guesses for these parameters (ppNa ¼ 2.8 �
10�8 m/s, ppCl ¼ 3.0 � 10�8 m/s, rK ¼ 91.1, and rCl ¼
0.35) were derived from a Monte Carlo parameter fitting
strategy (see the Supporting Material). Using Eqs. 2 and
12, parameter sets that reproduce ISC and Vm were obtained
and those sets that contained any negative values were dis-
carded (Fig. 1, B and C).

Next, the permeability ratios {rK, rCl} were varied and
simulations were run to reproduce the experimental maneu-
vers (see Table S3). The pair {rK, rCl} that minimized the
score function SSD was selected as the best fit (Fig. 1, D
and E). Finally, to estimate the paracellular permeabilities,
the steps above were repeated for several pairs {ppNa, p

p
Cl}

under the hypotheses ppCl ¼ ppNa or p
p
Cl ¼ (DCl/DNa)p

p
Na ¼

1.53 ppNa, and the minimum SSD value was searched for.
The best fits were obtained for ppNa ¼ 2.5–3.0 � 10�8 m/s
(Fig. 1 F). The ion permeabilities thus obtained are listed
in Table 2. As discussed below, our estimates of ion perme-
abilities are consistent with previous literature.

Willumsen, Boucher, and co-worker (19,20,32) estimated
paCl in the range 3.6–7.2 � 10�8 m/s and paNa in the range
1.6–2.8 � 10�8 m/s for human nasal epithelia. Despite the
fact that their model assumed that the apical membrane
under resting conditions is impermeable to Kþ (paK ¼ 0),
our estimates of paCl ¼ 4.3 � 10�8 m/s and paNa ¼ 1.7 �
10�8 m/s (Table 2) are in good agreement with their esti-
mates and support their hypothesis of a low basal apical
Biophysical Journal 104(3) 716–726
Kþ permeability. To the best of our knowledge, the expres-
sion levels of apical Kþ channels have not been quantified in
human nasal epithelia, although previous studies suggested
that paK is smaller than paCl (33). The scarcity of data on
apical Kþ channels in human respiratory epithelia is largely
due to the secondary role played by this permeability. In
nasal epithelia, the model suggests that basal paK is six times
smaller than paNa and 17 times smaller than paCl. Note,
however, that it was recently demonstrated that apical
voltage-dependent Kþ channels are critical for ASL hydra-
tion in human bronchial epithelia (34).

Although the basolateral ion permeabilities had never
been quantified, based on the magnitude of shifts in fRa after
ion replacement studies, Willumsen et al. (18,19) predicted
that the basolateral conductance was dominated by Kþ

with a smaller contribution of Cl�. This prediction was
confirmed by our model, where the ratio of Kþ to Cl� baso-
lateral permeabilities is approximately four in human nasal
epithelia (Table 2).

The paracellular pathway is perhaps the least studied and
least understood ion transport pathway in airway epithelia.
In fact, some researchers have concluded that this pathway
is anion-selective (35), while others reported that it is
cation-selective (36). Previous mathematical models of
respiratory epithelia assumed identical paracellular perme-
abilities for all ions (5) or assumed only paracellular
transport of Naþ and Cl�, but no paracellular transport of
Kþ and other ions in the bathing solution (8). Here, we
assumed that the paracellular pathway is permeable to all
ions in the KBR buffer (Fig. 1 A) and that their relative
paracellular permeabilities follow the same ratio as their
ionic diffusivities in water (see Table S2). The parameters
estimated suggest that paracellular permeabilities of Naþ

and Cl� are about the same in human nasal epithelial
cultures (Table 2).

Model validation

To test the validity of the model and estimated parameters
(Table 2), the model was used to predict the response of
the system to various experimental perturbations.

Inhibition of the Na-K pump

Inhibition of the Na-K pump by the addition of ouabain
resulted in the dissipation of ionic gradients and, conse-
quently, depolarization of the membrane potentials and
abolition of Ieq (Fig. 3 A). Model simulations reproduced
the experimental data, including the observation that epithe-
lial resistance remains nearly constant during the 50 min
after ouabain addition (Fig. 3 A).

Reduction of apical Naþ to 3 mM

Partial replacement of Naþ by impermeant cholineþ in
the apical solution caused a sharp fall in intracellular Naþ,
followed by hyperpolarization of the apical membrane,



FIGURE 3 Model predictions (solid lines) are compared with experimental data (symbols) from open-circuit Ussing Chamber experiments using cultures

of human nasal epithelium (HNE) (18,19). (Dashed lines) Prediction bands (two SDs around ensemble average) obtained with a Monte Carlo method (see the

Supporting Material). Addition of drug or changes in buffer solution occurred at 10 min (see vertical line). (A) Inhibition of the Na-K pump with ouabain. (B)

Reduction of apical Naþ from 140 mM to 3 mM by cholineþ replacement (18,19). (C) Reduction of apical Cl� from 119.6 mM to 3 mM by gluconate�

replacement (18,19).
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depolarization of the transepithelial potential, increased
epithelial resistance, and reduced equivalent short-circuit
current (Fig. 3 B). Model simulations reproduced these
effects very well, including a drop in intracellular Naþ

and an increase in fRa (Fig. 3 B). Because the effects of
apical Naþ replacement by an impermeant cation are similar
to the effects of amiloride, model predictions for Naþ

replacement are similar to its predictions for amiloride
(compare Figs. 2 A and 3 B). This similarity between Naþ
replacement and amiloride treatment is also seen in the
experimental data.

Reduction of apical Cl� to 3 mM

Simulations of partial Cl� replacement with impermeant
gluconate� in the apical solution reproduced the drop in
intracellular Cl�, depolarization of the apical membrane,
hyperpolarization of the transepithelial potential, increase
in epithelial resistance, and increase in the fractional
Biophysical Journal 104(3) 716–726
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resistance of the apical membrane observed experimentally
(Fig. 3 C).
DISCUSSION

The main pathways for ion transport in human respiratory
epithelia have been identified, but their relative contribu-
tions to epithelial behaviors under a variety of conditions
have not been quantified. In particular, the basolateral and
paracellular ion permeabilities of human nasal epithelia
have not been estimated systematically. To elucidate
and quantify these ion permeabilities, we developed a
mathematical model for ion/water transport in the human
respiratory epithelium. Many mathematical models of
epithelial electrophysiology exist, but most models were
developed for different epithelial types or nonhuman species
(2–16).

Recently, two models for human respiratory epithelia
were reported. These studies focused on pH regulation (9)
and the regulation of cell volume following a hypotonic
challenge (8). In contrast, our study was aimed at quanti-
fying the expression levels of the principal ion transport
pathways in nasal epithelia by systematically investigating
the parameter space of the mathematical model. The dataset
used to parameterize the model consisted of a large number
of experimental measurements of both transepithelial and
intracellular HNE parameters, which represents the most
complete characterization of primary cultures of human
respiratory epithelium currently available in the literature.
Model simulations were generally in good agreement with
the data and, when quantitative agreement was not achieved,
the model produced qualitatively correct behavior.

Some limitations of our work should be noted: Our model
does not account for all transporters and exchangers exper-
imentally observed in respiratory epithelia; it accounts only
for the components that are believed to play a central role in
regulating ASL volume. Components that are not present in
our model include Na-H exchangers, Cl-HCO3 exchangers,
Na-HCO3 cotransporters (30,37–39), and the bicarbonate
conductance of CFTR (40), which are all involved in pH
regulation (9). Therefore, readers should note that our
analytical equations for short-circuit current and membrane
potential (Eqs. 10 and 11) are valid only when the
membrane permeabilities for Naþ, Kþ, and Cl� dominate
over other ionic species. For respiratory epithelia, this is
a good approximation and thus we opted to simplify the
analyses, allowing a full description of the dynamic
behavior of the system. Understanding the behavior of this
simplified model will be helpful for the development of
more complex models. We are, as of this writing, working
on expanding the model to investigate how addition of Hþ

and HCO3
� transport will affect the model’s behavior.

Another potential limitation of the results reported here
is that regulation of ion channels by intracellular signals
was not incorporated because this regulation has not been
Biophysical Journal 104(3) 716–726
characterized in an integrated fashion. Therefore, each
experimental maneuver was simulated by changing only
its primary target (e.g., reduction of [Na]b to 3 mM) while
possible secondary effects due to intracellular signaling
(e.g., reduction of [Na]b may inhibit pbK; see Results)
were not simulated. Finally, experimental measurements
of intracellular Kþ activity in human nasal epithelia could
not be found. Thus, the steady-state value (80 mM) reported
for canine tracheal epithelia was adopted. Considering these
potential sources of error, the agreement between the model
and experimental data is considered very good.

Model estimates of ion permeabilities are in good agree-
ment with what is known about human nasal epithelia. More
specifically, the model reproduced the experimental obser-
vations that

1. Apical Cl� permeability is larger than apical Naþ perme-
ability (paCl > paNa) (20,32);

2. The apical Kþ permeability under basal conditions is
relatively small (18); and

3. The basolateral Kþ permeability dominates the basolat-
eral conductance (41) (Table 2).

The fact that these predictions are in agreement with the
experimental literature gives us confidence in the model
and the estimated parameter values. Another result that
brings credibility to the model is the fact that it can be
used to predict epithelial behavior for experimental condi-
tions that were not used to train model parameters (Fig. 3).

A, to our knowledge, novel contribution of this article is
the analytical formulae for short-circuit current and
membrane potential at short-circuit conditions (Eqs. 10
and 11). These equations are useful to investigate the rela-
tionship between the expression levels of ion channels and
the bioelectric measurements performed in Ussing chamber
experiments. Here, we used these steady-state solutions to
establish constraints between model parameters (Eq. 12),
which allowed for an effective search of the parameter
space. The analytical expressions for ISC and Vm were
consistent with the numerical solution.

Our results are qualitatively consistent with previous
mathematical models of ion transport in polarized epithelia
(2–9). For example, Levin et al. (7) found that amiloride
causes a drop in ISC, a fall in Vt associated with increases
in both Va and Vb, a fall in intracellular Na

þ, and an increase
in intracellular Kþ, as we also obtained (Fig. 2 A). Willum-
sen and Boucher (20) used an equivalent circuit model
to estimate the apical Naþ and Cl� permeabilities of
human nasal epithelia (20). Our estimates of paNa and
paCl are in good agreement with their conclusion that
apical Cl� permeability is 2–3 times larger than apical
Naþ permeability.

In contrast, Novotny and Jakobsson assumed that paCl and
paNa are about the same, while Horisberger (17) assumed
that paCl is smaller than paNa (see Table S5). A comparison
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between the ion permeabilities estimated in this study with
other models in the literature reveals other important differ-
ences (see Table S5). For example, Horisberger (17)
assumed that the basolateral Cl� permeability is fivefold
larger than its apical counterpart, while we estimated that
pbCl is actually ~1/2 of paCl. Warren et al. (8) assumed
that the paracellular shunt is sixfold more permeable to
Naþ than to Cl�, while we estimated that ppNa and ppCl
are about the same. These differences in assumed ion
permeabilities suggest that, in some circumstances, the
behavior of each of these models may be different quantita-
tively, if not qualitatively, from the actual epithelial
behavior observed experimentally.

In summary, we presented a mathematical model of
ion/water transport in the human respiratory epithelium.
The model is predictive of the bioelectric behavior of nasal
epithelia in a range of experimental conditions. In addition
to confirming previous estimates of apical Naþ permeability
and apical Cl� permeability of human nasal epithelia,
the model predicts the basolateral and paracellular perme-
abilities. By providing a fuller view of ion transport in
respiratory epithelia, this mathematical model may be
used to interpret experimental data, plan new ion transport
experiments, and hopefully assist in the development of
new therapies to treat pulmonary diseases.
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