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Claudins define paracellular permeability to small molecules by forming ion-selective pores within the tight junction.
We recently demonstrated that claudin-2 channels are gated and open and close on a submillisecond timescale. To
determine if and how the ensemble behavior of this unique class of entirely extracellular gated ion channels could
define global epithelial barrier function, we have developed an in silico model of local claudin-2 behavior. This model
considers the complex anastomosing ultrastructure of tight junction strands and can be scaled to show that local
behavior defines global epithelial barrier function of epithelial monolayers expressing different levels of claudin-2.
This is the first mathematical model to describe global epithelial barrier function in terms of the dynamic behavior of
single tight junction channels and establishes a framework to consider gating kinetics as a means to regulate barrier
function.
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Introduction
Throughout the body, specialized epithelia form
barriers between tissue compartments and help
establish energy-dependent absorptive and secretory processes. Conductance across transmembrane
ion channels and transporters, which span cell
membranes, can either be an energy-consuming
process that opposes established electrochemical
gradients or be driven by transmembrane electrochemical gradients. Equally essential to life are tight
junctions, which limit flux of molecules and water
through the paracellular space between cells.1–3
Without the sealing function of tight junctions,
transepithelial gradients established by active transcellular transport would be rapidly dissipated via
passive diffusion. Tight junctions are, however,
not absolute seals, and they allow paracellular
flux in a selective and regulatable manner.4 This
paracellular transport is always driven by electrochemical gradients, as tight junctions are incapable
of active transport. Nevertheless, recent work has
made it clear that trans–tight junction Na+ flux into

the gut lumen is an essential means by which the
Na+ required for function of many transmembrane
transporters is recycled.5,6
Tight junctions can be regulated rapidly in
response to physiological and pathophysiological
stimuli.1,2,4,7–12 Our prevailing understanding of
tight junction function is that there are at least
two distinct pathways of tight junction conductance:
pore and leak.1,2,13 The pore pathway is a highly conductive pathway that is regulated by members of the
claudin family. In contrast, the overall density of the
leak pathway is much lower than the pore pathway,
is not charge selective, and permits passage of much
larger macromolecules. Recent work suggests that
the structures defining these pore and leak pathways
are highly dynamic in terms of intermolecular interactions and function and that there may be a direct
relationship between stability of tight junction protein interactions and permeability of pore and leak
pathways.7,14–17 These data are consistent with ultrastructural predictions that suggested that the relationship between conductance and ultrastructure
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Figure 1. The tight junction can be modeled as a complex resistor array. (A) A simplified model of a three-strand tight junction
barrier considered the strands in the vicinity of the recording electrode. A representative image of tight junction strands, as
visualized by freeze–fracture electron microscopy, is shown. (B) Each resistor within the array represents multiple parallel claudin-2
channels, and the overall array was simplified to two parallel resistors, RTJ and Rseal . (C) On the basis of analyses of tight junction
patch clamp, each claudin-2 pore was defined by stable and unstable closed states (C1 and C2 ) and a single open state (O).

could only be established by a dynamic tight junction barrier.18 However, until recently, such models
lacked functional data support.
Our development of the trans–tight junction
patch clamp technique has provided novel biophysical insight into the dynamic behavior of tight
junction channels (i.e., the pore pathway).19 The
data show that claudin-2 forms gated ion channels that open and close rapidly on a submillisecond timescale, not unlike many transmembrane ion
channels. To better understand how the ensemble
behavior of these channels defines global barrier
function, here we show an in silico model to describe
claudin-2 pore function based on (1) claudin-2
single-channel opening characteristics, (2) tight
junction strand ultrastructure, and (3) the twodimensional arrangement of tight junctions within
an epithelium. Our model recapitulates local patch
clamp data as well as global conductances measured
over large epithelial surfaces. This model will pro-
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vide a useful tool for testing hypotheses about tight
junction barrier regulation and its interplay with
transcellular ion transport.
Materials and methods
Tight junction patch clamp technique
Our tight junction patch clamp technique was
described in detail, along with extensive characterization of claudin-2 single-channel properties. 19
Briefly, tet-off claudin-2–expressing Madin–Darby
canine kidney (MDCK) I cells20 were grown on
custom-made clear semipermeable membrane
supports to confluence. Monolayers were perfused
apically and basolaterally while being visualized from below using an inverted microscope.
Borosilicate glass (2 MΩ) microelectrodes were
placed at the tight junction, and gigaseals were
achieved using slight negative intrapipette pressure.
Claudin-2 channel open probability (NPo ) was
assessed in steady-state voltage clamp recordings
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in the presence of large electrical gradients (i.e.,
–100 or +100 mV) using Axon Clampfit software
(Molecular Devices, Sunnyvale, CA).
In silico model of claudin-2 function
In order to model claudin-2 function, we generated a multistrand model of the tight junction
barrier. Analogous to the ultrastructure of MDCK
I monolayers visualized by freeze–fracture electron microscopy,18,21,22 we modeled the barrier as
an array of three anastomosing resistive strands
(Fig. 1A). In the patch clamp recording system, conductance through the local tight junction is isolated
electrically by the gigaohm seal. Relative to this seal
resistance, the resistance of the monolayer outside
of the patch is essentially zero––the conductance is
infinite––resulting in a common apical/basolateral
ground outside of the patch. The equivalent resistance of the array (Fig. 1B, RTJ ; Eq. (1) (see also
Box 1)) was solved using nodal analysis.
RTJ = (J1 + J2 + J3 + J4 + J5 + J6 + J7 + J8 + J9
+ J10 + J11)/(K1 + K2 + K3 + K4 + K5
+ K6 + K7 + K8 + K9 + K10 + K11)

(1)

Each resistor within the array was further modeled as containing a constant baseline resistance, as
well as a variable number of claudin-2 channels in
parallel that could vary between a single open and
two closed states (Fig. 1C), with defined open and
closed resistances of 4.5 G (222 pS) and 100 G,
(10 pS) respectively, for R1 , R2 , R3 , R4 , R4 R5 , R5 ,
R6 , R6 , R7 , R7 , R8, R9 , and R9 . For simulations
of monolayers expressing claudin-2, the number of
claudin-2 channels per m strand was 36, similar
to a previous estimate of 40 pores/m, and based
on the 18-nm distance between the centers of adjacent particles measured in freeze–fracture electron
micrographs.20,23 The single-channel conductance
of 222 pS (4.5 G) was calculated on the basis
of measured 90-pS trans-junction channel amplitudes assuming the presence of three tight junction strands. The closed resistance conductance of
10 pS (100 G) is included to explain the increases
in steady-state (i.e., baseline conductance measured
at –100 mV in monolayers expressing high levels of claudin-2, relative to those with low levels
of claudin-2 expression). These baseline resistances
were determined from actual patch clamp mea-

surements over time intervals in which no channel opening events were detected. This model of
open channel resistance results in increased RTJ
when claudin-2 expression is reduced. For example,
a sixfold decrease in claudin-2 expression increases
baseline RTJ from 4861 M (0.206 pS) to 10,470
M (0.096 pS) according to Eq. (2). This difference
results in a 12-pA increase in in silico conductance
at –100 mV, which is similar to the 15-pA difference
measured in patch clamp recordings (Table 2).
Transition between the three states (Fig. 1C)
occurred whenever a random number (between 0
and 1) was less than the state transition probabilities
(Table 1). State transition probabilities were chosen
to reflect in vitro dwell times for each of the three
states. Transition probabilities between open (O)
and unstable closed (C2) states, O→C2 and C2→O,
respectively, were equivalent (Fig. 1C). These values
yielded accurate dwell times in each of these states
and a 50% duty cycle for a given burst of openings. The combined probability of open to stable
closed (C1) and unstable close to stable closed states,
O→C1 and C2→C1, respectively, was calculated to
allow in silico burst durations to match those that
were measured by patch clamp. That is, entering the
C1 state ends the burst of opening activity, whether
it occurs from an open state or unstable closed state
(O→C1 and C2→C1, respectively). Finally, C1→O
was chosen to match overall NPo , as determined
from patch clamp data. Note that we did not include
C1→C2 in this model, because it cannot be defined
experimentally. It is, however, conceivable that this
transition occurs in molecular terms. The model
could accommodate inclusion of this state transition by incorporating a compensatory decrease in
C1→O such that modeled NPo values continued to
match those determined by patch clamp.
Current at each time point was determined by
Ohm’s law from the equivalent resistance of the
entire resistive array and defined holding potential
(Vapical − Vbasolateral ) of −100 mV. In order to better
model the data, constant pipette seal leakage (Rseal ;
Eq. (2)) and randomly generated Gaussian noise
were included in the simulations.


RTotal = RTJ × Rseal / RTJ + Rseal

(2)

Resulting current simulations were analyzed in
the same manner as patch clamp data using Clampfit. Opening and closing duration histograms were

C 2017 New York Academy of Sciences.
Ann. N.Y. Acad. Sci. 1397 (2017) 209–218 

211

Claudin-2 channel modeling

Weber & Turner

Box 1: Equivalence resistance of the array as solved using nodal analysis
RTJ = (J1 + J2 + J3 + J4 + J5 + J6 + J7 + J8 + J9 + J10 + J11)/(K1 + K2 + K3 + K4 + K5 + K6 + K7 +
K8 + K9 + K10 + K11)
J1 = 1 + R1 /R4 – R1 × R6 /R4 /(R4 + R6 ) + (R6 /(R4 + R6 )) × (R1 × F/B) – (R6 /(R4 + R6 )) × (R1 /(1 +
R5 /R7 )/B)
J2 = I × R1 /(G × R3 ) + I × R1 /(G × C) + I × R1 /(G × D) + I × R5 × R1 × E/(G × A × C) –I × R5 × R1 /
(1 + R5 /R7 )/(G × A × C)
J3 = –I × R1 × E/(G × A) + I × R1 /(1 + R5 /R7 )/(G × A) + I × R5 × R1 × F/(G × B × D) – I × R5 × R1 /
(1 + R5 /R7 )/(G × B × D)
J4 = –I × R1 × F/(G × B) + I × R1 /(1 + R5 /R7 )/(G × B)
J5 = R1 /R4 –R1 × R6 /R4 /(R4 + R6 ) + (R6 /(R4 + R6 )) × (R1 × E/A) – (R6 /(R4 + R6 )) × (R1 /(1 + R5 /R7 )/A)
J6 = H × R1 /(G × R3 ) + H × R1 /(G × C) + H × R1 /(G × D) + H × R5 × R1 × E/(G × A × C) – H ×
R5 × R1 /(1 + R5 /R7 )/(G × A × C)
J7 = –H × R1 × E/(G × A) + H × R1 /(1 + R5 /R7 )/(G × A) + H × R5 × R1 × F/(G × B × D) – H ×
R5 × R1 /(1 + R5 /R7 )/(G × B × D)
J8 = –H × R1 × F/(G × B) + H × R1 /(1 + R5 /R7 )/(G × B) + R1 /R8
J9 = R1 /(G × R3 ) + R1 /(G × C) + R1 /(G × D) + R5 × R1 × E/(G × A × C) – R5 × R1 /(1 + R5 /R7 )/(G ×
A × C)
J10 = –R1 × E/(G × A) + R1 /(1 + R5 /R7 )/(G × A) + R5 × R1 × F/(G × B × D) – R5 × R1 /(1 + R5 /R7 )/
(G × B × D) – R1 × F/(G × B)
J11 = R1 /(1 + R5 /R7 )/(G × B)
K1 = 1/R4 – R6 /R4 /(R4 + R6 ) + (R6 /(R4 + R6 )) × (F/B) – (R6 /(R4 + R6 )) × (1/(1 + R5 /R7 )/B)
K2 = I/(G × R3 ) + I/(G × C) + I/(G × D)
K3 = I × R5 × E/(G × A × C) – I × R5 /(1 + R5 /R7 )/(G × A × C) – I × E/(G × A) + I/(1 + R5 /R7 )/(G × A)
K4 = I × R5 × F/(G × B × D) – I × R5 /(1 + R5 /R7 )/(G × B × D) – I × F/(G × B) + I/(1 + R5 /R7 )/(G × B)
K5 = 1/R4 – R6 /R4 /(R4 + R6 ) + (R6 /(R4 + R6 )) × (1 × E/A) – (R6 /(R4 + R6 )) × (1/(1 + R5 /R7 )/A)
K6 = H/(G × R3 ) + H/(G × C) + H/(G × D)
K7 = H × R5 × E/(G × A × C) – H × R5 /(1 + R5 /R7 )/(G × A × C) – H × E/(G × A) + H/(1 + R5 /R7 )/
(G × A)
K8 = H × R5 × F/(G × B × D) – H × R5 /(1 + R5 /R7 )/(G × B × D) – H × F/(G × B) + H/(1 + R5 /R7 )/
(G × B)
K9 = 1/R8
K10 = 1/(G × R3 ) + 1/(G × C) + 1/(G × D) + R5 × E/(G × A × C) – R5 /(1 + R5 /R7 )/(G × A × C) – E/
(G × A)
K11 = 1/(1 + R5 /R7 )/(G × A) + R5 × F/(G × B × D) – R5 /(1 + R5 /R7 )/(G × B × D) – F/(G × B) + 1/
(1 + R5 /R7 )/(G × B)
A = (R9 + R5 /(1 + R5 /R7 ) + R6 /(1 + R6 /R4 ))
B = (R9 + R5 /(1 + R5 /R7 ) + R6 /(1 + R6 /R4 )
C = (R7 + R5 )
D = (R7 + R5 )
E = (R6 /R4 /(1 + R6 /R4 ))
F = (R6 /R4 /(1 + R6 /R4 ))
G = (1 + R2 /R3 + R2 /C + R2 /D – R5 × R2 /(1 + R5 /R7 )/(A × C) + R2 /(1 + R5 /R7 )/A – R5 × R2 /
(1 + R5 /R7 )/(B × D) + R2 /(1 + R5 /R7 )/B)
H = ((R6 /(R4 + R6 )) × (R2 /(1 + R5 /R7 )/A))
I = ((R6 /(R4 + R6 )) × (R2 /(1 + R5 /R7 )/B))

generated and fit using the maximum likelihood
method to single and double exponentials using
TACFit X4.3.3 (Bruxton Corporation, Seattle, WA)
and compared to previously published values.20
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The apical ground was removed, and R6 , R6 , and
R8 were made nonconductive in order to scale simulations to larger areas through an iterative process in which new open and closed states were
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Table 1. Simulation parameters used to model local patch clamp recordings for MDCK I cells

State transition probabilities
C1→O
O→C2
C1→ C1
C2→C1
C2→O
Pores per strand m (n)
m TJ/m2 epithelium
Single-pore open resistance (conductance)
Single-pore closed resistance(conductance)
Vm
Baseline strand resistance (conductance)
Global leak resistance (conductance)
Rseal = pipette seal resistance (conductance)
Variance of background noise

Claudin-2

Low claudin-2

0.00007 ms–1
1 ms–1
0.03 ms–1
0.03 ms–1
1 ms–1
36
0.129
4.5 GΩ (222 pS)
100 GΩ (10 pS)
–100 mV
5 GΩm (200 pS/m)
629 Ωcm2 (1.59 mS/cm2 )
25 GΩ (40 pS)
0.6 pA

0.00007 ms–1
1 ms–1
0.03 ms–1
0.03 ms–1
1 ms–1
6
0.129
4.5 GΩ (222 pS)
100 GΩ (10 pS)
–100 mV
5 GΩm (200 pS/m)
6290 Ωcm2 (0.159 mS/cm2 )
25 GΩ (40 pS)
0.6 pA

Note: Values in bold indicate differences between the two conditions.

determined for R1 , R4 , R5 , R6 , R7 , and R9 according to state transition probabilities for each 0.5-m
step along the tight junction. For each step, previous values of R2 , R3 , R4 , R5 , R7 , and R9 were
assigned to R9 , R7 , R4 , R5 , R3 , and R2 , respectively, in Eq. (1). An additional parallel leak correction was required when scaling local bicellular
simulations to more closely match global transepithelial resistance (TER) measurements. These leak
values were chosen to reflect the 10-fold increase
in global large molecule (e.g., tetraethylamine or
N-methyl-d-glucamine) permeability induced by
increased claudin-2 expression.19 For these calculations, linear tight junction length per unit of epithelial surface area was determined using representative
monolayers that were fixed immediately after confluence, when measurements were performed, and
immunostained for ZO-1 to define tight junctions
(Fig. 2). Linear tight junction length (m) per unit
epithelial area (m2 ) was calculated from representative images (Fig. 2) using the Metamorph 7.5
(Molecular Devices) line measurement tool. From
total tight junction current, resistance was calculated according to Ohm’s law.
Results
In high-resistance MDCK I monolayers,24,25 expression of claudin-2 induces a large increase in tight
junction conductance, which is predominantly due
to increased Na+ permeability.20,25,26 Noninduced

monolayers have TER of 595 ± 89 Ωcm2 and very
low claudin-2 expression. Removal of doxycycline
results in an 25-fold increase in claudin-2 protein
and a decrease in TER to 105 ± 11 Ωcm2 (Table 2).19
We previously defined the molecular basis of
claudin-2 conductance in MDCK I monolayers
using the tight junction patch clamp technique.19
A representative recording using this technique
(Fig. 3A) shows openings of claudin-2–dependent
ion channels (Fig. 3B). The open probability (NPo )
of these channels decreased by 87 ± 4%, without
any change in opening conductance, in the absence
of claudin-2 induction (Fig. 3C, Table 2).19 A
detailed kinetic analysis of the opening and closing
durations showed that claudin-2 channels exist in
at least three states.19 We also demonstrated that
claudin-2 openings are not observed when electrodes are sealed away from tight junctions, and the
claudin-2 openings recapitulate globally measured
epithelial charge and size selectivity properties for
claudin-2.19 Openings were blocked using basolateral lanthanum or through cysteine derivatization
of single amino acids within the claudin-2 pore.19
Thus, our recordings strongly support the view that
tight junctions are populated by claudin-dependent
gated ion channels. Our findings further suggest
that claudin-2 gating is a potential means by which
barrier function may be regulated.
The above-mentioned findings support the presence of an entirely extracellular claudin-2 ion channel at the tight junction, which is theoretically
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sponding model with low-conductance strands
populated by channels (Fig. 1A). Each channel was
modeled as a resistor with low and high resistances
for the open and closed states, respectively. One
open and two distinct closed states were defined
by the state transition probabilities (Table 1). The
simulated data accurately resembled patch clamp
recordings (Fig. 4 versus Fig. 3) from high and
low claudin-2–expressing MDCK I monolayers by
changing only two parameters: the number of
claudin-2 channels per micron and a steady-state
claudin-2–dependent baseline leak (Table 1). A
detailed kinetic analysis of simulated opening conductances (Table 2) and gating kinetics (Fig. 5) was
similar to our published in vitro data.

Figure 2. Simulations were scaled up to larger areas by an
iterative process. This allowed modeling of barrier properties
over large areas. Scale bar, 10 m.

unbounded by the lipid bilayer. This is a biophysically distinct class of gated ion channels, never previously described, yet it is not entirely clear how such
dynamic openings could define global measures
of epithelial barrier function. We therefore turned
to computational modeling to show how these
claudin-2 dynamic channel openings account for
locally and globally measured claudin-2–dependent
tight junction conductance.
A mathematical model of trans–tight junction
conductance
The prevailing theory about claudin function is
that the barrier established by head-to-head interactions between the extracellular loops of claudins
spans lipid bilayers of adjacent cells. Tight junction ultrastructure, as assessed by freeze–fracture
electron microscopy, shows that tight junctions are
composed of multiple claudin-containing strands
that anastomose and encircle the apical epithelial cells.22,27,28 The number of strands varies
among epithelia and, in general, correlates inversely
with paracellular conductance.18 This suggests that
strands may function as resistors arranged in series
and parallel.18 We therefore developed a corre214

Modeling of large epithelial surfaces
To further test the model, we asked whether the
local submicron tight junction model could be
scaled to recapitulate global conductance measurements. Iterative expansion based on measured
tight junction length per unit epithelial surface area
(Fig. 2) resulted in stable and uniform conductances
that lacked the distinct individual events seen when
smaller areas were modeled. The global conductances predicted were, however, lower than those
measured by traditional methods. This difference
could be explained by conductances not detected
by tight junction patch clamp, such as those that are
not gated or are highly conductive but infrequent
enough to be missed in local patch clamp recordings. These characteristics describe the occludinand ZO-1–dependent, low-capacity leak pathway
that is activated by tumor necrosis factor (TNF) via a
myosin light chain kinase –dependent7,29–36 process.
Alternatively, these conductances could be due to
the high flux thought to occur across tricellular tight
junctions,36 which we carefully avoided in these
patch clamp studies.19 Regardless of their biological
identity, inclusion of a correction factor to allow
for these other conductive pathways was sufficient
to allow the model to accurately recapitulate global
conductance measurements (Tables 1 and 2). As a
final test, we asked if simply reducing the number
of trans–tight junction channels could accurately
simulate both tight junction patch clamp recordings
and global transepithelial conductance measurements before induction of claudin-2 expression.
Both local patch clamp and global measurements
were faithfully recapitulated by the same sixfold
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Table 2. Comparison of simulated and actual data19
Simulated

Actual

Claudin-2 expression

High

Low

High

Low

Steady-state current at –100 mV
NPo
Average event size (pA)
TER (Ωcm2 ) no leak
TER (Ωcm2 ) with leak

–20.6
0.021
–9.6
253
180

–9.6
0.0045
–8
550
506

–22.6 ± 2.2
0.0237 ± 0.0098
–7.2 ± 1.0
Unknown
105 ± 11

–7.3 ± 1.5
0.0038 ± 0.0011
–9.2 ± 0.6
Unknown
595 ± 89

reduction in channel number (Tables 1 and 2).
Kinetic analyses (Fig. 5) of channel dwell-time
distributions recapitulated previously published
kinetic analyses of both low- and high-expressing
claudin-2 monolayers.19

of transmembrane conductance, because claudin-2
channels do not span a lipid bilayer, and channels are
arranged in both series and parallel. Our model provides unique insight into several aspects of claudin-2
structure and function.

Discussion

Claudin-2 channel stoichiometry
According to our model, a sixfold increase in
claudin-2 channels accounts for our observed local
and global recordings in barrier function. However, this conductance was associated with a 25-fold
increase in claudin-2 protein in our cells, as determined by western blot. This could be explained
by the structural complexity of both claudin-2
complexes37 and claudin-15 polymers.38 If we
neglect minimal nontight junction claudin-2, our
modeling suggests cooperativity of approximately
four claudins per channel. This stoichiometry agrees
well with claudin-15 ultrastructural models, which
suggest that four claudin stands (two in each lipid
bilayer) are required to form a single row of claudin
pores.39

Tight junctions define epithelial barrier function
by regulating paracellular permeability. Despite a
conventional view that tight junctions are relatively
static structures with low permeability, recent data
support the view that tight junctions are highly
dynamic, and changes in tight junction barrier function frequently correlate with altered tight junction
protein dynamics.7,14 Our assessment of claudin-2
function using the tight junction patch clamp technique demonstrated that claudin-2 forms gated
ion channels at the tight junction.19 However, it
was not clear how these gated channels within
the paracellular space could work in concert to
define epithelial barrier function. Thus, we developed a basic model of claudin-2 function that accurately describes global epithelial barrier function in
terms of local claudin channel opening and closing
events. The model is unique compared with models

Implications of strand ultrastructure
In our recordings, a probable effect of tight junction
branching is that it localizes the effect of a single tight

Figure 3. The tight junction patch clamp technique allowed recording of claudin-2 ion channel opening events. (A) Apical
recording electrodes were sealed over bicellular tight junctions (scale bar, 10 m). (B) Representative recordings at −100 mV with
inducible claudin-2 expression. (C) Channel activity, but not opening size, was diminished in the absence of inducible claudin-2
expression.
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Figure 4. Modeling of the tight junction barrier recapitulates tight junction patch clamp recordings. (A) Simulations resembled
actual tight junction patch clamp recordings from MDCK I cells expressing claudin-2. (B) Reducing pore number by 83% without
changing other parameters recapitulated tight junction patch clamp recordings from MDCK I cells without inducible claudin-2
expression.

junction opening to a short submicron segment
under the patch electrode. Without the branching, a
situation would exist whereby any break in a strand
outside of the patch would be perceived as a large
step increase in leak. It would be difficult to differentiate such leaks from changes in Rseal . Therefore,
we speculate that a nonbranched network, such as
the parallel strands lacking anastomoses formed by
claudin-19,40 would be far more difficult to study

via the patch clamp technique. This is not simply a
theoretical consideration, given the increased recognition that strand interactions are dynamic and can
be regulated by interprotein interactions.15,27,41
Another important implication of tight junction branching is that it affects perceived channel
opening conductances. In our local recordings, we
often observe some variability in the size of individual openings and occasionally observe multiple

Figure 5. In silico modeling of a single open state and two closed states. Histograms were generated from identical simulation
times: 1049 seconds. (A)  open 1 ms in the presence of inducible claudin-2. (B)  open 1 ms in the absence of inducible claudin-2.
(C)  closed1 = 1 ms and  closed2 = 0.8 s in the presence of inducible claudin-2. (D)  closed1 = 1 ms and  closed2 = 4.2 s in the absence
of inducible claudin-2.
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superimposed openings of different sizes (i.e.,
Fig. 3B). In our patch clamp recordings,19 secondary openings were on average 87 ± 3% of the
conductance of the initial event (P  0.01). This
finding would not be expected for simple parallel ion channels in a lipid bilayer with same-size
openings. One possible explanation is that there is
some heterogeneity in claudin-2 conductance or a
presence of subconductance states. However, our
modeling did not consider this possibility, and the
branched tight junction model still accurately predicted opening size variation as well as the finding
that secondary openings were often smaller than the
primary openings (Fig. 4A). Thus, even though all
claudin-2 channels had the same conductance in our
model, tight junction branched architecture affects
perceived channel opening conductances in a manner distinct from a simple parallel channel model
(where conductances are additive) and is also different from a pure series network (where resistances are
additive).
Claudin-2 channel gating
The crystal structure data for claudin-15 provide
a potential model to explain the rapid transitions
between closed and open states. A ball-and-chain
mechanism, with one of the extracellular ␤-strand
domains functioning as a gating regulator, is one
possibility, and it is consistent with our recordings
of claudin-2I66C conductances before and after thiol
derivatization.19 Additional patch clamp analyses
coupled with improved modeling at the molecular
level are expected to provide insight into the exact
mechanisms of gating in the near future.
Conclusion
In summary, we developed an in silico model to
describe claudin-2 pore function based on patch
clamp recordings of claudin-2 openings and tight
junction strand ultrastructure. Our model is scalable to large areas of epithelium and accounts for
changes in global epithelial barrier function. We
expect that improved understanding of the molecular details of claudin-2 gating, coupled with
in vitro mutagenesis studies, will provide further
insight into the mechanisms of claudin gating and
other aspects of claudin pore selectivity that are
not presently part of the basic conductive model
shown here. As the tight junction field advances,
we plan to expand the model to include other tight

Claudin-2 channel modeling

junction conductive pathways, including details of
the tight junction leak pathway. We also expect to
be able to model the complex interplay between
tight junction flux and transcellular secretion and
absorption, which is essential to normal epithelial
function.
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