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Abbreviations: 4, nanopore inner radius (eqn. 2-3); BE, balance electrode; CE, counter electrode; C,,,, apical membrane capacitance;
Cinb» basolateral membrane capacitance; Cs, capacitance of patch clamp pipet; 4, nanopore diameter (Fig. 4B caption); D, probe-
surface distance; DVC-ICM, double whole-cell voltage clamp ion conductance microscopy; E, electric field (eqn.1); E, ., resting
membrane potential; G, conductance (eqn.1); GND, electrical ground; 4, cylindrical nanopore length (Fig. 4B caption); /, current
across Cpp; (eqn. 5-6); i.d., inner radius; igg, balance electrode current; i, gap junctional current; i,,, apical membrane current; iyp,
basolateral membrane current; ip,,, paracellular current; iy p,, transcellular current; JAMs, Junctional Adhesion Molecules; MDCK,
Madin-Darby canine kidney; PE, pipet electrode; P-SICM, potentiometric scanning ion conductance microscopy; 7, distance from
the axis of symmetry (eqn.3); RC, resistor capacitor circuit or product of resistance and capacitance; RE, reference electrode; Rgy, gap
junction resistance; Ry, leak resistance (or seal resistance); Ry, apical membrane resistance; Ry, basolateral membrane resistance;
Ry, Nanopore resistance (Fig. 4B caption); Rg, series resistance; Ry, transepithelial resistance; Ry, tight junction resistance; S/N,
signal-to-noise ratio; SICM, scanning ion conductance microscopy; TEER, transepithelial electrical resistance; T7s, tight junctions;
UE, potential electrode; V, command voltage at balance electrode; V’, actual intracellular potential (holding potential); Vg, transepi-
thelial potential; WE, working electrode; AV, potential deflection (eqn.1); z, normal distance from the pore (eqn.2-4); Az, pipet verti-
cal displacement (eqn. 1); & m, rotational elliptic coordinates (eqn. 2-4); p, specific resistance of bath electrolyte (eqn. 1 Fig. 4B);
®, potential at a certain position above nanopore (eqn. 4); Py, potential at the nanopore surface (eqn.4)

Direct recording of tight junction permeability is of pivotal importance to many biologic fields. Previous approaches
bear an intrinsic disadvantage due to the difficulty of separating tight junction conductance from nearby membrane
conductance. Here, we propose the design of Double whole-cell Voltage Clamp - lon Conductance Microscopy (DVC-
ICM) based on previously demonstrated potentiometric scanning of local conductive pathways. As proposed, DVC-ICM
utilizes two coordinated whole-cell patch-clamps to neutralize the apical membrane current during potentiometric
scanning, which in models described here will profoundly enhance the specificity of tight junction recording. Several

potential pitfalls are considered, evaluated and addressed with alternative countermeasures.

Tight Junctions

Tight junctions (TJs) form a continuous paracellular seal
between adjacent epithelial cells and control solute transport
between apical and basolateral fluids. In thin section electron
microscopy, TJs appear as series of direct membrane con-
tacts, where membranes from adjacent cells fuse together,’
and freeze-fracture electron microscopy has further revealed
TJs to exist as extended protein strands that form transmem-
brane networks.” Known integral membrane proteins of the
tight junction include occludin,” Junctional Adhesion Mole-
cules (JAMs),? and claudins.” Claudins have been shown to

confer ion selectivity to tight junctions. For instance, clau-
din-4, -5, -8, -11 and -14 selectively decrease cation perme-
ability,*"° claudin-15 and -17 are

11,12 " .
selective. Permeability studies suggest paracellular chan-

whereas anion
nels 4-7 A in diameter are formed from claudins at tight
junction contacts and are responsible for the selectivity in
ion transport.m’14 The first crystal structure of claudin has
recently been published,’” which primes the field to study
the structure and function relationship of tight junction. The
present study offers a new approach for assessing the conduc-
properties of tight
resolution.

tive junction with unprecedented
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Measurement of Tight Junction Conductance

Tight junction permeability is often experimentally assessed by
electrical measurements of transepithelial ion transport. For instance,
in the classic Ussing chamber,'*2° the transepithelial electrical resis-
tance (TEER) is measured to determine the transepithelial resistance
(R, inverse of epithelial conductance) of tissue slices and the dilu-
tion potential is recorded to determine the ion selectivity of the con-
ductive pathways. This approach can also be translated to cells
cultured on polymer membranes, where hundreds to thousands of
cells can be measured in a single TEER measurement, with R, val-
ues recorded that are typically in the range of 10-1000s of Q-cm?,
Although useful, TEER measurements represent the aggregate
response of all ion-conductive pathways, which include transcellular
ion channels as well as paracellular channels. Approaches to separate
the two conductivity pathways (transcellular, paracellular) are diffi-
cult to achieve experimentally. Two-path impedance spectroscopy”’
has been perhaps most successful in distinguishing between paracellu-
lar and transcellular conductances, but still lacks local information for
studying heterogeneously conductive epithelium. In particular, delin-
eation of paracellular conductance from an epithelium proves espe-
cially challenging. If we consider patch-clamp techniques™ as the
“eold standard” to measure ion transport of protein channels in the
transcellular pathway, no comparable approach exists to study com-
ponents of paracellular conductance. Patch—clamp approaches
appear unsuitable for direct measurement of tight junctions because
of the inability to form gigaohm seals between pipet and the cell
perimeter where the tight junction resides.

Fromter and co-workers pioneered a little used, but particu-
larly intriguing method to separate paracellular and transcellular
conductances through voltage scanning (or conductance scan-
ning) technique, in which local voltage deflections over individ-
ual cell junctions are measured.?>** Voltage scanning makes use
of a pair of microelectrodes that are positioned in space above a
cell or tissue monolayer. With application of a pulsed current
across the epithelial cell layer, the microelectrodes can be used to
record spatially resolved conductance. However, limitations of
this technique exist due to lack of accurate electrode position
control and low signal-to-noise ratios (S/N), making voltage
scanning only applicable to very flat epithelia and cases where
tight junction conductance differs significantly from the transcel-
lular conductance. We have adapted the general conductance
scanning concepts of Fromter into scanning ion conductance
microscopy (SICM)®® with a goal of improving resolution
through better probe control and experimental flexibility. SICM
utilizes an ion conductance feedback mechanism to scan an elec-
trolyte filled nanopipet over a surface. SICM provides relatively
high-resolution surface topography (<100 nm), which is then
used to position the nanopipet probe accurately over cell-cell
junctions. Additionally, the robust feedback control of SICM
allows precise control of probe-cell surface distance (at the nano-
meter scale) during measurement and not only flat but also rough
epithelial surfaces to be studied. To record tight junction conduc-
tance with SICM, the nanopipet is positioned over a tight junc-
tion and local ion current is recorded as a transepithelial
potential is applied across the epithelium. To compensate for
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limits in S/N in the current-based measurement due to the high
resistance of the probe, we introduce an additional electrode that
measures the potential at the pipet tip, in an SICM mode we
termed potentiometric scanning ion conductance microscopy

(P-SICM).%¢

Potentiometric Scanning lon Conductance
Microscopy (P-SICM)

P-SICM utilizes a dual barrel nanopipet to scan and measure
epithelial cell layers grown on a filter mounted between 2 cham-
bers of a perfusion well (Fig. 1). The tip diameter of each barrel
of the pipet typically ranges from 10 - 100 nanometers, as deter-
mined with scanning electron micrographs. The pipet electrode
(PE, biased at 100 mV vs. reference electrode (RE)) present in
one barrel monitors the probe-surface distance (D) dependent
ion current to control probe position. A potential electrode (UE)
in the second barrel measures the local potential deflection (also
with respect to RE). A platinum counter electrode (CE) drives
the majority of transepithelial current to avoid potential fluctua-
tions of RE when a transepithelial potential (Vrg) is applied at
the working electrode (WE) placed in the bottom chamber. Vg
drives ion current through cell-cell junctions as well as membrane
channels and results in a potential gradient in the vicinity of these
ion conductive pathways. Local potential variations captured by
UE can then be used to determine apparent local conductance

(G) values from Equation 12728

G— < E ) _ ((AVO.ZHm - AVIZ.S/H")/AZ> (1)

o Ve p-VrE

In this equation, E represents the electric field (potential gra-
dient) induced by transepithelial potential Vg and p is the spe-
cific resistance of the bath electrolyte. In P-SICM measurements,
UE records local potentials at two D, (typically 0.2 pm and
12.5 pm above the cell junction or cell body), which are then
used to calculate the electric field, knowing the pipet vertical dis-
placement (Az = 0.2 wm to 12.5 pm). To avoid polarization of
the cell plasma membrane, an alternating transepithelial potential
(V1) is utilized, at a frequency (typically 1 Hz) selected to mini-
mize capacitive contributions. The magnitude of Vg is usually
held to less than 50 mV to avoid cell damage and disruption of
the cell membrane.*”*°

We have previously shown that P-SICM results in signifi-
cantly enhanced S/N of approximately an order of magnitude for
potential measurement (compared to current measurement).26’3 !
We have also demonstrated P-SICM as a sensitive tool to distin-
guish small differences in paracellular and transcellular conduc-
tance in cell monolayers and proposed that P-SICM can be
utilized in leaky epithelia that cannot be measured by other
techniques.
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Figure 1. lllustration of the DVC-ICM setup. Double barrel pipet for topo-
graphical mapping (PE) and local potential measurement (UE) is attached
to a piezo positioner. Reference electrode (RE), counter electrode (CE)
and working electrode (WE) are controlled with home-built electrode
controller to apply transmembrane potential across the epithelial mono-
layer. Two balance electrodes (BE1 and BE2) are used to control the intra-
cellular potentials of 2 patched cells and to record the current flowing
from or to BE1 or BE2 (igg; or igey) respectively. Upon the application of
transmembrane potential, ion current flows across the epithelial cell
layer through both paracellular pathways (iyara) and transcellular path-
Ways (ians1 @Nd iyans2), and both iyans are undesired background signal
for the measurement of paracellular conductance.

Double Whole-cell Voltage Clamp lon Conductance
Microscopy (DVC-ICM)

Despite advantages in tight junction recordings with P-SICM,
the multitude of competing conductance pathways and the use of
a nonzero probe-surface distance (D,,;) may result in systematic
errors that arise from transcellular conductance artifacts. To be
specific, in the P-SICM configuration, the application of transe-
pithelial potential (V-rg) drives ions to move across the cell layer
through both paracellular (cell junctions) and transcellular
(membrane ion channels) pathways. The resultant currents are
indicated as ipar, and iyap, in Figure 1. An unknown fraction of
frrans (mainly from the two cells forming the cell junction under
study) will inevitably be picked up by the pipet (or from the
potential gradient point of view, iy, can interfere with local gra-
dients at cell-cell junctions), especially at a D,,, of ~12.5 pm,
where background conductance is measured (Equation 1). To
more accurately record tight junction conductance, the back-
ground signal - i, from neighboring cells, has to be subtracted
either through pharmacologic inhibition or mathematical deduc-
tion. However, pharmacologic inhibition would likely affect nat-
ural physiological processes, while the exact contribution from
transcellular transport within neighboring cells of the measured
tight junction needs to be known for the mathematical deduction
approach, which turns out to be very difficult.

Here, we propose a new method to electrically offset contribu-
tions of i, from neighboring cells by coupling double whole-
cell patch-clamps (commonly referred to as a double whole-cell
patch-clamp)*?? with P-SICM measurements. The general idea
of this method is to “zero out” the driving force for iy, (due to
the application of V) by controlling the intracellular potential
(membrane potential) of cells on either side of the tight junction
with whole-cell patch-clamps. One reasonable assumption of this
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method is that i, from the two adjoining cells making the tight
junction contribute to the major background signal in the previ-
ous P-SICM measurements at cell-cell junction compared to
other cells that are further away from the junction (see detailed
discussion below in “practical concerns” section).

Instrumentation

Figure 1 illustrates adaptation of the P-SICM instrumenta-
tion we have previously developed®®*! to incorporate the double
whole-cell patch-clamp. As in the previous P-SICM configura-
tion, a double barrel pipet controls the probe position through
the pipet electrode (PE) and measures local potential deflection
at the potential electrode (UE). Vi is applied to working elec-
trode (WE) located on the basolateral side of the cell layer and a
counter electrode (CE) close to the reference electrode (RE)
drives the majority of the bulk ion current. The major instrumen-
tal advance is the addition of two micropipets that are patched to
the two adjacent cells forming the cell junction being measured
with P-SICM. We term these patched electrodes as “balance elec-
trodes” (BEs). Each BE is controlled with a patch-clamp ampli-
fier operating in voltage-clamp mode. During measurement, BE
holds the intracellular potential at the resting membrane poten-
tial (E,.) by providing a counter current (ipg) through BE to
eliminate the changes in intracellular potential due to the applica-
tion of V.

Equivalent circuit analysis

The origin of iy is the Vg driven ion movement,
which disrupts the natural resting membrane potential,
which maintains a net iy, of zero (although cellular pro-
cesses generate a nonzero flux of specific ions). Therefore,
the effect of V1 on cell membranes must be “zeroed out”
to eliminate the i, signal. To achieve this, DVC-ICM
will clamp the membrane potential at E,, value during the
application of Vrg.

Figure 2A shows a proposed equivalent electric circuit for the
DVC-ICM. Cell 1 and cell 2 are two adjoining cells that form a
tight junction. At the cell junction, paracellular ion transport
that occurs perpendicular to the epithelial cell layer is mediated
through the tight junction, and the resistance of the T7 is repre-
sented as Ry. Gap junctions are also located in the cell junction
and provide the primary path for ion transport between 2 cells.
The resistance of the gap junction is Rgj. For the cells, resistance
of the apical membrane is indicated with Rp,,; (/=1 or 2, refers to
cell 1 and cell 2 respectively) and resistance of the basolateral
membrane is indicated by R, (/=1 or 2). For each patch pipet,
a series resistance Rg; (j=1 or 2), which consists of the resistances
of BE and the broken membrane patch, exists. Depending on the
pipet geometry and electrolyte conductivity, Rg is typically on
the order of 1-10 M) and draws a non-negligible voltage drop
when current is passed through the patch pipet. The voltage drop
across Rg causes V' (j=1 or 2), the actual intracellular potential
or so-called holding potential, to differ from the command volt-
age at BE (V; and V, in Figure 2A). Current flowing through
each resistor is labeled with the same subscript as shown in
Figure 2B.
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Practical Concerns

Effects from neighboring cell-cell
junctions

In the equivalent circuit shown in
Figure 2A, only the resistance of the

ma2

measured cell junction and the mem-
brane resistance for 2 cells (cell 1 and cell
2) involved in forming this junction are
considered. In a confluent epithelial cell

layer, neighboring cells that are coupled

with the same subscript.

Figure 2. (A) Equivalent circuit of the DVC-ICM system. Here, tight junction conductance (reciprocal
of tight junction resistance, Ry)) of the junction formed by cell 1 and cell 2 is being measured with P-
SICM (electrodes not shown). Cell 1 and cell 2 are voltage-clamped with two patch clamp pipets con-
trolled with an individual patch clamp amplifier respectively. The intracellular potential of cell 1 (cell
2) is held at V;" through BE1 (BE2), where the holding voltage by patch clamp amplifier is V; (V,).
Series resistance Rs; (Rsy) consists the resistances of BE and broken membrane patch from cell 1 (cell
2). Apical membrane resistance and basolateral membrane resistance are indicated separately with
Rma1 and Ry for cell 1 and Ry, and R, for cell 2. Rg, refers to the gap junction resistance through
which ion current can pass between cell 1 and 2. (B) lon current passing each resistor in (A) is labeled

to cell 1 and cell 2 by gap junctions will
inevitably induce current flow to or from
these 2 cells (Fig. 4A, green arrows). Addi-
tionally, the paracellular current at cell-cell
junctions formed by cell 1 (or cell 2) with
the neighboring cells (Fig. 4A, red arrows)
may also be picked up by the P-SICM UE
and hence contribute to background noise
and unwanted signal for P-SICM meas-

To simplify the circuit, R is omitted from the discussion,
because the intracellular potential of cell 1 is considered to be
equal to that of cell 2 in a uniform epithelial cell layer. Further-
more, the effects on the intracellular potentials of both cells from
Vg should be equivalent if 2 cells are considered “clectrically”
the same (gap junctional reversal potential is not considered
here). Therefore iy = 0 always holds, which means R¢; can be
considered an open circuit, and can be neglected in further circuit
analysis.

With no external driving force - Vg, the balance electrode
potentials at patch pipets (V; and V;) and the intracellular poten-
tials remain at resting membrane potential value (E,.
—70 mV) and the net ion currents across cell membranes (i1,
ima2> Imb1> imb2) are zero. In this circuit, with the application of
Vg, ion movement will take place either through the paracellu-
lar pathway (Ry) or the transcellular pathway (R,p1+ Rppar, and
Ruba+ Ruaz). The value of V' (or V') will deviate from E.,,
due to the non-zero iy (or ipp,) driven by Vg, and result in
transmembrane current at the apical membrane side (i, and
ima2). This is the case for previous conductance scanning and P-
SICM measurements. In the DVC-ICM configuration, the two
patch pipets inject compensating currents through the BEs to
clamp V" and V' at E, in the voltage clamp feedback loop of
the patch clamp amplifiers. Since V," = V,' = E,, the driving
force for ipq1 and i, due to the application of Virg is eliminated
and hence i, = im.2 = 0. Under this condition, the P-SICM
probe positioned over this “electrically isolated” cell-cell junction
will only measure the signal generated from the paracellular con-
ductive pathway. Another way of analyzing current flow in the
circuit is shown in Figure 3. The two BEs that provide compen-
sation current can be viewed as much less resistive pathways in
the circuit, which serves to shunt the majority of current flow
(compared to the apical membranes) coming from the basolateral
membrane.
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urements. Influence from these 2 effects is
discussed here.

During P-SICM measurement, when a transepithelial poten-
tial (V-rg) is applied to the working electrode (WE, placed in the
bottom chamber of the perfusion well) the intracellular potential
for all cells in the epithelial layer will be altered by Vrg. In the
proposed DVC-ICM model, only the two cells forming the junc-
tion under study are voltage-clamped at E, ., which results in a
difference in intracellular potential between either of the clamped
cells (central green cells in Figure 4A, V" or V,' in Figure 2A)
and their closest neighbors (gray cells in the periphery in Fig-
ure 4A). Such intracellular potential differences may induce cur-
rent flow through gap junctions (indicated with light green

GND

V|

e ~n 4
lmal"'o / .

/

mal <

Rg; <<R

Figure 3. Intracellular potentials (V;" and V') for both cell 1 and cell 2 are
held at their E.g to yield zero transmembrane current at the apical
membranes (ima1 and inan) during the application of transmembrane
potential Vie. Majority of Vqg induced basolateral membrane current
(imb1 and impy) is drawn through BET1 and BE2 (red arrows). Note: Rg; is
omitted from this circuit because V;" and V,' are always kept the same
and there is no current through Rg;.
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arrows around the 2 central cells in Fig-
ure 4A), which may interrupt V' or V'
in a manner similar to iy, OF iy dis- \
cussed above. Nevertheless, these effects
will be detected and compensated by the
patch clamp amplifiers connected to the
BEs. In other words, the BEs will eventu-
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ally offset additional gap junctional cur-
rent flow between cell 1 and cell 2, as V'

and V' are always held at E,.. Therefore,
the gap junction current through neigh-
boring cells will not contribute to iy,ps in

the proposed DVC-ICM model. The

junctional reversal potential due to any

junctional currents flow

type of asymmetry (e.g., voltage gating
property of connexins) is not considered
here but may also be eliminated by clamp-

Figure 4. (A) lllustration of possible current flow between the two cells involved in DVC-ICM meas-
urements (green cells in the middle) and their neighboring cells (gray cells in the periphery). Gap

through tight junctions perpendicular to the cell layer (red arrow). (B) Lateral distribution of relative
potential field (normalized to the potential amplitude over nanopore center) at 200 nm above a
nanopore for nanopores with inner radius of 1, 10, 100 and 500 nm. The pore resistance (Ryore) Of a
cylindrical nanopore can be calculated by the following equation: Ry, =p - ﬁ, in which p repre-
sents the solution resistivity, d represents the pore diameter, and h represents the pore length. (C)
Lateral distribution of relative potential field (same as in (B)) at different heights above a radius
100 nm nanopore (D,s = 0, 20, 100, 200, and 500 nm).

within the epithelial cell layer (green arrow) and paracellular currents flow

ing V{'=V, at E ..

Another possible effect arises from the
paracellular ion current at tight junctions
formed by either cell 1 or cell 2 with other cells adjacent to them.
These paracellular currents are indicated with light red arrows (vs. the
dark red arrow at the cell 1-cell 2 junction) oriented perpendicular to
the epithelial layer in Figure 4A. Although the paracellular channel
density may vary at different cell-cell junctions to result in intrinsic
variation of the measured conductance, the signals from neighboring
junctions would have to be estimated and minimized to make the
recording as accurate and localized as possible. First, UE is held over
the center of a bicellular cell junction ("vs". the edge or corner of
junctions) where the lateral distance between UE and the closest
neighboring cell junctions is the largest (e.g., ~5-10 wm for epithelial
cells such as MDCK). To estimate the relative potential field strength
5-10 pm away from versus at the field center (in this case, the tight
junction), a previous mathematical model for calculation of potential
distribution above a disk electrode is used.>* Here, the tight junction
channel at one individual cell-cell junction is treated as ideal nano-
pore geometry for simplicity. In this model, rotational elliptic coordi-
nates &, 1 and a (nanopore inner radius) are used to express z (the
normal distance from the pore) and r (distance from the axis of sym-
metry) as shown in Equations (2-3).

)
©)

z=afy
r=ay/(14+&)(1-n2)

The potential @ at a certain position can be determined as a
function of & (Equation 4, @ is the potential at the nanopore
surface).

(O]

oy (4)

2
=1—"tan"!
= 3

Figure 4B shows the relative potential distribution (normal-
ized to the potential value above nanopore center) at D, of
200 nm above the surface for different sized nanopores (pore
radii are 1, 10, 100, 500 nm). Generally, the shape of the curve
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is not influenced by nanopore radius and the potential drops rap-
idly (by ~90%) through distances within 2 wm from the nano-
pore center. At 5-10 pm from the pore center, the potential
gradient changes very little and is approximately equal to the base-
line value for the potential measured at a farther away distance
(Dps = 12.5 pum, simulation results not shown). Thus, at scales
and potentials described here, we expect that contributions from
nearby cell-cell junctions can be negligible. Controlling D, pro-
vides an additional route to minimize the signal from neighboring
cell-cell junctions. As shown in Figure 4C, as Dy decreases, the
potential gradient above a 100 nm radius pore becomes sharper
and results in a much more localized potential field.

Voltage-Gated Membrane Channels

Voltage-gated membrane channels are transmembrane ion
channels that allow ion transport in response to changes in the
membrane potential.*>®” In P-SICM, Vg is typically swept
from -50 mV to +50 mV at 1 Hz. From previous studies, this
potential range (at least at +50 mV) is sufficient to excite many
types of voltage-gated channels, which will also contribute to
Lrrans. Because 1 Hz (the frequency Vg is swept at) is much
slower than the frequency needed to activate voltage-gated chan-
nels,”® clamping the cell intracellular potentials at resting mem-
brane potential (E,.) can effectively avoid activation of voltage-
gated membrane channels in the apical membrane and hence
minimize the i,,,, from these channels.

How Effectively can V1’ and V2’ be Clamped?

The equivalent electric circuit in Figure 2A includes key resis-
tance components in the DVC-ICM system, other resistors and
capacitors are added in Figure 5 and need to be considered to
evaluate the accuracy and response speed in clamping the intra-
cellular potentials of the two cells (V' and V).

First, the voltage drop across Rg; (or Rs,) due to current flow
through BE causes a difference between V (or V,), the amplifier
command voltage, and V' (or V'), the actual intracellular
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Figure 5. A more complete equivalent circuit of DVC-ICM system. Cs;
and Cs, represent the capacitance of the patch clamp pipets glass wall.
R; and Ry, are the “gigaohm seal” resistances at the sealed spaces
between patch pipets and cell membranes. The cell membrane capaci-
tances are indicated with Cy,,51, Cnaz (for apical membrane) and Cp1,
Cinb2 (for basolateral membrane).

potential. This effect becomes more significant when Rg; (or Rg;)
is larger and cell membrane resistance becomes smaller. For
instance, typical values for Rg; (or Rg,) are on the order of 1-
10 M), and the cell membrane resistance can range from GQO*»°
to tens of MQ,***? dependent on the cell type. One way to accu-
rately hold V' (or V') at E,. is to set the value of V; (or V) as
the sum of E,, and the voltage drop across BE. To do this, the
value of Rg; (or Rg5) and the BE current need to be known. Ion
current at each BE is constantly monitored under V-clamp mode
by the patch clamp amplifiers, while Rg; (or Rs,) can be obtained
by application of a test pulse of known amplitude between BE
and RE (GND in Figure 5) and measurement of the correspond-
ing current before and after formation of the gigaohm seal.
Second, in principle, the resistance of the sealed space
(between pipet tip and cell membrane) should be infinite to guar-
antee no leakage current from the seal. In practice, however, the
seal resistance (or leak resistance as Ry ; and Ry, in Figure 5) is
on the order of G} or hundreds of M} for a poor seal. Ry ; and
Ry, are in parallel with cell membrane resistances as shown in cir-
cuit in Figure 5. For highly resistive cell membranes, the seal
resistances become comparable to membrane resistances and may
need to be considered when setting the holding potential values.
Ri; and Rj, can be measured in a manner similar to that
described for Rg; and Rg; through the application of a test pulse.
Third, the RC response of the system, or the speed at which
potentials are built up in the equivalent circuit should be evalu-
ated. For example in cell 1, the changes in V-rg induce changes in
V', which is clamped by V; through the patch pipet Rg;. As
shown in Figure 5, circuit components involved in this current
path include V1, Ry, Vi/, Rip1> Cinb1 and Vg (capacitances for
Ag/AgCl BEs are omitted because capacitive charging current is
negligible for Ag/AgCl electrode). The response speed of the
abovementioned current path is dominated by the RC circuit
formed by Rg; and C,p1. Ry is not included in the estimation
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of response speed because R, is a purely resistive path for ion
current flow and hence the time-dependent current across baso-
lateral membrane due to the sweeping of Vg passes through
Cumpbi instead of R;. Consider Rg; = 10 M) and C,,; =
30 pF, the RC time constant can be calculated by the product of
Rs; and C,p1, which yields 0.3 ms. Vg is swept at 1 Hz in P-
SICM measurement and as such is much slower than the
response speed of this RC circuit.

An alternative way to estimate the rate-dependent effect
exerted on V|’ by sweeping Vg is to calculate the potential
change on V/'. Initially before any potential is applied to WE,
Vi and V' are held at E,. As Vg starts to change, a time-
dependent current passes through C,,,; and this current (I) can
be calculated from the fundamental description of a capacitor
and Equation 5 below.

AVyg -Cppy =1-At 5)

In Equation 5, the product of the capacitance and voltage dif-
ference across a capacitor equals the charge on the capacitor. In
this case, changes in Vg (AV7g) during time Az induce the volt-
age difference across C,p,; from the initial state, with I represent-
ing current through C,1,;. Rearrangement of Equation 5 yields:

AVrg
—— Cu=1 6
A7 b1 (©6)
where % represents the sweeping rate of V. As described pre-

viously, Vg is swept from —50 mV to +50 mV at 1 Hz and
therefore % =0.2V/s . The current / is calculated to be 6 pA
according to Equation 6 if 30 pF is used for C,1,;. The current /
then flows through Rg; to the amplifier and V; = V| no longer
holds. If Rg; = 10 MQ, a 60 uV (I -Rg;) voltage difference is
induced by Vg through the RC circuit, which is small enough
to be compensated by patch clamp amplifier. One thing worth
mentioning is that, the patch clamp amplifier response speed in
controlling V; is not discussed because the frequency of Vg is
much smaller than the upper limit of signal frequency (tens to
hundreds of kHz) accessible by most patch clamp amplifiers.

Conclusion

We have described an approach to isolate and measure para-
cellular jonic permeability, with minimal contributions from
transcellular pathways. The approach is based on previous devel-
opments in potentiometric scanning ion conductance microscopy
and voltage clamp methods. Ultimately, we expect the approach
described here will lead to definitive measurements of ion perme-
ation through tight junctions, especially at nanometer scales, and
with the potential of identifying discrete conductance events of
the paracellular ion channels. This new approach will allow
revealing previously unknown aspects of the tight junction in
physiological and pathophysiological processes.
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