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Abstract

Epithelial tissues form selective barriers to ions, nutrients, waste products, and infectious agents throughout the body.
Damage to these barriers is associated with conditions such as celiac disease, cystic fibrosis, diabetes, and age-related macu-
lar degeneration. Conventional electrophysiology measurements like transepithelial resistance can quantify epithelial tissue
maturity and barrier integrity but are limited in differentiating between apical, basolateral, and paracellular transport pathways.
To overcome this limitation, a combination of mathematical modeling, stem cell biology, and cell physiology led to the devel-
opment of 3 P-EIS, a novel mathematical model and measurement technique. 3 P-EIS employs an intracellular pipette and
extracellular electrochemical impedance spectroscopy to accurately measure membrane-specific properties of epithelia, with-
out the constraints of prior models. 3 P-EIS was validated using electronic circuit models of epithelia with known resistances
and capacitances, confirming a median error of 19% (interquartile range: 14%–26%) for paracellular and transcellular resistan-
ces and capacitances (n ¼ 5). Patient stem cell-derived retinal pigment epithelium tissues were measured using 3 P-EIS, suc-
cessfully isolating the cellular responses to adenosine triphosphate. 3 P-EIS enhances quality control in epithelial cell
therapies and has extensive applicability in drug testing and disease modeling, marking a significant advance in epithelial
physiology.

NEW & NOTEWORTHY This interdisciplinary paper integrates mathematics, biology, and physiology to measure epithelial tis-
sue’s apical, basolateral, and paracellular transport pathways. A key advancement is the inclusion of intracellular voltage record-
ings using a sharp pipette, enabling precise quantification of relative impedance changes between apical and basolateral
membranes. This enhanced electrochemical impedance spectroscopy technique offers insights into epithelial transport dynamics,
advancing disease understanding, drug interactions, and cell therapies. Its broad applicability contributes significantly to epithe-
lial physiology research.

electrophysiology; epithelial tissues; epithelial transport dynamics; mathematical model; retinal pigment epithelium

INTRODUCTION

Epithelial cells form a barrier that plays a crucial role in the
selective transport of ions, nutrients, and waste products
throughout the body (1–3). Damage or degeneration of these
barrier-type tissues is often associated with common patho-
logical conditions, such as celiac disease (4), cystic fibrosis (5),
diabetes (6), and age-related macular degeneration (7), which
collectively impact millions of people worldwide (8–12).
Various techniques are used to study the pathologies of these
diseases in epithelial tissues, including morphology (13), pro-
tein biomarkers (14), gene expression (15), and electrophysiol-
ogy (7). Among these techniques, electrophysiology stands

out as one of the few techniques that can provide insight into
epithelial barrier function by measuring the electrical proper-
ties associated with the transport of critical ions, nutrients,
and waste products in an environment similar to in vivo con-
ditions (7, 16). The most common measurement of epithelial
electrophysiology is transepithelial resistance (TER), which is
generally used to assess the formation of a barrier between
epithelial cells by the tight junctions (7, 17–27). Additionally,
some groups use electrochemical impedance spectroscopy
(EIS) to quantify the transepithelial capacitance (TEC), which
is parallel to the TER (see Fig. 1B) and may be proportional to
morphological characteristics such as microvilli formation
and basolateral infoldings (23, 27). The TER and TEC are

�K. Bharti and C. R. Forest contributed equally to this work.
Correspondence: C. R. Forest (cforest@gatech.edu).
Submitted 11 May 2023 / Revised 26 October 2023 / Accepted 26 October 2023

C1470 0363-6143/23 Copyright © 2023 the American Physiological Society. http://www.ajpcell.org

Am J Physiol Cell Physiol 325: C1470–C1484, 2023.
First published October 30, 2023; doi:10.1152/ajpcell.00200.2023

Downloaded from journals.physiology.org/journal/ajpcell (136.055.054.196) on December 5, 2025.

https://orcid.org/0000-0002-4424-2533
https://orcid.org/0000-0003-3345-3375
https://orcid.org/0000-0001-5343-1769
mailto:cforest@gatech.edu
https://crossmark.crossref.org/dialog/?doi=10.1152/ajpcell.00200.2023&domain=pdf&date_stamp=2023-10-30
http://www.ajpcell.org
https://doi.org/10.1152/ajpcell.00200.2023


typically measured in commercially available devices such as
an Ussing chamber (28), EndOhm (29), or STX2 (29) by placing
electrodes on either side of the tissue layer at nodes 1 and 2 in
Fig. 1B andmeasuring the electrical response of the tissue to a
stimulus (30–32).

These transepithelial measurements combine the apical,
basolateral, and shunt (paracellular) transport pathways of
epithelial tissues (Fig. 1A) into a single resistor or a simple par-
allel resistor and capacitor circuit (25, 33–35).1 However, each
pathway can have unique permeabilities to ions, making it
necessary to independently characterize the electrical proper-
ties of each pathway using the intracellular circuit model in
Fig. 1C, especially in disease, drug, and transport studies (30–
32, 38–42).

Traditional electrophysiological methods, which often use
a single sharp pipette inserted into the cell as illustrated in
node 3 of Fig. 1C, enable continuous measurements of apical
or basolateral membrane voltages. These voltages can then
be leveraged to estimate relative changes between the apical
and basolateral transport pathways (38, 39). However, these
traditional approaches still cannot measure the resistances
or capacitances of apical, basolateral, and shunt pathways
without relying on additional assumptions. These assump-
tions might include that the shunt resistance (Rs) remains
constant, is practically infinite, or maintains a fixed ratio
with the sum of the cell membrane resistances (Ra þ Rb)

(29, 41–45). Such assumptions can obscure the underlying
mechanisms, be they isolated increases in apical channel
permeability, a combined effect involving both apical and
basolateral channels, or changes restricted to basolateral
channels, making it challenging to decipher the exact
alterations in epithelial transport pathways.

This paper presents a mathematical model and mea-
surement technique, called 3 P-EIS, to obtain the mem-
brane specific properties of intact epithelial tissues as
shown in Fig. 1C, without the need for additional measure-
ment hardware (e.g., additional pipettes), underlying
assumptions, or constraints based on cell morphology,
physiology state, or function. 3 P-EIS was validated using
an electric circuit board model of intact epithelia and
tested biologically using an induced pluripotent stem cell
(iPSC)-derived retinal pigment epithelial (RPE) tissue to
quantify the well-known response of this tissue to the api-
cal application of adenosine triphosphate (ATP) (38, 39).
This technique can provide unique insights into the func-
tional state of the apical and basolateral membranes of
intact epithelia, as well as separate the contributions of
the paracellular pathway from the TER. Thus it enables a
more comprehensive understanding of the mechanisms
underlying various diseases, drug responses, and environ-
mental stimuli, without previous, restrictive assumptions
about cell processes.

Figure 1. Schematics of ion transport in epithelia. A: physical model: cross-section schematic of an epithelial tissue showing the 3 pathways where trans-
port is regulated. B: extracellular circuit model: A simple resistor-capacitor (RC) circuit model used to represent the net transport of charge across an epi-
thelial tissue. Specifically, the combined resistance to ion flow from the apical, basolateral, and paracellular (shunt) pathways is called the transepithelial
resistance (TER), and the net flow of charge via capacitive pathways (e.g., across the plasma membranes) is called transepithelial capacitance (TEC).
These parameters are widely utilized in the field despite their low fidelity and because they can be readily measured with commercial instrumentation.
The resistance of the surrounding media and growth substrate is represented by a series resistor Rblank. C: intracellular circuit model: a circuit model of
ion transport that considers separate equivalent electrical properties of the apical, basolateral, and paracellular (shunt) pathways as follows: Rs, shunt
pathway resistance; Ra and Ca, apical resistance and capacitance; Rb and Cb, basolateral resistance and capacitance (32). The resistance of the sur-
rounding media and growth substrates are represented by 2 additional, series resistors RsolA and RsolB for the apical and basolateral sides of the epithe-
lial tissue, respectively. Created with BioRender.com.

1The term “basolateral” in Fig. 1A refers to the apparent (i.e., measured) impedance of the combination of the true basal and lateral cell membrane
impedances. Furthermore, the “shunt” resistance encapsulates paracellular transport pathway resistances and any experimental artifacts like electri-
cal current leak through the boundary between the Ussing chamber and epithelial cell layer. Paracellular pathways in epithelial cells usually involve
both tight junctions and the lateral intercellular space (LIS), connected in series. Without inserting an additional, intermediate pipette into the LIS, by
using multiple intracellular pipettes, or by making assumptions about membrane properties, it is not possible to distinguish between the resistances
of the tight junction and the LIS (36). Therefore, Fig. 1C lumps all nontranscellular transport pathways into a single shunt resistor. For an in-depth der-
ivation of the circuit model in Fig. 1C, consult Refs. 36, 37.
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MATERIALS AND METHODS

Data Acquisition

Electrode configuration.
The apical and basolateral bath voltages (Va and Vb, respec-
tively) were measured to determine the transepthelial poten-
tial (TEP). These voltages were recorded using Ringer-filled
3.5% agar bridges connected to saturated KCl baths with sub-
merged, double-junction AgCl reference electrodes (Fisher
Scientific, Accumet, cat. no. 13-620-855). The TEP was ampli-
fied using a VCC 600 (Physiologic Instruments) with inputs
V1 and I1 connected to the apical bath, and inputs V2 and I2
connected to the basolateral bath (nodes 1 and 2 in Fig. 1C,
respectively). The VCC 600 function mode was set to
“OPEN,” the fluid resistance compensation was set to 0, and
the offset toggle was set to the “OFF” position.

The PGSTAT204 reference electrode was connected to the
basolateral bath (node 2 in Fig. 1C), and the sense electrode
was connected to the apical bath (node 1 in Fig. 1C) through
the same Ringer-based agar bridges used to record the TEP,
preamplification. However, the counter electrode was con-
nected to a 0.01-in. diameter AgjAgCl wire, directly sub-
merged in the basolateral bath and the working electrode
was connected to an identical AgjAgCl wire, directly sub-
merged in the apical bath.

The protocol for inserting a pipette in the cell’s cytoplasm
(node 3 in Fig. 1C) for intracellular voltage recordings was
described previously (46), which in turn builds upon prior
work in automated intracellular electrophysiology (47–50).
Briefly, a LabVIEW algorithm was used to insert a pipette
into the cytoplasm of a single cell using a N-565.260 piezo-
electric motor connected to a E-861.1A1 single-axis controller
box (Physik Instrumente). The pipette voltage (Vp) was
amplified using a Multiclamp 700B (Molecular Devices) am-
plifier in “IC” mode. The primary output of the Multiclamp
700B had the following settings: 10 mV/mV in “Membrane
Potential”mode with “gain” set to 1, and the Bessel filter was
set to 30 kHz.

Recording hardware.
The TEP and pipette voltages were continuously recorded
during each experiment at sampling rate of 20.1 kHz using a
NI USB-6356 DAQ, where TEP(t) ¼ V1(t) – V2(t) and Vp(t) ¼
V1(t) – V3(t), where the numerical subscripts correspond to
voltages recorded at nodes 1, 2, and 3 in Fig. 1C as a function
of time, t. In this hardware configuration, the apical solution
and apical membrane potential are measured directly by the
pipette; thus Va ¼ Vp. Consequently, the basolateral solution
and basolateral membrane potential are calculated using
VbðtÞ ¼ V2ðtÞ � V3ðtÞ ¼ � TEPðtÞ � Va tð Þ� �

.

Electrochemical impedance spectroscopy.
Galvanostatic EIS measurements were performed with an
Autolab PGSTAT204 with a FRA32M integrator module
(Metrohm AG) connected to nodes 1 and 2 in Fig. 1C. NOVA
2.1.5 software was used to perform frequency sweeps from
0.5 Hz to 10 kHz with ATOP ¼ 4 lA using the “5 sines” wave
type setting, spaced at five measurements per decade. This
resulted in an �2-min measurement with 106 unique fre-
quencies, logarithmically spaced.

Model Assessment

Electronic cell.
An electric circuit was constructed on a breadboard, with
equivalent resistor and capacitor components arranged to
match the cell circuit diagram in Fig. 1C These equivalent
cell models were created with all possible permutations of
the following:

• Ca, Cb ¼ [0.1 μF, 1 μF, 2.2 μF];
• Ra, Rb, Rs [100 X, 1 kX, 10 kX]; and
• RsolA, RsolB [0 X, 100 X]

These values were selected to represent the range of previ-
ously reported membrane properties of epithelia while keep-
ing the experimental permutations reasonable (31, 36, 43,
44, 51–53). The actual resistance and capacitance values of
the physical circuit elements, however, were also measured
with a digital multimeter (FLUKE 287). The validated resis-
tances and capacitances for each parameter are shown in the
Supplemental Material. This resulted in 3 � 3 � 3 � 3 � 3 �
2 � 2 ¼ 972 possible permutations. This electronic cell model
was used to simulate recordings from biological cells.
Therefore, the measuring probes for the PGSTAT and
Thompson clamp were directly connected to the equivalent
apical bath, basolateral bath, and cell cytoplasm (nodes 1, 2,
and 3 in Fig. 1C, respectively).

Additional circuit models.
Classically, intracellular electrophysiology data are analyzed
using a term called the voltage divider ratio (VDR). VDR rep-
resents the approximate ratio between the apical and baso-
lateral membrane resistances. The VDR overcomes the
limitation of traditional intracellular electrophysiology set-
ups that cannot separately monitor transcellular and shunt
current. Without a direct, simultaneous measurement of
both voltage and current through the cytoplasm of the cell
using the intracellular electrode, it is impossible to solve for
the apical, basolateral, and shunt resistances using Ohm’s
law.

To calculate the VDR, the voltage change generated by an
extracellular, alternating current is applied at very low fre-
quencies (e.g., f � 0.5 Hz). Furthermore, the VDR assumes
the apical and basolateral membrane currents (ia and ib,
respectively) to be identical and the surrounding solution
and background resistances RsolA and RsolB to be negligible
relative to Ra and Rb. Consequently, by measuring the
magnitude of the voltage change across the apical and ba-
solateral membranes, the VDR provides an approximation
for the ratio of the apical to basolateral membrane resis-
tances (25, 31):

VDR x ¼ p
rad
s

� �
¼ jVa xð Þj=jia xð Þj

jVb xð Þj=jib xð Þj ffi
Ra

Rb
: ð1Þ

Extracellular electrophysiology parameters, as shown in
Fig. 1B, are often reported as a single, transepithelial re-
sistance (TER), which is calculated using Ohm’s law, V ¼
IR, where V is the potential difference, I is the electric cur-
rent, and R is the electrical resistance, at similarly low fre-
quencies (f � 0.5 Hz). Consequently, traditional TER is
measured as
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TER x ¼ p
rad
s

� �
¼ jTEP xð Þj

jiapplied xð Þj

¼ RsolA þ RsolB þ Rs Ra þ Rbð Þ
Rs þ Ra þ Rb

; ð2Þ

where jiappliedj is the magnitude of the applied current.
In this paper, the TER and VDR are computed, serving as

the current gold standard for electrophysiological assess-
ment of epithelial tissues. The data obtained using these tra-
ditional measures are denoted as “3 P-Classical.” In contrast,
when utilizing the novel technique introduced in this paper
for the calculation of the membrane-specific parameters Ra,
Rb, Rs, Ca, and Cb from Fig. 1C), the model is referred to as “3
P-EIS.”

Additionally, to investigate the necessity of incorporating
intracellular voltage data for the accurate calculation of
membrane-specific electrical parameters, a variant of the 3
P-EIS model was implemented, hereafter referred to as the 2
P-EIS model. In the 2 P-EIS model, the extracellular EIS data,
both real impedance and imaginary impedance, were fit to
the circuit model identical to the 3 P-EIS model. In other
words, the intracellular data corresponding to node 3 in Fig.
1C were deliberately excluded in the 2 P-EIS analysis. This
comparative approach served dual purposes: 1) to assess the
predictive capacity of the model in the absence of intracellu-
lar data by observing any parameter (bk) variability; and 2) to
quantitatively evaluate the improvements in fit accuracy
uniquely attributable to the inclusion of intracellular data in
the 3 P-EISmodel.

Electrophysiology

Human iPSC-RPE cells.
The protocol for induced pluripotent stem cell (iPSC) differ-
entiation has been described previously (54). Briefly, for
each iPSC-derived sample, somatic cells were isolated from a
single donor and were reprogrammed using Sendai virus
reprogramming methods and then differentiated into iPSC-
derived RPE (54). iPSC-derived RPE cells were seeded on
Corning 3460 Transwells, with a seeding density of 250,000
cells/cm2. Two human donors were used to derive iPSC-RPE
for this experiment. Samples 1 and 2were derived from donor
A and sample 3 was derived from donor B. Human materials
and cells were handled according to institutional review
board-approved protocol 11-EI-0245.

Pipette fabrication.
Sharp microelectrode pipettes were pulled from fire-pol-
ished borosilicate glass with a filament (Sutter Instrument,
no. BF100-50-10, 1-mm outer and 0.5-mm inner diameter)
on a P-97 puller with a 2.5 � 2.5 mm box filament (Sutter
Instrument). The pipettes were pulled in a single cycle
(�10 s) such that the resulting pipette had a tip size 100–
200 nm in diameter (validated with scanning electron mi-
croscopy) and corresponding resistance of 120–250 MΩ
when filled with 150 mM KCl. Pipettes with junction poten-
tial magnitudes larger than 12 mV were discarded.

Tissue mounting and maintenance.
The method for mounting the tissue into the modified
Ussing chamber for electrophysiology has been described
previously (46). In short, a 7-mm diameter circular section of

the iPSC-RPE Transwell membrane was punched out,
mounted, and sealed into the chamber, apical side up.
Electrical current leak, due to poor sealing between the
Ussing chamber and the Transwell punch-out, was mini-
mized by placing a nylon mesh insert beneath the sample
so that the iPSC-RPE made contact around the entire cir-
cumference of the chamber, as described previously (46).
The total exposed tissue cross section was �0.11 cm2.
Experimental solutions were perfused across both sides
of the tissue for the entire duration of the experiment.

Perfusion rates across the apical and basolateral sides of
the tissue were gravity driven using fixed-height manifolds
at �4.5 mL/min and were manually adjusted using a
threaded tube clamp. The Ussing chamber was coated in a
hydrophobic solution (Sigmacote, Sigma-Aldrich) and perfu-
sion solution tubing was heated with a custom water jacket
so that the temperature of the solution perfusing across the
tissue was �36	C (SD 0.5). The waste solutions of the apical
and basolateral baths were kept electrically isolated using
two different flasks.

Electrophysiological solution.
The standard control solution, modified Ringer’s solution, is
the same as described in Lewallen et al (46). In brief, the so-
lution contains (in mM): 5 KCl, 116.5 NaCl, 23 NaHCO3, 0.5
MgCl2, 1.8 CaCl2, 2 taurine, 5 glucose, and 10 sucrose. All salts
(except for CaCl2) were mixed into de-ionized water at room
temperature (20	C). The solution was bubbled for �5 min
with 95% CO2 before the addition of CaCl2. After all salts
were dissolved into the Ringer’s solution, the solution had
an osmolality of 295 mosmol/kgH2O (SD 5). During each
experiment, the solution was continuously bubbled with a
custom gas mixture (8% CO2, 10% O2, and 82% N2) to main-
tain the Ringer’s solution pH near 7.4 (SD 0.1) near the cells
inside the Ussing chamber (46, 55, 56).

Experimental protocol.
The tissue was mounted in the Ussing chamber at an angle
�30	 fromhorizontal. After successfully inserting the pipette
into a cell cytoplasm, the tissue was given 30 min to reach
steady state (i.e., baseline). Then, for �10 min, 100 lM of
fresh ATP was dissolved into Ringer’s solution perfusing the
apical side of the RPE to induce well-established electro-
physiological changes (38, 39). Finally, the apical Ringer’s so-
lution was switched back to the previously described
Ringer’s formulation for an additional 30min.

The combined EIS and intracellular electrophysiology
methods were performed on RPE cells, studying the ATP
response as a function of time. Using themethods previously
described, the unique resistance and capacitance values in
these cells were calculated at each time point. Specifically,
for a typical 1-h experiment, with each measurement taking
�2 min, �30 time points were obtained for each of the api-
cal, basolateral, and shunt properties.

Signal Processing

Data fitting.
For brevity, the circuit parameters illustrated in Fig. 1C,
namely Ra, Rb, Ca, Cb, Rs, RsolA, and RsolB, are represented by
the term bk, where k represents a specific circuit parameter
(e.g., bk ¼ Ra). To calculate all bk, the circuit model was fit to
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the measured data using Matlab’s nonlinear least squares
solver, ‘lsqcurvefit,’with the settings described in Table 1.

The circuit parameter limits were set as follows:

• Ca, Cb 2 [1� 10�5 μF, 1� 102 μF];
• Ra, Rb, Rs 2 [1 X, 5� 105 kX]; and
• RsolA, RsolB 2 [1� 10�2 X, 250 X].

To mitigate the risk of converging to local minima or
boundary values, each fitting procedure was initialized 500
times with randomized starting values. The bounds and
starting points were chosen to span the ranges of previously
reported membrane properties in epithelial tissues (31, 36,
43, 44, 51).

Data normalization.
There were two different normalizations performed during
each fit: 1) the magnitude of each circuit element, bk, was
converted to a log10 domain, and (2) the real impedance,
imaginary impedance, andmembrane ratio were normalized
to their respectivemaximum values.

Specifically, the resistors and capacitor circuit elements
had vastly different orders of magnitude and needed to be
adjusted so that the fitting algorithm assigned equal
“weight” to the relative error of each parameter. (seeData fit-
ting). Therefore, to ensure that the magnitude of each pa-
rameter was roughly equal, the model parameters in Fig. 1C,
bk, were converted to a log-base 10 system: b̂k ¼ log 10 bkð Þ.
Later, inside the custom fitting function, we converted the
fitted parameter b̂0k back to the original, non-log-base 10 val-
ues, b0k ¼ 10 b̂0 k .

Following similar logic, the real impedance, imaginary im-
pedance, and membrane ratio could also span vastly differ-
ent ranges. Thus, to ensure the sum of the relative error
magnitudes for each input vector, D, was approximately
equal, they were preprocessed by dividing by the maximum
magnitude such that the real impedance, imaginary imped-
ance, and membrane ratio all spanned the range of [�1, 1].
Specifically,

D̂ ¼ D

max
d2D

jdj : ð3Þ

Consequently, the value for the fit real impedance, imagi-
nary impedance, andmembrane ratiomagnitudes and resid-
uals (r) had to be multiplied by the maximum values that
were extracted in the preprocessing phase to return the cor-
rect magnitude. Specifically,

D0 ¼ D̂
0
max
d2D

jdj ð4Þ

and

r ¼ r̂ max
d2D

jdj: ð5Þ

Fourier transform.
The magnitudes of both membrane potentials as a function
of frequency [jVa(x)j and jVb(x)j] were computed from Va(t)
and Vb(t) using the short-time Fourier transform (STFT)
function (stft, Matlab, Mathworks, Natick, MA). This was
done by taking the Fourier transforms of small Hanning win-
dowed segments ofVa(t) and Vb(t).

The STFT numerical method is preferred over the fast
Fourier transform (FFT) in this application: due to abrupt
changes in frequency inherent to the EIS measurement tech-
nique, there are discontinuities in the time domain, which
lead to spectral leakage when using a conventional FFT algo-
rithm. The following STFT input arguments and definitions
were used in the Matlab algorithms developed for this work
to calculate the amplitude of Va and Vb at each of the
frequencies:

• Signal_fraction: samples in the signal that contain fre-
quency xn divided by total number of samples in the
signal.

• Window_length: 80% of the signal_fraction; and
• Window: the Hanning window function was used to

evaluate the subset of the signal that contains the fre-
quency xn, with an overlap length of 75% of the
window_length.

Analysis of a measurement was repeated for each fre-
quency. Low frequencies (e.g., 0.5 Hz) required amuch longer
time to get a minimum of three cycles per frequency than
higher frequencies (e.g., 10 kHz). Using a single window size
for all frequencies increased measurement error significantly.
Window sizes approximately equal to the signal fraction of
high frequencies had large errors in the measured low-fre-
quency amplitude likely due to insufficient cycles inside the
window. Large errors in high frequencies were observed with
larger window sizes (ffi to signal fraction of low frequencies)
that exceeded the duration of the applied high-frequency sig-
nal. Signals that start and end within a single window have
reduced power in an FFT calculation and need to be corrected
by dividing by the signal fraction (as discussed above). Due to
the limitations of the EIS hardware and software, the exact

Table 1. Equations and parameter values

Parameter Value Description

Algorithm ‘trust-region-reflective’ Optimization algorithm used
MaxIterations 1 � 104 Maximum number of iterations allowed
MaxFunctionEvaluations 1 � 104 Maximum number of function evaluations allowed
FunctionTolerance Ke

� norm(f 0 – fmeasured) Tolerance for convergence based on the function value
OptimalityTolerance Ke � norm(f 0 – fmeasured) Tolerance for convergence based on the gradient of the function
FiniteDifferenceStepSize max eps

1
3;min 1e� 4;Ke � normðf 0 � fmeasuredÞ

� �� �
Step size for approximating the Jacobian matrix

TypicalX Ke: � R0
a; R

0
b; C

0
a; C

0
b; R

0
s; R

0
solA; R

0
solB

� 	0
Scaling factors for the parameters during optimization

This table enumerates the specific equations and parameter values b 0 configured for matlab’s ‘optimoptions’ function, which were
subsequently applied to the ‘lsqcurvefit’ algorithm for curve fitting. The settings detailed in this table are the nondefault options utilized
in this paper and were selected based on guidelines provided in matlab’s SimBiology documentation pertinent to biological data fitting.
See GLOSSARY for definitions.
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duration of any frequency was not known. Therefore, the du-
ration of each frequency was estimated using the start time of
each frequency; a value reported by the EIS software. A repre-
sentative STFT result is shown in the Supplemental Material.

From the STFT, the amplitude jV(x)j at each frequency
needed to be extracted. At each frequency, the STFT was
cropped to a time region of interest (ROI). As discussed above,
defining the time ROI required overcoming inherent limita-
tions in the NOVA software. Specifically, the time ROI was set
to begin 2 s before the reported initiation time of the applied
frequency by the EIS software. Similarly, the time ROI was set
to end 2 s after the start of the next applied frequency.

After cropping the STFT of the time domain data, the data
was then cropped at the target frequency. This generated a
time and frequency ROI that contained a subset of the calcu-
lated signal amplitudes. The maximum amplitude, or
stft_amp, was extracted from this ROI. This maximum value
was converted to amplitude as in

jV xð Þj ¼ 4



 stft amp

window length




: ð6Þ

Evaluation metrics for fitting and parameter accuracy.
To thoroughly assess the efficacy of the mathematical model
and fitting algorithm, two distinct yet complementary ave-
nues of error quantification were deployed. The first,
referred to as residual error, gauges the ability of the model
to fit the measured data at all measured frequencies (x). This
was quantified using the equation

r xð Þ ¼ jd0 xð Þ � d xð Þj: ð7Þ
In this equation, r(x) is the residual error at a given fre-

quency, and d0(x) and d(x) are the model-predicted and
actual measurements, respectively, for either the real imped-
ance, imaginary impedance, ormembrane ratio.

The second metric, parameter estimation error, is encap-
sulated by the equation

ɛk ¼ jb0k � bkj
bk

� 100: ð8Þ

In this instance, b0k is the estimate derived from the fitting
algorithm, while bk is the independently measured value
obtained via a multimeter. The parameter estimation error
was performed on both the 2 P-EIS and 3 P-EIS models and is
a percentage.

These dual metrics offer a comprehensive view of model
performance. Large residual errors may signal a suboptimal
model choice, while significant parameter estimation errors
would suggest inaccurate circuit element representation in
themodel.

RESULTS AND DISCUSSION

Mathematical Model for Experimental Fit

This paper utilizes a mathematical model of the circuit in
Fig. 1C to quantify the electrical properties of epithelia. The
transepithelial model of impedance is complex and can be
represented as the sum of two orthogonal vectors: the real
impedance, X(x), and the imaginary impedance, Y(x). This
representation is based on themathematical concept of com-
plex numbers, where the complex impedance, Zabs(x), can
be expressed as

Zabs xð Þ ¼ X xð Þ þ jY xð Þ; ð9Þ
where j represents the imaginary unit (

ffiffiffiffiffiffi�1
p

). This represen-
tation allows for separate measurements and analysis of the
real and imaginary components of the impedance, which is
a powerful tool in characterizing the electrical properties of
the epithelial tissue. Additionally, the measured complex
impedance, Zabs, in Eq. 9 can be mathematically modeled by
combining the circuit elements in Fig. 1C such that

Z0
abs xð Þ ¼ RsolA þ RsolB þ Rs Za xð Þ þ Zb xð Þð Þ

Rs þ Za xð Þ þ Zb xð Þ ð10Þ

where

Za xð Þ ¼ Ra

1 þ jxRaCa
ð11Þ

and

Zb xð Þ ¼ Rb

1 þ jxRbCb
: ð12Þ

Note that, as in Eq. 9, Z0
abs is complex and can be rewritten

in a similar form

Z
0
abs xð Þ ¼ X

0
xð Þ þ jY0 xð Þ; ð13Þ

where

X0 xð Þ ¼ RsolA þ RsolB þ Rs Ra þ Rbð Þ Ra þ Rb þ Rs � Ca Cb Ra Rb Rs x2
� �

r1

þ Rs Ca Ra Rb x þ Cb Ra Rb xð Þ Ca Ra Rb x þ Cb Ra Rb x þ Ca Ra Rs x þ Cb Rb Rs xð Þ
r1

ð14Þ

and

Y 0 xð Þ ¼ Rs Ca Ra Rb x þ Cb Ra Rb xð Þ Ra þ Rb þ Rs � Ca Cb Ra Rb Rs x2
� �

r1
�Rs Ra þ Rbð Þ Ca Ra Rb x þ Cb Ra Rb x þ Ca Ra Rs x þ Cb Rb Rs xð Þ

r1
ð15Þ
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with

r1 ¼ Ra þ Rb þ Rs � Ca Cb Ra Rb Rs x
2

� �2
þ Ca Ra Rb x þ Cb Ra Rb x þ Ca Ra Rs x þ Cb Rb Rs xð Þ2: ð16Þ
In addition to Zabs, this paper describes a new, independ-

ent parameter: the membrane ratio a(x). The membrane ra-
tio is an extension of the VDR (Eq. 1), measured at many
frequencies, rather than a single, low frequency. Thus, the
membrane ratio is similarly defined as

a xð Þ ¼ jVa xð Þj
jVb xð Þj : ð17Þ

Because the membrane ratio is a ratio of magnitudes, it is
not a complex number and has no units. The mathematical
model of the membrane ratio (a0) can be derived as a func-
tion of the circuit parameters in Fig. 1C such that

a0 xð Þ ¼ Za xð ÞRs þ RsolA Za xð Þ þ Zb xð Þ þ Rsð Þ
Zb xð ÞRs þ RsolB Zb xð Þ þ Zb xð Þ þ Rsð Þ ; ð18Þ

Note that when x is very low (e.g., 0.5 Hz), and when RsolA

and RsolB are both much lower than Ra and Rb, that a ffi VDR.
Recall that each circuit element in Fig. 1C can be treated as
an element in an array, bk, where the subscript k represents
the kth element in the array (e.g., b1 ¼ RsolA, b2 ¼ Ra, etc.).
The measured values for the real impedance X(x), the imagi-
nary impedance Y(x), and the membrane ratio a(x) can be
modeled by a unique combination of bk to calculate X0(x), Y0

(x), and a0(x) from Eqs. 14, 15, and 18. Therefore, as described
in MATERIALS AND METHODS, the electrical properties of a
monolayer can be determined by using a nonlinear least
squared solver to minimize an objective function, J, which is
defined as the sum of the squared residuals, or error,
between the measured and modeled data at all frequencies.
Inmathematical form, J is calculated as

J ¼
Xn
i¼1

X xið Þ � X0 xið Þ
� �2 þ Y xið Þ � Y0 xið Þ

� �2�

þ a xið Þ � a0 xið Þ
� �2� ð19Þ

where i represents each discrete frequency, x, out of n total
frequencies. The values for bk that minimize the error are
defined as the fit values, b

0
k.

The mathematical model described above represents a sig-
nificant advancement in the field of epithelial transport elec-
trophysiology. Unlike previous intracellular electrophysiology
methods, this model enables measurements of the apical, ba-
solateral, and shunt electrical transport properties without
relying on potentially incorrect assumptions (e.g., the shunt
resistance is fixed or a constant percentage of TER) (41, 44,
57). By eliminating the need for time-consuming and
resource-intensive follow-up experiments to validate how
each pathway is separately affected in an experiment, this
model can significantly increase the efficiency and accuracy
of drug discovery and disease research.

Parameter Fitting on Electronic Cell Model

Representative examples of impedance data.
Figure 2 can be visually inspected to qualitatively evaluate
the electrical properties of an epithelial tissue. For example,

the magnitude of the real impedance (Fig. 2, top row) at the
lowest measured frequencies represents the sum of the TER,
apical, and basolateral solution resistances (RsolA and RsolB,
respectively). Additionally, the real impedance at the highest
measured frequencies represents the resistance of only the
apical and basolateral solution resistances (RsolA and RsolB,
respectively). By evaluating the real impedance [X(x) from
Eq. 9] at both high and low frequencies, a more accurate rep-
resentation of the integrity of the epithelial tissue can be
extracted by decoupling the solution and growth substrate
resistances (RsolA and RsolB) from the TER.

When the cell membranes are modeled with a resistor in
parallel with a capacitor as is shown in Fig. 1C, the imaginary
impedance (Fig. 2,middle row), can reveal information about
the time constants, s, of the apical and basolateral mem-
branes. In a general sense, the time constant of a cell

Figure 2. Selected examples of both measured and fitted data from 3 dis-
tinct electronic model circuits, indicating the correlation of the 3 P-EIS
model with the measured impedance data. The data is organized in col-
umns, with each column corresponding to 1 of 3 example circuits that emu-
late low-, medium-, and high-transepithelial resistance epithelial tissues.
Each column is divided into 3 rows, where the top row illustrates meas-
ured, real impedance values [X(f )] and their fitted counterparts [X0(f )], the
middle row does the same for imaginary impedance [Y(f ) and Y0(f )], and
the bottom row for the membrane ratio [a(f ) and a 0(f )]. The square symbols
in each plot signify the measured data points, sampled at discrete fre-
quencies [f ¼ x/(2p)], while the solid lines indicate the fitted data gener-
ated using 3 P-EIS. The electronic circuit parameters (bk) corresponding to
the circuit elements in Fig. 1C and their corresponding fitted values using
3 P-EIS (b0k ) are outlined in Table 2.
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membrane represents how quickly it can reequilibrate after
a sudden change in transmembrane voltage or current. This
parameter can be calculated using the following formula:

s ¼ RC: ð20Þ
One interesting feature of most epithelial tissues is that

they are polarized, meaning that they have different electri-
cal transport and functional pathways in their apical and ba-
solateral membranes (7, 22, 58, 59). Consequently, epithelia
may have distinctly different apical and basolateral time
constants (32). For example, if the cells are stimulated by
ATP (see MATERIALS AND METHODs), the apical and basolateral
membranes of RPE typically have unique and opposite elec-
trical responses. These unique and opposite responses of s
could be visualized as diverging or converging minimums in
the imaginary impedance plot.

The membrane ratio (Fig. 2, bottom row) is the only prop-
erty that measures the ratio of apical to basolateral imped-
ance. At the lowest measured frequencies (x ! 0 rad/s), this
system asymptotically approaches the following limit:

lim
x!0

a0 xð Þ� � ¼ RaRs þ RsolA Ra þ Rb þ Rsð Þ
RbRs þ RsolB Ra þ Rb þ Rsð Þ ð21Þ

which simplifies to the VDR from Eq. 1 when RsolA and RsolB

are much less than the apical and basolateral resistances and
can be set to �0 (33, 34). Conversely, at high frequencies
(x!1 rad/s), the membrane ratio approaches the following
limit:

lim
x!1 a0 xð Þ� � ¼ RsolA

RsolB
ð22Þ

To demonstrate these qualitative metrics, they were
applied to the representative data shown in Fig. 2 The exact
values measured by the digital multimeter, bk, for each cir-
cuit parameter k and corresponding parameter fits, b

0
k are

shown in Table 2. In Fig. 2, the exact TER (total epithelial re-
sistance plus the solution resistances) for examples 1, 2, and
3 were 720 X, 1,750 X, and 5,180 X, respectively. These corre-
lated well with the values that can be calculated by inspect-
ing the low-frequency asymptote of the real impedance
traces shown in Fig. 2 of 720 X, 1,750 X, and 5,160 X, respec-
tively. Furthermore, the exact sum of solution resistances for
examples 1, 2, and 3 in Fig. 2 were 198 X, 99 X, and 198 X,
respectively. These correspond well with the high-frequency
asymptotes of Fig. 2 of 210 X, 135 X, and 278 X, respectively.

The ratio of apical to basolateral time constants in Fig. 2
for examples 1 and 2 are nearly identical (�25:1). Visual

inspection of the imaginary impedance traces, therefore,
should have two minimums. The difference in Fig. 2 in
example 2 is clear but in example 1 appears only as a “slow-
ing” of the return to 0X for the imaginary impedance around
1 kHz. This “slowing” phenomenon shows the impact of the
lower shunt resistance (Rs), attenuating the visible changes
in the imaginary impedance data. Furthermore, example 3 in
Fig. 2 has a ratio of time constants 1:2,600. Notably, the sec-
ond minimum is likely above the 10-kHz measurement
range and is not visible in the trace. This assumption can be
made by visual inspection of the imaginary impedance data
because the measured data appears to be diverging away
from 0 X at 10 kHz, hinting that another minimummay exist
at higher frequencies. Despite the lack of clear visual evi-
dence of distinct minimums in examples 1 and 3 from Fig. 2,
the calculated membrane time constants were still accurate
when using the 3 P-EIS method introduced in this paper.
Namely, 24:1, 26:1, and 1:620 for examples 1, 2, and 3,
respectively.

Finally, visual inspection of the asymptotes of the mem-
brane ratio (Fig. 2 bottom row) matches the limits described
in Eqs. 21 and 22. Therefore, in Fig. 2, the low-frequency
asymptotes should approach 3.9, 0.9, and 0, for examples 1,
2, and 3, respectively, which it appears to do. Similarly, the
high-frequency asymptotes in the membrane ratio in Fig. 2
should be 1, 0, and 1 for examples 1, 2, and 3, respectively,
which appears to be the case.

Quantification of residual error.
Figure 2 offers compelling evidence for the 3 P-EIS model’s
alignment with the measured data across diverse elec-
tronic circuit configurations. The residual error, as out-
lined in Eq. 7, underscores good model correlation,
marked by medians and interquartile ranges (IQRs) of 1.7
X (1.0–4.1), 0.8 X (0.3–2.0), and 0.0 (0.0–0.1) (n ¼ 103,032).
The residual was low across the extensive data set com-
prising 972 circuits measured at 106 frequencies, resulting
in a total of 103,032 data points. Additional insights into
the residual distribution can be found in the Supplemental
Material. These minimal residual errors substantiate the
robustness and reliability of the 3 P-EIS model in accu-
rately capturing the real impedance, imaginary imped-
ance, and membrane ratio. Furthermore, the near-zero
median residual error highlights the model’s potential effi-
cacy in discerning subtle, clinically pertinent variations in
membrane properties.

Table 2. Electronic circuit parameters and corresponding fitted parameters

Example 1 Example 2 Example 3

b b 0 b b 0 b b 0

RsolA, X 99.2 100.7 0.4 25.8 99.2 114.4
RsolB, X 98.7 100.6 98.7 77.6 98.7 0.1
Ra, X 988 1,186 988 946 99 150
Ca, lF 2.35 2.07 2.35 2.45 0.09 0.2
Rb, X 99 102 994 984 9,790 8,006
Cb, lF 1.01 1.03 0.09 0.09 2.34 2.34
Rs, X 1,001 869 10,029 11,436 10,029 13,072

The validated electronic circuit parameters, denoted as b, alongside their corresponding fitted parameters, denoted as b 0, as obtained
using 3 P-EIS. The parameters are related to the 3 representative examples illustrated in Fig. 2. Each row in the table corresponds to a
specific element of the equivalent electronic circuit as depicted in Fig. 1C. See GLOSSARY for definitions.
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Parameter estimation error for 3 P-EIS.
3P-EIS, introduced in this paper, enables the assumption-
free measurement of electrical properties in epithelial tis-
sues. To quantify this error, the relative difference between
the known circuit value bk and the calculated value b

0
k was

inserted into Eq. 8 and is called parameter estimation error.
3P-EIS significantly reduces parameter estimation error

compared to 2 P-EIS, which serves as a control to validate
the need for intracellular data. In assessing biologically sig-
nificant resistances, namely, Ra, Rb, and Rs, the data pre-
sented in Table 3 indicate an average estimation error of
24% (SD 4, n ¼ 3) using 3 P-EIS. This is a substantial
improvement over the 79% (SD 20, n ¼ 3) error observed
with 2 P-EIS. When compared with the average biological
error of 51% (SD 22, n ¼ 27) compiled from values reported in
previous studies (Table 4), the practical utility of 3 P-EIS
seems clear.

However, to disentangle the biological uncertainty from
the hardware and measurement techniques an ANOVA
on existing data recorded from one epithelial tissue type,
using three independent techniques, can be performed.
Specifically, the three different techniques deployed by
Bello-Reuss to measure Ra, Rb, and Rs for Ambystoma tigri-
num have an ANOVA P value of 0.8, and a minimum Tukey
honestly significant difference post hoc test P value of 0.8
between the glucose and Ba2þ groups. This indicates that
variations in parameter magnitudes between experiments
are likely caused by typical levels of biological variability
rather thanmeasurement technique(s) and hardware.

Beyond the biologically relevant resistances, 3 P-EIS can
also, simultaneously, measure solution resistances RsolA and
RsolB. In Table 3, the median error is notably larger than the
other circuit parameters. However, this is an artifact of cal-
culating a normalized error on very small resistances (<0.5 X
in 5). On an absolute error scale (i.e., not normalized by the
magnitude of the known parameter, bk), RsolA and RsolB had
median and IQR error of 7 X (1 X to 9 X) and 8 X (1 X to 21 X),
respectively, when fitting using 3 P-EIS. Besides this error
being very small relative to the magnitude of the other resis-
tances tested in this paper, solution resistances are typically
measured before a practical electrophysiology experiment
and do not provide pertinent information when trying to

understand the electrophysiological properties of epithe-
lial tissue. However, the ability to monitor these resistan-
ces throughout, as opposed to before, an experiment can
be beneficial. For example, when the solution resistance
changes or when the cell growth substrate degrades through-
out an experiment.

Although capacitance is defined by C ¼ ɛA/L, where ɛ is a
dielectric constant, A is surface area, and L is membrane
thickness, it is generally assumed that ɛ and L are constant for
cell membranes. Further, the ratio of ɛ/L is similar in magni-
tude across many cell types. As a result, the cell capacitance
(C) is generally accepted to be around 1 μF/cm2, and altera-
tions inmeasured capacitance most likely indicate changes in
membrane surface area (32, 52, 60, 61). To understand the typ-
ical variance in cell capacitance in physiological experiments,
it is instructive to examine existing literature. For example,
both Weber et al. (62) and Takahashi et al. (63) reported 30,50-
cyclic monophosphate (cAMP)-induced increases in Xenopus
laevis oocyte membrane capacitance, ranging from 12 to 60%.
From Table 3, 3 P-EIS has a median error of 11% for Ca and
14% for Cb, with respective IQRs of 3–54% and 3–57%. Given
this distribution, the system is likely sensitive enough to
detect changes of the magnitudes reported by Weber et al.
(62) and Takahashi et al. (63), albeit with caveats. Specifically,
the skewed error distribution implies that while the system
may generally be reliable, there are instances where signifi-
cant errors could occur. These findings, therefore, should be
interpreted cautiously, particularly when approaching the
boundaries of this reported range of physiological changes.

While the 3 P-EIS model appears to have sufficient sensi-
tivity for most biological experiments on epithelial tissues, it

Table 3. Comparison of fitting errors between the 3 P-
EIS and 2 P-EIS methods

3 P-EIS, % 2 P-EIS, % P Value Effect Size

Ca 11 (3–54) 52 (14–100) 1 � 10�37 0.41
Cb 14 (3–57) 50 (14–98) 1 � 10�39 0.42
Ra 28 (11–83) 94 (47–793) 1 � 10�38 0.42
Rb 26 (7–75) 92 (45–530) 1 � 10�63 0.54
Rs 19 (6–78) 51 (13–200) 2 � 10�9 0.19
RsolA 100 (9–952) 96 (46–952) 4 � 10�21 0.3
RsolB 100 (10–1,971) 99 (47–1,053) 9 � 10�14 0.25

Comparison between the median and interquartile range of fit-
ting errors between the 3 P-EIS and 2 P-EIS methods, calculated as
per Eq. 8 (n ¼ 972). Statistical analysis includes a one-sided
Wilcoxon’s paired sample test and calculation of effect size for
each parameter. The aim of the statistical comparison was to
evaluate the significance and the effect size of the differences
between the 2 models. Further graphical representation of these
results can be found in the Supplemental Material. See GLOSSARY
for definitions.

Table 4. Comparative analysis of the average errors in
measuring apical, basolateral, and shunt resistances in
epithelial tissues, based on published literature

Source n Ra, % Rb, % Rs, %

Bello-Reuss (44)
Rabbit proximal tubules
Ba2þ 8 77 44 83
Glucose 7 49 48 18

Ambystoma tigrinum
Glucose 9 20 45 57
Ba2þ 13 53 64 52
Kþ 6 49 32 38

Joseph and Miller (43)
Retinal pigment epithelial
Ouabain 9 38 46 24

Reuss and Finn (35)
Toad urinary bladder
Multiple intracellular electrodes 8 30 52 79
Kþ 9 76 97 99

Wills et al. (57)
Rabbit descending colon
Nystatin 6 43 36 22

The errors are represented as percentages, calculated using the
mean (μ) and standard error (SE) via the formula: error %ð Þ ¼
100

ffiffiffi
n

p ðSEÞ=l. The “source” column specifies the authors along with
the citation number, the tissue type investigated, and the measure-
ment technique employed. Except for the “multiple intracellular
electrodes”method, all techniques summarized below involve modu-
lating the tissue electrophysiological state with a stimulus (e.g., glu-
cose), while assuming the stimulus affects only a subset of the
resistances. The resistances are then calculated using electrical prop-
erties measured in 2 or more states and a corresponding set of equa-
tions. See GLOSSARY for definitions.
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is not without some shortcomings. For instance, each mea-
surement is 2 min, and, following Nyquist’s sampling theo-
rem, cannot be used to measure dynamic processes that
change within a period of less than 4 min; effectively steady
state. An example of a response that is missed by 3 P-EIS is
the initial phase of the ATP response in the TEP data (Fig.
3A). Potential solutions to this limitation include reducing
the number of frequencies required per decade, decreasing
the number of cycles needed to capture each frequency, or
using more complex signals such as chirps that quickly
sweep through a large frequency range (64).

The stability of the fitting algorithm also has its limits. In
265 out of the 927 fits, one of the membrane resistance

parameters (Ra, Rb, and Rs) was estimated to be within 1% of
the maximum value constrained by the fitting algorithm
(termed “railing”). In contrast, the capacitances and solution
resistances (Ca, Cb, RsolA, and RsolB) did not rail.

While there is not a singular cause for this railing condi-
tion, it only occurs in one of the membrane resistance pa-
rameters at a time. In other words, if Ra railed, then Rb and
Rs did not, and so on. Furthermore, the impact on the esti-
mation error for a particular railing condition was dependent
on which parameter railed. For instance, when Ra railed, the
parameter estimation errors were relatively unchanged.
However, when Rb railed, Ca, Ra, and RsolA parameter estima-
tion error increased, matching the median error for 2 P-EIS.
Finally, when Rs railed, the magnitude of all other parameter
estimation errors resembled that of 2 P-EIS. This increase in
error suggests that the sensitivity of the remaining parame-
ters is reduced in cases with “railing.” For a detailed look at
the effect of railing on the remaining circuit parameters, see
the Supplemental Material.

The 3 P-EIS mathematical model and technique have dem-
onstrated the ability to accurately determine the independent
apical, basolateral, and shunt resistances and capacitances of
the circuit model (Fig. 1C) within biologically relevant ranges
with a biologically useful degree of accuracy. This highlights
the value of 3 P-EIS in characterizing the electrical properties
of epithelial tissues, offering new insights into biological sys-
tems and the potential for further advancements in drug dis-
covery, channels/pathway experiments, and quality control
metrics.

Demonstration on Biological Samples

To biologically validate the mathematical model pre-
sented in this paper, the response of three RPE tissues to the
apical application of 100 lM ATP was measured over a one-
hour period using both 3 P-Classical (measuring TER and
VDR at one, low frequency) and 3 P-EIS. The ATP response
of iPSC-derived RPE tissues (from 2 donors) was selected for
this validation because the ATP pathway has been thor-
oughly tested on primary bovine, human RPE, and iPSC-
derived RPE cells (7, 38, 39). In short, in the eye, light causes
ATP to increase in the subretinal space, resulting in intracel-
lular RPE Ca2þ signaling triggered by activated apical puri-
nergic P2Y2 receptors (38). The increase in intracellular Ca2þ

causes the inhibition of Ca2þ -sensitive apical membrane Kþ

channels as well as the activation of Ca2þ -sensitive, basolat-
eral membrane Cl� channels (7, 39). Inhibition of apical
membrane Kþ channels reduces membrane conductance,
causing the apical membrane resistance (Ra) to increase.
Analogously, activation of the basolateral membrane Cl�

channels cause a decrease in the basolateral membrane re-
sistance (Rb). Although Ra and Rb are well understood in this
paradigm, the responses of Ca, Cb, and Rs are not yet well
understood.

Epithelial voltages.
To begin, the TEP and apical voltage (Va) were continuously
recorded and can be used to begin the interpretation of the
ATP-evoked response for both the 3 P-Classical and 3 P-EIS
methods (Fig. 3A). Figure 3A, top row, shows the TEP data
and reveals the difference in the apical and basolateral

Figure 3. Electrophysiological data acquired from 3 induced pluripotent stem
cell (iPSC)-derived retinal pigment epithelial (RPE) samples. Blue bars indicate
the time range over which 100 lMATP was exposed to the apical side of the
RPE. Samples 1 and 2 were from donor A and sample 3 was from donor B
(n¼ 3). A: the transepithelial potential (TEP) (top row) and pipette voltage (Va;
bottom row) were continuously recorded between impedance measure-
ments and their corresponding measured values are indicated with a solid
black line. The square symbols highlight the magnitude of the TEP and pip-
ette voltage immediately before starting each impedance measurement. The
dashed black line indicates 0 mV to highlight the polarity of each iPSC-RPE
tissue. B: comparison of the calculated or fitted data acquired using the 3 P-
Classical technique and the value determined from the fitted parameters
using the 3 P-EIS method. Specifically, the 3 P-Classical data are indicated by
the black squares (connected by a black line to indicate continuity) and are
calculated using the magnitudes of TEP(f ¼ 0.5 Hz) and iapplied(f ¼ 0.5 Hz) in
Eq. 2 for transepithelial resistance (TER) and the magnitudes of Va(f¼ 0.5 Hz)
and Vb(f¼ 0.5 Hz) in Eq. 1 for voltage divider ratio (VDR). The equivalent TER
and VDR values for 3 P-EIS are indicated by the orange squares (connected
with an orange line to indicate continuity) where the fitted values b0k were
inserted into the right-hand side of Eq. 2 for TER and Eq. 1 for VDR.
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membrane voltages (31, 55, 57, 65). Sample 3 had an opposite
TEP polarity at baseline and is missing the first phase TEP
decrease (within the first minute) of the ATP-evoked
response compared to samples 1 and 2. All three samples
showed an increase in TEP over the remainder of the ATP ex-
posure and recovered to their original values after returning
to normal Ringer’s solution.

Figure 3A, bottom row, shows the intracellular voltage
data measured with the pipette, which corresponds to the
apical membrane potential (Va). The potential recorded by
the pipette before and after apical ATP is normal (e.g., less
than �45 mV) and relatively stable for samples 1, 2, and 3 in
the standard Ringer’s solutions (7, 38, 65, 66). The depolari-
zation of the apical membrane in the first phase of the ATP-
induced response was present yet smaller for sample 3 com-
pared to samples 1 and 2 (10 mV compared to 20 mV, respec-
tively). However, all three samples depolarized by �20 mV
by the end of the ATP exposure.

Epithelial resistances.
Figure 3B shows the TER and VDR of the same samples in
Fig. 3A. These parameters were calculated using two differ-
ent methods: 3 P-Classical and 3 P-EIS. The TER and VDR
from 3 P-Classical were determined as described in the
MATERIALS AND METHODS and the TER and VDR from 3 P-EIS
were calculated by inserting the estimated parameters (RsolA,
RsolB, Ra, Rb, and Rs) into Eqs. 2 and 1, respectively.

The results presented in Fig. 3B, top row, show nearly
identical TER using either the 3 P-Classical or 3 P-EIS
method. Both methods depict a decrease in TER during ATP
exposure and some recovery after ATP removal, consistent
with previous reports (7, 38, 39). However, TER measure-
ments alone cannot distinguish between changes in Ra, Rb,
and Rs. To gain more insight, VDR was also measured (Fig.
3B, bottom row), and additional information about the rela-
tive changes in the membrane-specific resistances (Ra and
Rb) can be evaluated.

In Fig. 3B, note the discrepancies in magnitude between
the VDR obtained through the 3 P-EIS method and the 3 P-
Classical method during ATP stimulation for samples 1 and
2, as well as across all tests for sample 3. The key discrepancy
arises from the limitations of sampling at a single, discrete
frequency (0.5 Hz) in 3 P-Classical, which sometimes fails to
accurately approximate the membrane ratio’s asymptote as
it approaches 0 Hz. Unlike 3 P-Classical, which requires
near-zero frequencies to accurately account for all capacitive
effects, 3 P-EIS offers significant flexibility by allowing for
data extrapolation to theoretical VDR values at 0 Hz. This
extrapolation advantage enables 3 P-EIS to perform robustly
in dynamic conditions requiring faster sampling rates, deliv-
ering superior VDR accuracy and even capturing dynamic
changes in VDR that could be missed with 3 P-Classical (e.g.,
the change in VDR during apical-ATP for sample 3).
Moreover, 3 P-EIS sidesteps the inherent unpredictability of
the 3 P-Classical method, which cannot predetermine the
optimal frequency for precise VDR measurements. For fur-
ther details on real and imaginary impedance and mem-
brane ratios, consult Supplemental Material.

Unique to 3 P-EIS (compared to 3 P-Classical), the solu-
tion resistances (RsolA and RsolB) were calculated using the
3 P-EIS model. The solution resistances were relatively

consistent magnitude before, during, and after ATP exposure.
Consequently, the average magnitude of these values was 3
(SD 3) X � cm2 and 9 (SD 1) X � cm2 for RsolA and RsolB, respec-
tively (n ¼ 85). The elevated RsolB is likely due to the extra re-
sistance of the growth substrate. Furthermore, the magnitude
of the sum of these resistances corresponds well with histori-
cal measurements of the resistances of empty growth sub-
strates installed in the modified Ussing chamber, submerged
in Ringer’s control solutions, typically between 10 and 20 X �
cm2. The ability to monitor the solution resistance during an
experiment is an important improvement over 3 P-Classical.
For example, when cells are grown on biodegradable scaffolds
or when cells secrete large amounts of extracellular matrix,
RsolB may increase or decrease in a manner that is difficult to
compensate for, masking subtle changes in electrical parame-
ters between samples.

3P-EIS offers a continuous, assumption-free approach to
quantifying all circuit parameters outlined in Fig. 1C, as
demonstrated in Fig. 4. Focusing initially on apical,

Figure 4. The capacitance and resistance responses of pluripotent stem
cell (iPSC)-derived retinal pigment epithelial (RPE) samples before, during,
and after the addition of 100 lM ATP to the Ringer’s solution perfusing the
apical membrane. The values were calculated using the 3 P-EIS method.
Blue shading indicates the time that ATP was in the apical media. The
white squares indicate the calculated values, and the black lines represent
an interpolated values between each measurement. Each column corre-
sponds to a unique iPSC-RPE sample. Each row corresponds to 1 of the cir-
cuit elements from Fig. 1C samples 1 and 2 are from donor A and sample 3
is from donor B (n¼ 3). See GLOSSARY for definitions.
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basolateral, and shunt resistances (Ra, Rb, and Rs, respec-
tively), sample 3 from donor B exhibits a markedly elevated
baseline apical resistance (Ra) of �11 kX � cm2. This con-
trasts with 1.6 kX � cm2 and 3.3 kX � cm2 for samples 1 and
2, respectively. One possible explanation for this observa-
tion, based on recent literature, indicates that stem cell-
derived RPE lines have heterogeneous densities of Kþ

channels between neighboring cells in a single epithelial
tissue. This heterogeneity phenomenon can provide an
explanation for the elevated Ra in sample 3 (67). A lower
number of Kþ channels on the apical membrane would
correspondingly result in higher resistance and a diminished
ATP response, as is observed in sample 3. Conversely, the ba-
solateral resistance (Rb) remains comparable to that of sam-
ples 1 and 2, and it shows the expected reduction during ATP
exposure, likely due to the activation of basolateral Ca2þ -
sensitive Cl� channels. Finally, across all samples the
shunt resistance (Rs) depicts a rapid and substantial
decrease during ATP exposure and has a long recovery
back to baseline.

3 P-EIS proves to be especially useful when epithelial
responses involve complex interactions between mem-
branes, as is the case with typical ATP responses in RPE (7,
38, 39). Unlike 3 P-Classical, which struggles to independ-
ently measure membrane resistances, 3 P-EIS can distin-
guish the atypical apical membrane response from the
typical basolateral membrane response, as illustrated in
sample 3. This allows for a nuanced understanding of cellu-
lar behavior in different experimental conditions not possi-
ble with 3 P-Classical.

Epithelial capacitances.
Utilizing 3 P-EIS to calculate membrane-specific capacitan-
ces (Ca and Cb) from in Fig. 1C, the data consistently reveals
an apical-to-basolateral capacitance ratio of �2:1, across all
samples, in control Ringer’s solution, both pre- and post-
ATP stimulation. This suggests that the apical surface area of
RPE cells may be twice as large as the basolateral area, align-
ing with prior literature reports indicating a 4:1 ratio of sur-
face areas for rat RPE (2, 61, 68).

Investigation of the membrane-specific ATP-induced
capacitance changes (Fig. 4) shows a difference between
sample 1 compared to samples 2 and 3. Sample 1 did not
display ATP-induced changes. In contrast, samples 2 and 3
experienced concurrent reductions in apical capacitance
and elevations in basolateral capacitance during apical
ATP stimulation. These changes could potentially signify
a reduction in apical membrane microvilli and increased
lateral intercellular spaces (corroborated by a reduction in
the shunt resistance), respectively. However, it is also pos-
sible that if conformational molecular changes occur dur-
ing ATP exposure, an alternative explanation for changes
in the apical membrane could be modifications in mem-
brane composition, specifically membrane thickness or
dielectric constant (38, 52, 60, 69).

Limited existing literature onmembrane capacitance vari-
ability, particularly during ATP stimulation in RPE, pre-
cludes any definitive conclusions. Due to the small sample
size in this biological demonstration, future studies employ-
ing larger datasets are imperative for conclusive interpreta-
tions of this data.

Using 3 P-EIS to test assumption-based methods during
ATP administration on RPE cells.
Data acquired using 3 P-EIS can be used to test the validity
of assumptions used in alternative methods to fully solve for
all membrane parameters, bk, in Fig. 1C. For starters, Fig. 4
clearly shows that all membrane resistances change (Ra, Rb,
and Rs) change when ATP is applied, undermining assump-
tions leveraged by previous groups where at least one mem-
brane must remain constant to fully solve for these
parameters (35, 43–45, 57). Another assumption leveraged to
fully determine bk usedmeasurements from previous experi-
ments of a particular wild-type control cell line and asserted
that the ratio of transcellular to shunt resistance was con-
stant, even during specific drug exposures (41). However, the
data presented in this paper clearly shows that this ratio
[(Ra þ Rb)/ Rs] is not constant and was dramatically differ-
ent for sample 3 compared to samples 1 and 2 (see
Supplemental Material for details).

As such, traditional approaches risk overlooking or misin-
terpreting meaningful variations in epithelial tissues by rely-
ing on these assumptions. 3 P-EIS is devoid of such
limitations, providing a more resilient and assumption-inde-
pendent approach. This enables comprehensive evaluations
of how epithelial transport pathways are affected across vari-
ous scenarios including drug treatments, disease conditions,
and quality control measures.

Summary of Findings

This paper introduces 3 P-EIS, a method for quantifying
the membrane-specific properties that make up an equiva-
lent electrical circuit of intact epithelial tissues. This method
uses a combination of an intracellular pipette and extracellu-
lar EIS to resolve the transcellular and paracellular electrical
properties without constraint-based assumptions previously
required to evaluate these metrics (35, 41, 43–45, 57).
Specifically, 3 P-EIS measures the apical resistance Ra, apical
capacitance Ca, basolateral resistance Rb, basolateral capaci-
tance Cb, and shunt resistance Rs of intact epithelial tissues.
Furthermore, 3 P-EIS can simultaneously measure the resist-
ance of the surrounding media and culture substrate to com-
pensate for changes throughout an experiment, further
improving the accuracy of the epithelial parameters.
Rigorous validation with electronic cell components quanti-
fies the accuracy of 3 P-EIS and an examination of typical bi-
ological variability suggests that the model is suitable for use
in studying epithelia.

Advancements over previous methods.
The addition of EIS in existing 3 P-Classical setups enables 3
P-EIS. Unlike 3 P-Classical and other more sophisticated
approaches, 3 P-EIS allows for a nuanced understanding of
epithelial physiology based on additional electrical parame-
ters measured by this technique. These parameters previ-
ously required additional measurements or assumptions to
evaluate, and 3 P-EIS unlocks a new way to enhance epithe-
lial transport dynamics quantification.

Clinical and research implications.
For research, 3 P-EIS provides a more precise readout of epi-
thelial physiology and enhances the details extracted when
studying novel pathways diseases. It also, potentially,
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provides dynamic readouts of cell morphology without a
microscope or other destructive techniques. The utility of 3
P-EIS extends beyond basic research. In the clinical realm,
this method offers a new avenue for drug testing where
membrane-specific changes or interactions are underdeter-
mined when using 3 P-Classical or in assumption-based
methods that assume normal cell function. Furthermore,
thismethod could be used as a higher sensitivity quality con-
trol metric in transplantation therapies.

GLOSSARY

a Measured ratio of apical to basolateral membrane imped-
ance magnitude

a0 Calculated ratio of apical to basolateral membrane imped-
ance magnitude

b Represents an arbitrary electronic circuit component (e.g.,
R or C)

ɛ Relative error
μ Average
s Electrical time constant measure in seconds.
x Frequency in rad/s
Ca Electrical capacitance of the apical membrane of epithelia

measured in F/cm2

Cb Electrical capacitance of the basolateral membrane of epi-
thelia measured in F/cm2

d A single datum measured or fit at a particular measurement
frequency

J Objective function to be minimized during fitting of elec-
tronic circuit components

r Difference (residual) between a measured and calculated
value

Ra Electrical resistance of the apical membrane of epithelia
Rb Electrical resistance of the basolateral membrane of

epithelia
Rs Electrical resistance of the shunt pathways between and

around epithelial cells
RsolA Electrical resistance of apical solution
RsolB Electrical resistance of basolateral solution and growth

substrate
V Electrical voltage measured in volts
X Measured real component of complex impedance (resist-

ance) in X·cm2

Y Measured imaginary component of complex impedance
(reactance) in X·cm2

X0 Calculated real component of complex impedance (resist-
ance) in X·cm2

Y0 Calculated imaginary component of complex impedance
(reactance) in X·cm2

Zabs Complex electrical impedance of epithelia measured in
X·cm2
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