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Abstract

Standard information reporting helps to ensure that assay conditions and data are consistently reported and to facilitate inter-
laboratory comparisons. Here, we present recommendations on minimum information for reporting on the TEER (trans-
epithelial/endothelial electrical resistance) assay (MIRTA). The TEER assay is extensively used to evaluate the health of an
epithelial/endothelial cell culture model and as an indicator of the potential toxicity of a test substance. This publication is
the result of an international collaboration—called the RespTox (Respiratory Toxicity) Collaborative—through which twelve
laboratories shared their protocols for assessing the barrier function of respiratory epithelial cells using the TEER assay fol-
lowing exposure to substances. The protocols from each laboratory were reviewed to identify general steps for performing
the TEER assay, interlaboratory differences between steps, the rationale for differences, whether these differences impact
results or cross-laboratory comparisons between TEER measurements. While the MIRTA recommendations are focused on
respiratory epithelial cell systems, these recommendations can be adapted for other cell systems that form barriers. The use
of these recommendations will support data transparency and reproducibility, reduce challenges in data interpretation, enable
cross-laboratory comparisons, help assess study quality, and facilitate the incorporation of the TEER assay into national and
international testing guidance.

Keywords TEER - Barrier integrity - In vitro - Respiratory toxicity - Inhalation

Introduction

The trans-epithelial/endothelial electrical resistance (TEER)
assay is extensively used to evaluate the health of an epithe-
lial/endothelial cell culture model and as an indicator of the
potential toxicity of a test substance (Movia et al. 2020).

Disclaimer: the views expressed in this article are those of the
author (s) and do not necessarily represent the views or policies of
the U.S. Environmental Protection Agency. Any mention of trade
names, products, or services does not imply an endorsement by the
U.S. Government or the U.S. Environmental Protection Agency.
The EPA does not endorse any commercial products, services, or
enterprises.

Extended author information available on the last page of the article

These cells form selectively permeable, polarized barriers
that separate the luminal (apical) and abluminal (basolateral)
compartments throughout the body, such as the respiratory
and gastrointestinal tracts, skin, brain, vasculature, and renal
system. The integrity of these barrier tissues is dependent
on interactions between adjacent cells (e.g., through mainte-
nance of tight and adherens junctions) (Fig. 1A). For exam-
ple, in proximal and distal airways of the respiratory tract,
these barriers function to separate inhaled air (as well as any
accompanying environmental materials) from the submu-
cosal tissue and from the bloodstream at the alveoli, while
also regulating the paracellular transport of ions and mac-
romolecules (Hollenhorst et al. 2011; Folkesson and Mat-
thay 2006). Respiratory barrier dysfunction occurs in a wide
range of respiratory diseases and can result from exposure to

@ Springer


http://orcid.org/0000-0003-2859-2581
http://crossmark.crossref.org/dialog/?doi=10.1007/s00204-024-03879-z&domain=pdf

58

Archives of Toxicology (2025) 99:57-66

Adherens .
Junction §\ Tight
\\ Junction

Fig. 1 A Figure depicting epithelial cell barriers with tight and adhe-
rens junctions. B Figure demonstrating the principle of TEER meas-
urement to quantify the electrical resistance introduced by a confluent

a broad range of inhaled chemicals, particulates, and patho-
gens (Radbel et al. 2020; Shin et al. 2017). Evaluating the
ability of a test substance to reduce barrier integrity in the
respiratory tract is, therefore, of importance in both regula-
tory toxicology and biomedical research.

TEER is a measure of electrical resistance across one or
more cell layers grown on a porous membrane after they
reach confluence. The electrical resistance, which represents
the impedance to current flow within a circuit, provides a
quantitative measure to assess the integrity of a monolayer
by evaluating its ionic conductance. A small electrical cur-
rent is passed between two electrodes that are positioned at
opposing sides of the barrier (apical and basolateral), and
voltage is measured (Fig. 1B). Using Ohm’s law (represented
by the equation: V=IR, where V is voltage, I is current, and
R is resistance), TEER output is computed in Ohm-cm?. A
higher TEER value indicates a tight cellular barrier. TEER
assay output is an indicator of barrier integrity. In some stud-
ies, changes in barrier integrity measured in vitro are qualita-
tively comparable to indicators of impaired barrier integrity
in in vivo animal and human studies such as interstitial-to-
luminal translocation of macromolecules (e.g., albumin in
bronchoalveolar lavage fluid (BALF) following respiratory
tract injury). For example, data for exposure to ozone (Os;
an extensively studied inhaled toxicant) show reduced res-
piratory barrier integrity in vivo in humans as evidenced by
increased protein, albumin, and fibronectin levels in BALF
(Kehrl et al. 1987; Koren et al. 2012; Van Bree et al. 2002;
Albright et al. 2022; Que et al. 2011). Similarly, decreased
TEER assay values were observed after ozone exposure in
primary human bronchial epithelial cells in vitro (Bow-
ers et al. 2021). In addition to its use in the evaluation of
the effects of exposure to a test substance, TEER is also a
valuable quality control measure to ensure the suitability
of in vitro tissues representing biological barriers (e.g., for
respiratory, oral, ocular, and dermal model systems), prior
to their use in experimental studies (Guth et al. 2015; OECD
2021a, b).
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cell layer to current passing across the apical and basolateral com-
partments of a porous membrane in an insert-based cell culture sys-
tem. Figure was created on BioRender.com

While the TEER assay is widely used across scientific
sectors, there are inter-laboratory variations in equipment,
cell models, assay protocols, user proficiency, response
characterization, and data reporting, which can limit the
comparability of TEER assay data (Braakhuis et al. 2023).
For example, there are different manufacturers of voltohm-
meters, different types of electrodes, and even automated/
high-throughput systems to measure TEER. The MIRTA
recommendations focus on two specific types of electrodes
but can be adapted (if needed) and applied to other TEER
apparatus (Wilkinson et al. 2016; Petersen et al. 2021;
RIVER 2023; OECD 2018). While some protocol varia-
tion across laboratories is expected, establishing minimum
reporting recommendations—in line with those described
for the comet assay (Mgller et al. 2020) and microarray
experiment (Brazma et al. 2001)—will further facilitate
the translational value of TEER assay data. Thus, the
Respiratory Toxicity (RespTox) Collaborative—an inter-
national, cross-sector consortium of experts conducting
in vitro inhalation toxicity testing—was tasked with defin-
ing the minimal information that needs to be reported fol-
lowing TEER measurement to maximize the utility of data.
All experts who contributed the protocols for and reviewed
this manuscript have/are actively using TEER assay in
their work (Paudel et al. 2023; McGee Hargrove et al.
2021; Sharma et al. 2023; Wallace et al. 2023; Jackson
et al. 2018; Mccullough 2020; Singh et al. 2021; Petersen
et al. 2021). In addition to these reporting recommenda-
tions for the TEER assay, it would be similarly useful to
develop recommendations for other in vitro assays that are
widely used in the inhalation toxicity field (and beyond).
Streamlining how information about an assay is reported
supports proper characterization of the assay and aids data
transparency and reproducibility, reduces challenges in
data interpretation, enables cross-laboratory comparisons,
and helps assess study quality.
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Method

Twelve laboratories from the RespTox Collaborative—3 M,
BASF, Charles River Laboratories, Epithelix Sarl, the
Institute for In Vitro Sciences, MatTek Life Sciences, the
National Institute of Standards and Technology (NIST),
ScitoVation, RTI International, the U.S. Environmen-
tal Protection Agency (EPA), Unilever, and the Flemish
Institute for Technological Research (VITO)—shared their
TEER assay protocols used for differentiated respiratory
cells grown at the air-liquid interface (ALI). The proto-
cols were compared, and several general steps were iden-
tified as common to all: (1) preparation of equipment,
(2) equilibration of electrolyte solution prior to TEER
measurements, (3) measurement of total resistance, and
(4) calculation of TEER and statistical analysis of data.
The minimal information that should be reported for
each general step and justification for why it should be
reported, including potential impact on results and infer-
ences (Table 1 and Fig. 2), was generated. A template is
included (see Supplementary information) as an example
of how the TEER assay and data should be reported.

Recommendations on minimum information
for reporting on the TEER assay (MIRTA)

Preparation of equipment

The first general step in the TEER assay is preparation
of the equipment. TEER can be measured using different
apparatuses, ranging from various types of commercially
available equipment to customized options. Although there
are some high throughput/automated options available, the
more commonly used set-up includes a voltohmmeter and
electrodes (chopstick electrodes or chamber electrodes;
Fig. 1) (Mccullough 2020). TEER assay measurements
vary depending on the type of electrode (Sheller et al.,
2017), thus, the type of equipment used for the TEER
assay must be reported (Step 1a).

Before conducting the TEER assay, the voltohmmeter
and electrodes should be calibrated to ensure the accuracy
of instrumentation and consistency of observations across
experiments (Step 1b). Calibration of the voltohmmeter is
conducted by measuring the resistance of at least one test
resistor and then adjusting the voltohmmeter to the cali-
brated value. Electrode functioning can be calibrated or
checked using standard electrolyte solutions with varying
conductance. Conductance depends on the types of salts
in the solution (e.g., potassium chloride), the concentra-
tion, the pH, and the temperature of the solution. Certain

voltohmmeters (e.g., Millipore ERS 3.0) are able to record
the temperature during measurements. Regardless of the
apparatus used, a calibrated system (voltohmmeter and
electrodes) from any manufacturer should report electri-
cal resistance within an acceptable range when used by
proficient laboratory personnel (e.g., based on historical
data and/or range provided by the manufacturer), as long
as other factors (e.g., the solutions historically used for
calibration) are kept constant. Of note here is that keeping
a historical record of calibration readings (for internal use)
can confirm that the equipment is functioning as expected.
Further, reporting of values for negative and positive con-
trols can help characterize the system and aid establish-
ment of benchmark response levels critical for translation
in risk assessment. In addition to the equipment type,
it should be reported that the apparatus was calibrated,
including the details related to the test resistor(s), the type
of electrolyte solutions used to calibrate the electrodes,
what calibration chamber, if any, was used, and frequency
of calibration (e.g., every time the measurement is per-
formed or after a set duration of use) (Step 1b) (Fig. 3).

Additionally, as the electrodes come in direct contact with
cell culture media, they should be disinfected and rinsed
before use to prevent contamination of cultures (e.g., by dip-
ping them in 70% v/v ethanol or isopropyl alcohol, 5% w/v
sodium hypochlorite, or 0.55% w/v ortho-phthalaldehyde),
if the measurements are not at the terminal time of the assay.
Since there are several types of disinfectants that may be
used, and some of which can corrode (e.g., alcohol-based
disinfectants) the electrodes, the method and solutions used
to disinfect and clean for each study should be reported (Step
1c).

Equilibration of electrolyte solution prior
to TEER measurements

Several different electrolyte solutions/buffers can be used
for a TEER assay. Examples include cell culture media,
Earle's Balanced Salt Solution (EBSS), phosphate-buffered
saline (PBS), and Hanks' Balanced Salt Solution (HBSS).
The type (i.e., composition) of the electrolyte solution used
impacts the TEER assay measurements and, therefore, must
be reported (Step 2a). Ideally, electrolyte solutions used for
a TEER assay should be of similar osmolarity and pH as
the cell cultures to prevent potentially impacting the bar-
rier function, causing abrupt fluctuations in measurements,
and thereby confounding the interpretation of study data.
Further, the electrolyte solution used for the TEER assay
should contain calcium and magnesium to avoid destabiliz-
ing cell—cell and cell-substrate interactions.

Additionally, the electrolyte solution is either warmed
to 37 °C or room temperature before use for TEER

@ Springer
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Table 1 (continued)

Rationale

Suggested details to report in a publication

General steps for measuring TEER

Step

Report the type and volume of electrolyte solution added to TEER assay measurements can vary based on the type and

Apical and basolateral compartments during measurement

3e

volume of the electrolyte solution used

both the apical and basolateral compartments of the test

system for TEER measurements

The duration of the equilibration of the electrodes in the

Report if and how the electrodes were equilibrated. Report

Equilibration of electrodes and conduct measurement

3f

electrolyte solution may impact the measurements

the solution used for equilibration

If electrodes are rinsed between measurements, the solution

Report whether the electrodes are rinsed and dried, equili-

Treatment of electrodes between measurements

3¢

used for rinsing should be reported, as it may alter subse-

quent measurements

brated, or otherwise treated between measurements. If

so, report the solution used to rinse electrodes between

measurements

Step 4 Calculation of TEER and statistical analysis of data

The equation shows the details of how TEER assay values

Report the equation used

Calculation of TEER

4a

are derived

To enable data comparison across studies, a description of

Report the statistical analysis applied

Statistical analysis of results

4b

the statistical model used with goodness of fit, as well as

its justification, along with raw values (with the number of

technical and biological replicates) must be reported

measurements. Since it has been shown to affect TEER assay
values (Blume et al. 2010), the temperature of the buffer
at the time of the measurement should be reported (Step
2b). Certain voltohmmeters (e.g., Millipore ERS 3.0) can
record the temperature of the solution simultaneously and
therefore capture a potential change in temperature between
the start and end of the TEER assay. Certain sterile benches
may include heated panels, or one can use a hot plate set to
37 °C to avoid the cell culture medium from cooling. If such
equipment is used, it should be reported.

Measurement of total resistance

Before measuring the total resistance of the biological test
system, blank resistance is measured. Blank resistance is
the resistance of a semipermeable membrane insert without
cells, and it is subtracted from the total resistance measure-
ment with cells to determine the final TEER value. Blank
measurements vary based on the type of membrane insert
used (e.g., pore diameter, density, membrane material, coat-
ing applied to the membrane, and the insert diameter) (Vigh
et al. 2021; Karakocak et al. 2023) as well as the type and
volume of electrolyte solution used. Therefore, blank resist-
ance should be reported every time the instrument is used
(Step 3a) before measuring the resistance of the biological
test system. Keeping an internal record of blank readings
can confirm that the readings are within the expected range.

The TEER assay can be used with various types of cell-
based biological systems, including those that are com-
mercially available and those that are developed in-house
(Wiese-Rischke et al., 2021). TEER assay measurement of a
biological test system involves several steps, including trans-
porting the test system from the incubator to a biological
safety cabinet or bench top, rinsing the test system apically
and basolaterally with appropriate solution (see Step 2), add-
ing the electrolyte solution(s) to the apical and basolateral
sides, performing the measurement, replacing the solution
with fresh culture medium (if applicable), and putting the
test system back in the incubator. The measured TEER assay
values can differ between biological test systems based on
the cell types, properties of cell culture inserts (material
type, coating, dimensions, pore size, and pore density) on
which they are cultured, and reagents (e.g., medium and sup-
plements) used (Barosova et al. 2021; van der Valk et al.
2018; Leung et al. 2020; Vigh et al. 2021; Karakocak et al.
2023; Srinivasan et al. 2015; Meindl et al. 2023). Therefore,
the type of biological system, the cell types, and the mem-
brane properties must be reported (Step 3b). Maintaining
an internal record of TEER values for the biological sys-
tem, including reporting of negative and positive controls to
characterize the system being used can help confirm that the
readings are within the acceptable range and aid translation

@ Springer
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Step 1:
Preparation of Equipment

Step 2:
Equilibration of Electrolytic Solution Prior to TEER Measurements
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Step 3:
Measurement of Total Resistance
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Fig.2 Steps involved in the measurement of total trans-barrier electrical resistance (TEER) of the biological test system. The figure was created

on BioRender.com

B C

Al

Fig. 3 Different types of electrodes used for TEER. A-B are chop-
stick electrodes and C depicts a chamber electrode. Figure was cre-
ated on BioRender.com
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of studies for risk assessment. When using commercially
available test systems, the manufacturers usually provide a
reference TEER value they use for quality controls. This
value should be reported.

The room temperature and duration for which the test sys-
tems remain outside the incubator during the assay should
be reported as it could impact the TEER assay output due to
changes in the temperature (Blume et al. 2010) and pH of the
test system (Step 3c and Step 2a). If devices are used (e.g.,
heated panels or a hot plate) to keep the temperature of the
biological test system constant, those should be measured
and reported. The rinsing regimen and the type of rinsing
solution used also affect the TEER assay output; therefore,
the details of when the test system is rinsed, and the solu-
tion used must be reported (Step 3d). Furthermore, the vol-
ume of electrolyte solution added to the well apically and
basolaterally depends on the size of the insert and must be
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reported (Step 3e). Before performing the measurement, the
electrodes are equilibrated according to the manufacturer’s
instructions. The solution used for equilibration should be
reported. The duration for which the electrodes are in the
solution and the time it takes to stabilize the reading may
impact the subsequent measurements in the test system and
should, therefore, be reported (Step 3f). Also, while measur-
ing TEER, sometimes the electrodes may be rinsed, dried,
disinfected, equilibrated, or otherwise treated between each
well, between plates, or between treatment groups. There-
fore, the regimen of how electrodes are treated between
measurements and the composition of the rinsing solution
when rinsed should be reported, as this may impact the final
readings (Step 3 g).

Calculation of TEER and statistical analysis
of data

Calculations of the TEER assay output follow Ohm’s law
such that the resistance can be calculated based on the cur-
rent and voltage passing through the cell layer. Total resist-
ance (R,)) measures the resistance of the biological system
along with resistance of the electrolyte solution (Rg.j,ion)
and the semipermeable membrane (R, prane) Of the cell
culture insert (Fig. 1B). The resistance measured from the
blank insert (Ry,,;,) measures Ry ion a0d R eprane- There-
fore, to determine the resistance of the cells (R..), Rpjank
is subtracted from R, (Step 4a)(Karakocak et al. 2023):

Rcells = Rtotal _Rhlank

TEER is then calculated by multiplying R
culture insert surface area (SA).

by the cell

cells

TEER (Q - cm?) = R (Q) X SA(cm?)

Different statistical models can be applied to analyze
TEER data. For comparison across studies, the details of
statistical analysis (including the number of technical and
biological replicates and statistical model used) and raw
TEER values must be reported (Step 4b).

Discussion and conclusion

As a potentially non-invasive, rapid, and straightforward
assay, TEER is commonly conducted and routinely meas-
ured across different time points using the same tissue (i.e.,
longitudinal studies). The TEER assay has been used exten-
sively as an indicator of toxicity following exposure to a test
substance and as a quality control to ensure the suitability
of tissues used in in vitro studies (Guth et al. 2015; OECD
2021a, b). For example, several Organisation for Economic

Co-operation and Development (OECD) test guidelines
(TGs) for in vitro skin or eye testing require assessment of
barrier integrity as a measure of quality and health of the test
system before use (OECD 2021a; 2019; 2021b). Therefore,
it is important to have minimum requirements for reporting
on the study design and results from this assay. This publica-
tion outlines key steps common to TEER testing in twelve
laboratories assessing the barrier function of respiratory
cells. A template is provided in the Supplemental Informa-
tion to facilitate the reporting of details necessary to repli-
cate studies and compare data across laboratories.

TEER output is a set of numerical values, which are used
as an indicator of the integrity of a biological barrier. A
decrease in TEER value below the limit of tissue integrity
(if known), is interpreted as a compromised cellular barrier.
TEER data has been used alone or in a weight of evidence
alongside other data to evaluate cellular health or to assess
toxicity in response to exposure to a test material (Wiese-
Rischke et al., 2021). Correlating a change in TEER values
in vitro to whether a biological effect in humans would be
expected following exposure to a substance requires consid-
eration of several parameters, including, but not limited to:
(1) how much variability is observed in the normal range of
TEER values for negative and positive controls (e.g., incuba-
tor and/or vehicle controls and relevant chemicals), and (2)
how measured values in the test system compare to those
previously reported for the same system (e.g., historical data
for positive and negative controls).

Consideration of MIRTA recommendations will enable
cross-laboratory comparisons, facilitate the incorporation of
this assay into guideline studies, and facilitate the evaluation
of study and data quality. Comparability and reproducibility
of TEER assay data can also be strengthened by applying
cause-and-effect analysis, which enables the identification of
key sources of potential variability in a test method (Petersen
et al. 2021), inclusion of sufficient details regarding study
design (RIVER 2023; OECD 2018), and facilitated by FAIR
(findable, accessible, interoperable, reusable) principles for
improved data availability and reusability (Wilkinson et al.
2016).

As the RespTox Collaborative focuses on topics related
to in vitro respiratory toxicity testing, the TEER reporting
recommendations described in this paper apply to the res-
piratory toxicity field but can be adapted to other types of
cellular barriers. This work was important to the RespTox
Collaborative because inhalation is one of the primary routes
through which exogenous substances may enter the body
and scientific, legal, and ethical issues have led to a surge in
the development of in vitro testing approaches (Movia et al.
2020). These in vitro tools, including the TEER assay, are
being used to assess the effects of inhaled substances, mak-
ing these MIRTA recommendations an important addition
to this growing field.
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