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Abstract
Elucidation of epithelial transport across transcellular or paracellular pathways promises to
advance the present understanding of ion transport and enables regulation of cell junctions critical
to the cell and molecular biology of the epithelium. Here we demonstrate a new instrumental
technique potentiometric scanning ion conductance microscopy (P-SICM) that utilizes a nanoscale
pipette to differentiate paracellular and transcellular transport processes at high spatial resolution.
The technique is validated for well-defined polymer membranes and then employed to study wild
type and claudin-deficient mutants of Madin-Darby Canine Kidney strain II (MDCKII) cells.
Paracellular permeabilities conferred by claudin-2 are captured by P-SICM which demonstrates
the utility to monitor apparent conductance at subcellular levels.

INTRODUCTION
Transport processes across the epithelium can take place through energy-dependent
transcellular pathways or passive paracellular pathways, independently or synergistically.1-3

Integral to paracellular transport through cell-cell junctions are organelles known as tight
junctions (TJs) which form barriers to transport across the tissue interface.4 Claudin proteins
have been shown to confer ion selectivity to tight junctions (as demonstrated through
resistance and permeability measurements) to form paracellular channels. For instance,
permeability studies of paracellular channels have indicated the presence of 4-7 Å (in
diameter) channels with chemically selective transport properties analogous to membrane-
spanning ion channels.5-7 Imbalances in paracellular transport of water and ions are often
observed with claudin mutations and are further implicated in a number of pathological
phenotypes with consequences that range from deafness to death.8-15 The wide-ranging
phenotypes caused by claudin dysfunction have raised a series of fundamental questions
related to the cell and molecular biology of tight junctions. To study epithelial transport,
recording techniques that make use of Ussing chambers to measure paracellular channel
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conductance across polarized epithelium have been developed.16-20 While informative, these
previous recordings, reflect the aggregate response of thousands, or even millions of channel
permeabilities, with current density as high as μA/cm2. Clearly, such measurements lack
subcellular spatial resolution. Unlike transcellular channels that can be recorded with patch
clamp techniques, paracellular channels are located across the cell-cell boundary, which
prevents formation of the necessary gigaohm seal between pipette and membrane. Potential
scanning techniques for discrimination between trans- and paracellular pathways were first
introduced by Frömter in 1972, where potential distributions above the surface of a single-
layered epithelium were examined.21 More quantitative conductance measurements with
potential scanning techniques have been described, notably by the groups of Fromm22-30

and Cereijido.31-33 These measurements have been integral to understanding the role of
junctional proteins in paracellular transport25-26 and have been applied to cell
monolayers22, 24, 31-34 and even epithelial tissue.23, 35 This powerful technique, however,
has only been mastered by a few groups.22, 31 Inspired by these pioneering works, we have
utilized advanced control of the position of pipette electrodes afforded by scanning ion
conductance microscopy (SICM) to enable subcellular resolution and more intuitively
quantitative measurements of local conductances.

Scanning ion conductance microscopy makes use of a scanned pipette probe and was first
described by Hansma et al in 1989.36 A key feature of SICM is the ability to precisely
control position of a pipette by monitoring changes in ion current that develop when the
pipette is close to a surface (Figure 1a). We have previously demonstrated measurement of
ion conductance at nanoporous polyimide membranes, a simplified biophysical model for
tight junctions in an epithelial monolayer.37-40 Here, through a dual-barrel probe design,
SICM is extended to measure variations in potential generated over membranes and cell
monolayers, which we term potentiometric SICM (P-SICM, Figure 1). An electrode in one
barrel of the pipette monitors ion current to maintain a constant probe-surface distance
(Dps). Samples are mounted in a conductivity cell and a potential difference is applied across
a sample (VT). An electrode in the second barrel of the pipette then measures changes in
apparent conductance, induced by VT, over conductive pathways of the sample.

The optimized P-SICM design allows measurement of membranes with moderate
permeabilities and can be applied to measurement of biological samples, namely polarized
Madin-Darby Canine Kidney strain II (MDCKII) cells. High-resolution images of the apical
membrane of MDCKII cells were first generated, followed by measurement of local
conductances for paracellular and transcellular pathways. We then demonstrate the utility of
this technique to monitor mutation-induced changes in paracellular channel properties of
MDCKII cells. Charge and size selectivity of paracellular permeability conferred by
claudin-2 is captured by P-SICM.

EXPERIMENTAL SECTION
SICM Instrumentation for Potential-based Measurements

In experiments described here, a modified ScanIC scanning ion conductance microscope
(ionscope, London, U.K.) was utilized, as shown in Figure 1. A specimen of interest was
mounted between two chambers of a conductivity cell, and a theta pipette was employed as
a scanning probe. One barrel of the pipette, the pipette electrode (PE), served to position the
probe and was biased at 100-150 mV (vs. reference electrode (RE)); the second barrel of the
theta pipette was connected to a differential amplifier (a high impedance operational
amplifier which is considered to have zero current flow), and is described as the potential
electrode (UE), where localized changes in electrical potential (as opposed to ion current)
with respect to the RE were examined. A Pt counter electrode (CE) located in the upper
chamber was connected to a CE driver, which is enclosed in the electrode control unit
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shown in Figure 1a. The CE was utilized to drive the majority of transmembrane current to
prevent fluctuations in the potential of the RE.40 Potential variations in the vicinity of a
permeable membrane were induced by the application of transmembrane potentials (VT) at
the working electrode (WE). Explicitly, VT represents the potential difference between the
WE and the RE, which includes potential drops (1) across the monolayer, (2) between the
monolayer and the WE, and (3) between the monolayer and the RE. However, as a result of
the high resistance of epithelial monolayers (compared with the low resistance of buffer
solutions) used here, >99% of VT is localized across the epithelial monolayer. Consequently,
VT is a reasonable approximation of the potential drop across the epithelial monolayer, as
illustrated in Figure 1b.

Potential-based measurement allows assessment of the apparent transepithelial/
transmembrane conductance (G) with the following equation:22, 31

in which E represents the electric field (potential gradient) measured with the UE, ρ
indicates the specific resistance of the bath electrolyte and Ve is the potential range swept to
induce the potential gradient recorded. The apparent transepithelial conductance (G, unit: S/
cm2) is the reciprocal of the transepithelial resistance (TER, unit: Ω·cm2), an index
commonly utilized in electrophysiology to evaluate the integrity and permeability of
epithelial monolayers.

Cell Culture
Polarized Madin-Darby Canine Kidney (MDCK) strain II cell lines, wild-type (MDCKII-
WT) and a claudin-2 depleted mutant (MDCKII-C2)18 were routinely maintained in T-flasks
at 37°C in a humidified air atmosphere (97% humidity) with 5% CO2. The growth medium
utilized was Dulbecco’s modified Eagle’s medium (DMEM, D6429, Sigma-Aldrich, MO)
supplemented with 10% (v/v) fetal bovine serum (F4135, Sigma-Aldrich, MO), 100 U/mL
penicillin and 100 μg/mL streptomycin (P0781, Sigma-Aldrich, MO). Additionally, 10 μg/
mL of puromycin dihydrochloride was added for MDCKII-C2 cells, where endogenous
expression of claudin-2 was knocked down by siRNA co-expressed with a puromycin
resistance gene.18

When grown to confluence, cells were harvested with trypsin-EDTA (T4174, Sigma-
Aldrich, MO) and plated with high density (106 cells/cm2) on a collagen-coated membrane
insert. The collagen-coated membrane was prepared by addition of 150 μg/cm2 of collagen
(C8919, Sigma-Aldrich, MO) onto a transparent porous PET membrane (pore diameter 0.4
μm, pore density 2×106 pores/cm2, BD FalconTM, NJ). Cell monolayers cultured on
membrane supports were maintained at 37°C in a humidified air-5% CO2 atmosphere for
8-9 days to achieve confluence that displayed steady-state transepithelial resistance (TER).
Immediately prior to experiments performed at room temperature in ambient atmosphere,
the culture medium was changed to modified DMEM without NaHCO3 (D7777, Sigma-
Aldrich, MO) supplemented with 10% (v/v) fetal bovine serum, 44 mM NaCl and 25 mM
HEPES (H0887, Sigma-Aldrich, MO).

Ion Replacement Experiment
Claudin-2 has been reported to contribute to paracellular permeability of small cations and
water molecules for “leaky epithelia”, such as the small intestine and kidney proximal
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tubules.41-42 Herein, charge selectivity of claudin-2 based paracelluar pathways was
interrogated by P-SICM to further demonstrate the utility of this method.

Localized conductance measurements for control experiments were performed on MDCKII-
WT and MDCKII-C2 monolayers with both apical and basolateral sides of container inserts
filled with buffer A (137 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 8 mM
Mannitol and 10 mM HEPES). To examine cation selectivity, conductance measurements
were repeated with buffer A on the basolateral side of culture inserts replaced with buffer B
(5 mM NaCl, 132 mM NMDG-Cl, 5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 8 mM Mannitol
and 10 mM HEPES). In buffer B, Na+ was reduced to 5 mM by isomolar replacement of 132
mM NaCl with N-methyl-D-glucamine chloride (NMDGPCl). The same procedure was
applied to examine anion selectivity, except buffer A on the basolateral side was replaced
with buffer C (137 mM NaGlu, 5 mM KCl, 1 mM MgGlu, 2 mM CaGlu, 8 mM Mannitol
and 10 mM HEPES), in which Cl− concentration was reduced to 5 mM via replacement with
gluconate (Glu− ). Both NMDG+ and Glu− are considered as impermeable ions to both trans
and paracellular pathways.43-44

Statistical Analysis
Values of local conductance (G) are reported as the mean ± SD of measurements performed
on three monolayers for each condition and are representative of at least two independent
experiments, unless stated otherwise. Shapiro-Wilk test with an alpha level of 0.05 was
utilized to assess the normality. Differences between groups with normal distribution were
assessed with independent two-sample t-test while the Mann-Whitney test, a non-parametric
alternative of independent two-sample t-test, was applied for data sets not from normally
distributed populations. The alpha level for independent two-sample t-test and the Mann-
Whitney test was 0.05 and the resultant p-value < 0.05 was considered statistically
significant. Significance levels are denoted as * p < 0.05, ** p < 0.01, *** p < 0.001; n =
number of observations.

RESULTS
Potentiometric scanning ion conductance microscopy (P-SICM)

We have previously described a current based SICM approach to record the conductance
pathways in polymer membranes. Several limitations to these current measurements
prevented application to biological samples under physiological conditions. For example,
high salt buffers (>1.0 M)38 and high transmembrane potentials (VTM >500 mV)39-40 were
required to achieve adequate signal-to-noise ratios. To overcome these limitations, we now
couple potential based measurements with SICM. In the modified SICM configuration
(Figure 1a), a dual-barrel theta pipette is used as the scanning probe (Figure S-1a). One
barrel (PE) measures the distance dependent ion current for non-invasive imaging and
positioning of the pipette in the same fashion as a normal SICM.36, 45-49 The second barrel
carries an electrode (UE) connected to a differential amplifier and measures potential
changes that occur in the vicinity of the pipette tip. Conductive pathways of the sample are
measured through changes in the electric field induced by transmembrane potentials applied
at the working electrode (WE). To validate measurements made with this approach,
potential changes across a polyimide membrane with ~8000 nanopores of 500 nm diameter
(Figure S-1b) were recorded. These membranes displayed a transmembrane electrical
resistance (TER) of ~94 Ω·cm2 (in 0.1 M KCl), similar to that of typical epithelial cell
monolayers.50 The potential response (ΔV) was evaluated both in imaging mode (Figure 2b)
and in fixed-position mode (Figure 2d). In fixed-position mode, potential deflections were
monitored at the pipette (UE) when the pipette was held at a fixed probe-surface distance
(Dps) and the WE potential was scanned (Figure 2d). The potential responses at two closely-

Chen et al. Page 4

Anal Chem. Author manuscript; available in PMC 2014 April 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



spaced nanopores (< 5 μm) over a range of transmembrane potentials are shown (Figure 2a-
b). The signal-to-noise ratio from potential measurement was significantly higher (S/N:
17.7) compared to current measurement (S/N: 4.8). To evaluate relative changes in
conductance, potential deflections recorded at the pipette tip were measured at a fixed Dps of
0.2 μm, and then referenced to the background response, measured far from the surface (Dps
= 12.5 μm). Figure 2d shows the relationship between the applied transmembrane potential
(VTM) and the resultant potential deflection (μV) when the pipette is positioned over the
center of a membrane pore (pore 1 of Figure 2a in this case). The local conductance (G) over
the pore can be estimated from the following equation:22, 31

The electric field (E, a potential gradient) is determined by dividing the potential difference
(ΔV0.2μm – ΔV12.5μm) recorded at two distinct pipette distances (Dps) by the vertical
displacement of the pipette (Δz). Here, ρ is the specific resistance of the bath electrolyte and
Ve is the potential range applied at WE to induce potential deflections (Ve = 120 mV in
Figure 2d, swept from −60 mV to +60mV). Together, these data indicate that potentiometric
SICM (P-SICM) allows ultrasensitive measurements of local conductance at submicron
length scales and operating potentials appropriate to probe the physiology of cell-cell
junctions.

Differentiation of the paracellular pathway from the transcellular pathway
To perform potential measurements on biological samples, several additional requirements
must be fulfilled. First, to prevent disruption of normal physiological function,
transepithelial potentials less than 50 mV22, 51-52 must be used. Second, the application of
an alternating transepithelial potential is necessary to avoid polarization of the plasma
membrane. Third and most importantly, upon application of an alternating transepithelial
potential, the contribution of the reactive components from cell membrane capacitance must
be examined. Thus, impedance measurements were performed to determine the appropriate
frequency for application of the transepithelial potential. Impedance data recorded at 1 Hz
revealed an impedance of 97.3 Ω·cm2 for wild-type MDCKII (MDCKII-WT) cells (Figure
S-2a). This value is in good agreement with ohmic measurements of the TER and indicates
error induced by alternating potentials at 1 Hz can be neglected in the P-SICM recording.22

For measurements of the apparent paracellular and transcellular conductance, a topographic
image of the apical surface of MDCKII cell monolayer was generated with SICM (Figure
3a) in which the locations of the cell junction (CJ) and cell body (CB) were clearly
distinguished. High-resolution images afford the ability to position the pipette laterally at the
nanometer scale. Recordings were carried out in discrete locations: CJ (for the paracellular
pathway) and CB (for the transcellular pathway). To illustrate the relevant size scales, a cell
body and a cell junction are indicated in Figure 3a. Here the dimension of the pipette tip is
approximated by the diameter of the small black marker inside of the larger white marker.
On the time scale of experiments described here, the locations of CJ and CB were stationary.
Under an applied transepithelial potential the potential deflection at the pipette was
measured by positioning the pipette at either a CJ or a CB. Differences in ΔV recorded at
the two Dps (0.2 and 12.5 μm) (Figure 3b) suggested the existence of a heterogeneous
potential distribution established by local conductive pathways in the cell monolayer.

Histograms in Figure 4a reflect multiple conductance measurements obtained from three
independent experiments on three MDCKII-WT monolayers. Gaussian tests of data revealed
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that conductance recorded over CJs and CBs were drawn from normally distributed
populations with averages of 6.20 ± 2.54 mS/cm2 and 2.53 ± 1.49 mS/cm2, respectively.
(Table S-1) Independent two-sample t-tests were performed to assess the statistical
significance of difference between populations. The resultant p-value (p < 0.001) indicated
that the difference between the paracellular (Gp) and transcellular (Gt) conductances was
statistically significant. (Table S-2) Values recorded for Gp and Gt by P-SICM are in good
agreement with previously reported measurements of MDCKII cells, which relied upon
indirect mathematical deduction to discriminate paracellular and transcellular conductances
from the recorded transepithelial conductance.22, 25 Together, these results highlight the
biological significance of P-SICM as a novel tool to measure the relative conductance of
paracellular and transcellular channels in polarized epithelia.

P-SICM recording of claudin-2 channel conductance
To demonstrate that P-SICM allows measurement of changes in paracellular conductance,
gene expression of claudin-2, a known paracellular channel in MDCKII cells, was knocked
down by RNA interference. The knockdown approach to study claudin biology has been
established by us previously in several epithelial cell models including MDCKII
cells.14, 18, 53 To confirm the knockdown efficacy for claudin-2 proteins, a monolayer of
MDCKII cells which expressed a small interfering RNA (siRNA) against the claudin-2 gene
was immunostained (MDCKII-C2; Figure S-2d) and revealed >95% loss of fluorescence
signal compared to that in MDCKII-WT cells (Figure S-2c). Impedance measurements
revealed a significant increase in the TER of MDCKII-C2 cells (247.95 ± 30.35 Ω·cm2

versus 113.68 ± 24.98 Ω·cm2 in MDCKII-WT cells; n=6, p < 0.001). Paracellular (Gp) and
transcellular (Gt) conductances in MDCKII-C2 cells, shown as histograms in Figure 4b,
were recorded by P-SICM. Comparisons of paracellular conductance in MDCKII-C2 versus
MDCKII-WT cells (Figure 4c-d) were also measured. The mean paracellular conductance
was decreased significantly (57.6%) from 6.20 ± 2.54 mS/cm2 in MDCKII-WT cells to 2.63
± 1.26 mS/cm2 in MDCKII-C2 cells (Figure 4c-d), consistent with the function of claudin-2
as a paracellular channel protein. Notably, there was a small, but significant reduction of the
transcellular conductance in MDCKII-C2 cells, which possibly results from interfering
changes in surrounding conductive paracellular pathways (see Discussion).

P-SICM recording of claudin-2 channel ion selectivity
The most elementary question related to an ion channel is the nature of preferential
permeation or rejection of selected ions. An elegant study by Yu et al. found the claudin-2
channel to be aqueous, narrow, and most importantly cation selective.25 To provide
evidence that P-SICM is capable of capturing ion selectivity in paracellular transport, we
conducted ion replacement experiments for MDCKII-WT and -C2 cells. For studies of
cation selectivity, Na+ in the basolateral bath solution was substituted with isomolar N-
methyl-D-glucamine (NMDG+); for studies of anion selectivity, Cl− was substituted with
gluconate (Glu−). These organic ions are considered too large to permeate both paracellular
and transcellular channels.5, 7, 54 After NMDG+ or Glu− replacement, we recorded the
conductance for both paracellular (Gp) and transcellular (Gt) pathways and compared to
recordings made in Ringer’s solution. Conductance differences induced by ion replacement
are shown in Figure 5a and 5b for NMDG+ and Glu−, respectively. NMDG+ substitution
significantly decreased the paracellular conductance (33%) in MDCKII-WT cells (p<0.001;
Table S-3 and S-4), but not in MDCKII-C2 cells (Figure 5a), which indicates claudin-2 is
responsible for paracellular cation selectivity. Substitution of Glu−, barely affected the Gp in
MDCKII-WT or -C2 cells (Figure 5b), despite a noticeable trend of Gp reduction of the WT
cells. Neither NMDG+ nor Glu− substitution altered the transcellular conductance of
MDCKII-WT or C2 cells, consistent with previous observations that these organic ions
cannot permeate the cell membrane.42 Together, these data demonstrate that P-SICM allows
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discrimination of spatially-resolved ion selective conductances through the paracellular
channel.

DISCUSSIONS
Recording ion transport of paracellular channels has always been a formidable task. In fact,
the existence of paracellular channels in the tight junction has long been debated, due largely
to the lack of molecular-level evidence in functioning epithelial tissue. With the improved P-
SICM approach, for the first time, conductance at nanometer scales for epithelial tissue is
recorded, which allows discrimination of paracellular and transcellular conductances at
submicron resolution. The spatial resolution for topographic images reported here is under
100 nm (Figure S-4) and the lateral distribution of potential deflections (ΔV) displays
submicron spatial resolution (Figure 2). Resolution in P-SICM measurements is determined
largely by the scanning parameters employed, especially the geometry of the pipette tip, the
probe-surface distance (Dps) and the potential applied across the sample (VT). For
conditions utilized here, signal measured from pores with nominal radii on the order of 265
nm (Figure S-1b) decayed to three times the background at distances approximately 500 nm
from the center of the pore. This distance (500 nm) serves as a good estimate for the lateral
resolution of potential measurements. Although our recording approach demonstrated high
spatial resolution in a synthetic polyimide membrane (Figure 2), for cell monolayer studies,
the continuous distribution of the multitude of competing conductance pathways and the use
of a non-zero probe-surface distance (Dps) may result in transcellular artifacts. Manipulation
of the continuity of the potential distribution created around a conductive pathway is
difficult, so reduction of the probe surface distance (Dps) is a practical way to improve
spatial resolution. Additionally, smaller scanning probes can provide a smaller Dps for
imaging (in scanning mode) as well as for positioning (in fixed-position mode).37, 39-40 In
addition to improved spatial resolution, smaller probes are also more sensitive in potential
measurements because the probe is able to maintain a shorter distance to conductive
pathways where variations in local potential are steeper (Figure S-5).

Recorded events of paracellular conductance were far less clustered around the mean value
in the histograms of MDCKII-WT (Figure 4a) as compared to MDCKII-C2 cells (Figure
4b). If paracellular conductance in C2 cells represents the background level, then addition of
claudin-2 to the tight junction not only increases the mean conductance but also induces
variation. Variations in conductance suggest tight junction dynamics, such as claudin
mobility and claudin-claudin interactions. The claudin channel density along the tight
junction strand can be regulated pathophysiologically. For instance, a large number of
human mutations found in the claudin-16 gene cause protein trafficking defects.55-56

Pharmacological chaperones partially rescue these defects and increase the TJ insertion of
claudin-16 proteins.56 The lateral mobility of claudins in the TJ strand, however, is
extremely low.57 Under physiological conditions, there is hardly any exchange of claudin
proteins between the tight junction and the intracellular organelles. In fact, over 75% of
claudins found in the tight junction are static.57 These observations rule out the possibility
that the variation in paracellular conductance is caused by local thermodynamic mobility of
claudin molecules in the tight junction. Claudin proteins are known to interact with each
other where TJ strands are formed from trans interactions between claudins of adjacent cells,
and additional cis interactions which assemble as claudin oligomers.58 These inter and
intracellular claudin interactions present in MDCKII cells are likely to result in variations
observed in paracellular conductance. Recording errors may also contribute to variation.
Although increasing the recording frequency provides a solution, this is difficult in practice
because of the large membrane capacitance of the SICM configuration. Beyond application
in conductance measurements, SICM presents a valuable tool for the study of local claudin
interactions. The highest spatial resolution reported for SICM (3-6 nm)59 compares
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favorably with the resolution of conventional diffraction-limited fluorescence microscopy
(FM) (~220 nm), and is comparable to super-resolution FM techniques.60 In future studies,
through selective labeling of claudin species in a culture, SICM promises to locate specific
claudin interactions and to measure local claudin function independent of neighboring
interactions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Nonstandard abbreviations

SICM Scanning ion conductance microscopy

TER transepithelial resistance

WT wild type

TJ tight junction

siRNA small interference RNA

MDCK Mardin-Darby Canine Kidney
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Figure 1.
Illustration of potentiometric scanning ion conductance microscopy (P-SICM) utilized here.
(a) A dual-barrel pipette is utilized to measure topographic and potential gradients of a
sample of interest. Here the pipette electrode (PE) is used to control pipette position and
record topographic images. The potentiometric electrode (UE) records the local potential at
the pipette tip. A potential is applied across the sample between the working electrode (WE)
and counter electrode (RE). All electrode potentials are referenced to a common reference
electrode (RE). (b) Expanded view of the process, the potential applied across the sample
(VT) results in local changes in electric field at conductive pathways within the sample.
Position of the dual-barrel probe is achieved with piezo electric positioners that control the
probe-surface distance (Dps) and translate the pipette for image collection.
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Figure 2.
Characterization of porous membranes with P-SICM. (a) Topography of two pores in a
polymer membrane at zero transmembrane potential and (b) images of local potential
variations for these two pores at a series of transmembrane potentials (VTM), recorded with
P-SICM in imaging mode (Scale bar = 1 μm). Improvement in signal-to-noise ratio gained
by potential measurement as compared to current measurement was further exemplified with
(c) the line scan across the two pores in question. (d) Changes in the potential deflection at
two probe surface distances (Dps), far (12.5 μm) and close (0.2 μm), were recorded in fixed
position mode over the center of pore 1. With changes in potential deflection determined at
Dps equal to 0.2 μm (ΔV0.2 μm) and Dps equal to 12.5 μm (ΔV12.5 μm), apparent
conductance associated with pore 1 can be estimated.

Chen et al. Page 12

Anal Chem. Author manuscript; available in PMC 2014 April 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Characterization of epithelial monolayers with P-SICM (a) Topographic image of the apical
surface of a cell monolayer was imaged to locate the position of cell bodies and the cell
junctions. Scale bar: 5 μm. The inset shows the zoom out image of the cell monolayer under
study (40 × 40 μm). Two positions which illustrate pipette placement are indicated for CB
(cell body) and CJ (cell junction). The black marker in the center of the larger white marker
at these positions approximates the size of the pipette tip utilized. (b) Potential deflection
recorded with fixed position mode at two Dps, far (12.5 μm) and close (0.2 μm), were
carried out over the cell junctions to evaluate apparent paracellular conductances.
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Figure 4.
Apparent conductance measurements recorded with P-SICM (a-b) Histograms of
conductance measurements obtained over cell bodies (hatch) and over the cell junctions
(solid) on (a) MDCKII-WT and (b) MDCKII-C2 cell monolayers. (c) Average values of
local conductance measured for MDCKII-WT (red) and MDCKII-C2 (blue). Statistical
significance (p < 0.001) between para- and transcellular conductance measured over the cell
junction (CJ) and over the cell body (CB) was determined for both MDCKII-WT and
MDCKII-C2 monolayers. (d) Histogram of conductances recorded over CJs for MDCKII-
WT (red) presents a broader distribution with a larger mean value, as compared to that of
MDCKII-C2 (blue). These observations indicate that claudin-2 functions to regulate the
epithelial permeability through paracellular pathways.
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Figure 5.
Ion selectivity of claudin-2 channels investigated with P-SICM. Conductance differences
induced by ion replacement with (a) NMDG+ substitution for Na+ and (b) Glu− substitution
for Cl− were investigated on both MDCK-WT (red) and MDCKII-C2 (blue) monoalyers.
NMDG+ substitution induced significant reduction (p < 0.001) in paracellular permeability
in MDCKII-WT but not in MDCKII-C2 cells. In contrast, substitution of Glu− barely
affected the paracellular conductance in MDCKII-WT or -C2 cells. Neither NMDG+ nor
Glu− substitution altered the transcellular conductance of MDCKII-WT or C2 cells,
consistent with previous observations that these organic ions cannot permeate the cell
membrane.
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