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The blood—brain barrier (BBB) represents the tightest endothelial barrier within the cardiovascular system

characterized by very low ionic permeability.
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| 1. Introduction

The blood-brain barrier (BBB) represents the tightest biological barrier within the cardiovascular system, which
plays a crucial role in the protection of the central nervous system . The interendothelial tight junctions of brain
microvessels create the basis of this physical defense system which restricts the movement of ions through the
paracellular space, thus contributing greatly to the development and maintenance of the ionic homeostasis in the
brain 2. This ionic tightness of the BBB can be characterized by the measurement of electrical resistance across
the wall of brain microvessels B or culture models of the BBB using two-compartment setups 4&. The first
measurements on the electrical resistance of brain surface microvessels were made in the early 1980s B! and were
soon followed by measurements on brain endothelial cell cultures 6] j.e., in vitto models of the BBB. In the
following 40 years, great progress and an even greater diversification of the BBB culture models could be
witnessed. In addition to primary brain endothelial cell- and cell-line-based systems, stem-cell-derived BBB models
were introduced and have gained popularity rapidly, as reviewed recently . The major technical advances in the
measurement of transendothelial electrical resistance/resistivity (TEER) of BBB models include the introduction of
cell culture inserts, electrodes, and instruments from commercial sources. While the culture inserts provide static
conditions, the hollow-fiber cartridges [ and, in the last 9 years, lab-on-a-chip microfluidic devices provide a
dynamic environment for BBB models 19 providing more physiological conditions but also presenting new
technical challenges.

TEER as a physical parameter is key to characterize the barrier tightness of the BBB in vitro models 45,
According to a large body of barrier tightness data measured on BBB culture models, both TEER and permeability
for paracellular markers, biological factors influencing the tight junctions of cultured brain endothelial cells, are the
most important determinants of ionic permeability across BBB models, as detailed in several works [4IZLL[12][13][14]
These biological factors include cell sources and types (primary or stem-cell-derived cells, immortalized cell lines,
brain microvessels from different species), passage numbers, culture media and supplements, factors inducing

BBB properties and/or elevating BBB tightness (second messengers, cytokines, mediators, receptor agonists or

https://encyclopedia.pub/entry/11305 1/11



Electrical Resistance Measurement | Encyclopedia.pub

antagonists), culture types (mono- or different coculture settings), and culture conditions (static vs. dynamic setups
with fluid flow generated shear stress). The present review does not detail these aspects of the barrier tightness of

BBB culture models, which were well covered in other papers AI[ZILLI12][13](14]

2. Electrical Resistance Measurements: Principles, Methods,
and Influence of Physicochemical Parameters

2.1. Electric Circuit Analysis of Biological Barriers

The passive electric properties of biological barriers are determined by their mesoscopic organization including
tightness of cell-cell connections, cell morphology, and membrane robustness. Hence, electric impedance
measurements have been proven useful in 2D or 3D cell culture models of specific biological barriers including
insert & or lab-on-a-chip models 2228l The architecture of cells—thin lipid membranes considered as fairly good
insulators, surrounded by mobile ions of the electrolyte representing a relatively high conductivity at physiological
salt concentrations—predestines the use of resistor—capacitor (RC) substitution-circuit models & to characterize

the electric properties of biological barriers (Figure 1).
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Figure 1. Components of the total electrical impedance measured across brain endothelial cells modeling the
blood—brain barrier. (a) The equivalent circuit of a cell monolayer. The transendothelial resistance (Rtggr) is
primarily dominated by the paracellular resistance (Rparacelular)- IN the case of electrical impedance measurement,
the transcellular pathway (Riransceliuiar: Ceell) @nd the properties of the electrode (Rgjectrodes Celetrode) @IS0 affect the
recorded signal. The orange dotted line depicts tight junctions between brain endothelial cells. (b) Schematic
impedance spectrum of a cell monolayer. The a-band contains the electrode polarization, the resulting resistance
of the layer (Rygegr, determined by the para- and transcellular resistances: Rparacellular @10 Ryransceliular), @nd the
capacitance of the cell layer (C.), while the B-band is dominated by the resistance of the medium (R,,) and the

resulting capacitance of the system. Modified from &,

Depending on the frequency range analyzed, information can be gained about various features of the barriers,
which may be associated to specific physiological functions. The TEER of BBB culture models is primarily

determined by the tight interendothelial junctions ¥; however, in other biological barriers, active ion channels can
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contribute to the measured resistance 7. Below, we give a short overview of the related principles and methods

used to study the TEER of BBB in vivo and in vitro.
2.2. Electric Impedance Spectroscopy

Electric impedance spectroscopy (EIS) can be especially useful for leaky/low-resistance models of biological
barriers where modeling of the recorded impedance spectra gives information about morphological changes of
cells and the cellular organization of the tissue . If an electric field is applied to the sample, the mobile ions inside
and outside of the cells are displaced, typically alongside the highly charged membrane surfaces, resulting in a
polarization of the cells, as well as the whole sample. Electric polarization is directly related to dielectric permittivity;
hence, the method is also often cited as dielectric spectroscopy. Since charge displacements are inevitably
accompanied by energy dissipation, the sample can be characterized by a complex dielectric permittivity, where
the real part describes the polarization, while the imaginary part describes the dissipative properties. In electronic
terms, the former corresponds to the capacitive properties, while the latter corresponds to resistive properties of
the sample. The times necessary for the polarization of cells or components representing other hierarchical levels,
such as cell associates or cell organelles and macromolecules, are characterized by time constants depending on
the size of the given component. Conventionally, three ranges of the dissipation time constants are distinguished
(18]: the a-band (between the mHz and kHz range) is associated with electrode polarization and counterion
relaxations around tissues or cells, the [B-band (between ~100 kHz and 100 MHz) is characteristic of
transmembrane capacitive currents (Figure 1), and the y-band (100 MHz-100 GHz) can be assigned to the
polarization of macromolecules or the reorientation of water molecules. The contribution of the different factors to
the overall impedance can be distinguished by the mathematical analysis of an extended frequency range. There is
an interesting technique called two-path impedance spectroscopy 22, which allows the decomposition of Ryger
into Ryranscellular @Nd Rparaceliular t€rmMs, under certain conditions. The method is based on an EIS measurement
combined with a Ca**-dependent modulation of Ryaraceiiuiar: @S Well as the determination of the permeability of a

paracellular marker that is supposed to vary inversely to Ryaraceliulars Without affecting Ryransellutar-

There are several commercially available systems for EIS, including the ECIS (Electric Cell-Substrate Impedance
Sensing; Applied BioPhysics) and XCELLigence (Agilent, USA) devices. The cells are grown on a solid support
containing the integrated planar gold electrodes in both setups. The main difference between the two systems is
that ECIS displays impedance spectra, while XCELLigence reports a dimensionless parameter called cell index, ClI
=Z, - Zy, where Z, is the impedance at time point n and Z, is the impedance without cells. These methods allow
the detection of small changes in morphology, strength of adhesion, and cell-cell interactions 29, Another EIS
based setup is the cellZscope system (NanoAnalytics, Germany), designed for measuring parameters of cell
monolayers grown on culture inserts. In this setup, the cell monolayer covering the porous membrane of the insert
is between a pair of electrodes [Bl. The device automatically measures the impedance spectra and performs the
mathematical analysis of the recorded signal. In addition to resistance, capacitance data are acquired. Increased
cell layer capacitance due to changes in cell membrane properties can indicate cellular toxicity or dysfunction in
culture models of the central nervous system barriers 2122 To characterize the tightness of culture models of

biological barriers, however, low-frequency methods are the most widespread techniques 2.
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2.3. Direct Current or Quasi-Direct Current Methods

The DC or quasi-DC methods are based on the measurement of ohmic resistance of the biological barriers, and
they have been applied for measurements on microvessels in living tissues and brain endothelial monolayers in
culture conditions. This transendo/epithelial electric resistance, measured in ohmic units, is also called “TEER”;
however, in this paper, we denote it by Rtger, SO as to distinguish it from the endothelial/epithelial surface area-
corrected TEER values that represent a resistivity, measured in Q-cm? units.

In animal studies the electrical resistance of brain surface microvessels is determined similarly to the electrical
resistance of the axonal membrane 23], The four-point measurement system with capillary electrodes is inserted to
the brain tissue and the microvessel (Figure 2a). The intracapillary potential (V(x)) is related to the potential at the

tip of the current electrode (V(0)) via the following equation:
V(x) = V(0)e™*

where x is the distance to the measuring voltage electrode, and A is the length constant [BI23], The resistance of the
vessel can then be calculated from the length constant of the potential decay, the vessel radius, and the blood
resistivity Bl In culture studies, based on brain endothelial cell monolayers in mono- or co-culture conditions 4l
(221 the most straightforward approach is to place one electrode in the top fluid compartment and another one in
the bottom compartment (Figure 2a,b). The two compartments are separated by the cell monolayer(s) grown on a
porous membrane. The resistance is calculated on the basis of Ohm’s law by taking the ratio of voltage and current
(161 However, the impedance of the electrode—electrolyte interface usually seriously compromises the
measurements at DC or low frequencies, when two electrodes are used. In order to overcome the problem of
electrode polarization, the four-electrode method is applied for biological samples, where second-order conductors
(electrolytes) are part of the system [24], |n this case, a pair of electrodes is used to inject constant current through
the sample, and another pair of electrodes measures the generated voltage across the sample (Figure 2). Since, in
this case, there is no current flowing through the voltage electrodes, they can accurately measure the voltage drop
on the sample. The resulting resistance of the sample (Rteer + Rmedium * Relectrode) IS Calculated from the constant
current of the current generator and the voltage measured by the voltage electrode pair, according to Ohm’s law.
(Note that Reectrode Can be considered negligible well above the decomposition potential of the solution.) In
practice, low-frequency square waves are used instead of DC, in order to avoid gas evolution on the surface of the
electrodes. The commercially available and widely used EVOM instrument (World Precision Instruments, USA)
applies a 12.5 Hz square waveform. The range of the device is from 0—-9999 Q with a resolution of 1 Q. This four-
point measurement configuration is compatible with different kinds of electrode geometries as shown on Figure
2b,c.e.
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Figure 2. Direct current or quasi-direct current methods for in vivo and in vitro transcellular electrical resistance
and impedance measurements. All types of setups include a four-point measurement method based on two current
electrodes (red) and two voltage electrodes (blue). (a) Setup for electrical resistance registration of brain surface
microvessels. (b) Chopstick and (c¢) chamber silver/silver chloride (Ag/AgCl) electrode arrangement for the
measurement of transcellular resistance across cellular monolayers cultured on different sizes of cell culture
inserts. (d) Impedance measurement setup on a hollow-fiber cartridge model. (e) Resistance measurement on a

novel lab-on-a-chip model based on electrodes prepared with gold sputter coating (method described in (4],

The most commonly used electrode type in models of the BBB using a culture insert setup is the so-called
chopstick electrode which can be easily handled to quickly measure TEER in parallel samples (Figure 2b). The
current passing electrodes are made from silver and the voltage measuring electrodes are silver/silver chloride
(Ag/AgCI) electrodes. During measurement, one of the sticks is placed in the top and the other in the bottom
compartment containing culture medium. The placement of the chopstick electrode needs extra attention as it can
result in resistance measurement inaccuracies as compared to measurements with other devices, as discussed
later. As an alternative to chopstick electrodes, chamber electrodes are available (Figure 2c). The culture insert can
be placed in the chamber and covered with a cap. Both the chamber and the cap contain a pair of integrated

electrodes: a centrally positioned Ag/AgCl for voltage measurement and an outer, concentrically placed silver
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current passing electrode. Compared to the chopstick electrode, the chamber has not only fixed positions which

decrease the error of random electrode positioning, but also planar electrodes with large surfaces.

Another system that is used for in vitro modeling of the BBB is the hollow-fiber model (Figure 2d). The hollow-fiber
cartridges contain a bundle of capillaries made from porous membranes which mimic the geometry of blood
microvessels. By growing brain endothelial cells in the lumen of these capillaries and introducing flow of the culture
medium, the system can be used as a dynamic model of the BBB 22, The capillaries are embedded in a plastic
housing, resulting in an outer compartment representing the extracapillary space. There are commercially available
hollow-fiber models (Flocel, Cleveland, OH, USA) with integrated TEER measurement . For these, four
electrodes are usually installed, two at the beginning and end of the cartridges in the extracapillary space and two
within the lumen of the capillaries (Figure 2d). The impedance is then measured and averaged; then, at a defined

frequency, the TEER is determined.

In the last 9 years, several types of lab-on-a-chip (LOC) devices have been developed to model the BBB (for
reviews, see [EIl10) Many of these devices allow the measurement of TEER with the integration of electrodes. The
general structure of LOC devices is built up by two overlapping channels separated by a porous culture membrane,
i.e., the layer structure and the topology of most chip devices do not differ from those of transwell inserts; hence,
their equivalent circuit is the same. Of course, the values of the R and C components do depend on the actual
geometry. The electrodes for the electrical measurements are placed in the top and bottom compartments (Figure
2e). The main differences between LOCs include the channel size, the size of the overlapping region/culture
surface, the electrode geometry, and material 2. The electrodes can be wires, plated or sputter coated metal
layers, or indium tin oxide (ITO) glass. The wires are inserted in the channels; the material can be Ag/AgCI as the
measuring electrodes and silver as the current electrode or platinum 2. The advantage of the wire electrodes is
that they do not need special laboratory equipment for their production. The drawback of the wire-type electrodes is
that they, similarly to the chopstick case, create a nonuniform current profile; thus, they suit only smaller culture
surfaces. In contrast, plated or sputter-coated metal electrodes in a four-electrode setting 141281271 especially in an
interdigitating format (Figure 2e), provide a more homogenous sensitivity distribution 281 and, therefore, a more

reliable TEER measurement.
2.4. Effects of Physical and Physicochemical Parameters on Electrical Resistance

While biological factors, such as brain endothelial cell type, passage number, coculture, culture medium
composition, and barrier-inducing factors 22, greatly influence TEER values of BBB models, as reviewed earlier 4
(121 the present overview focuses on the effects of physical and physicochemical parameters on TEER

measurements.

When the electrical properties of brain endothelial cell monolayers or microvessels are measured, the properties of
the periphery are also included in the results (Figure 1). The resistance of the medium (in vivo: blood, extracellular
fluid; in vitro: culture medium), as well as the culture membrane of inserts, and the resistance and capacitance of
the electrodes have to be excluded. Thus, these parameters have to be measured before the experiment to

determine the blank resistance. In the case of culture models, inserts without cells should be used to measure this
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background resistance. It is very important to coat the membrane in a similar way as for cells, and at least a 30-min
equilibration time is needed in complete culture medium before measurements. The blank value has to be

subtracted from the measured resistance to receive the resistance of the microvessel or cell layer.

Temperature has a key importance in TEER measurement, since conductivity exhibits a linear relationship with the
ion mobility (Nernst—Einstein equation). On the other hand, the ion mobility in an electrolyte exhibits an exponential
type of relationship with the temperature 9. This means that the TEER of BBB culture models is measured either
inside the culture incubator or at room temperature. The advantage of chamber electrodes, cellZscope, and chip
devices with continuous TEER monitoring is that they allow measurements in incubators. For hand-held chopstick
electrodes, the measurement is made outside the culture incubators and often at room temperature. To avoid any
temperature-based fluctuations, heating pads set to 37 °C are used for quick measurements, or a temperature
equilibration period is used before monitoring TEER. The equilibration time depends on the volume of the fluid
compartments and the material of the culture insert. In general, this time interval is between 5 and 40 min which
should be determined for individual laboratory conditions. However, a longer equilibration period may compromise
the barrier function of the endothelial cell layers due to temperature drop and also lead to a shift in the pH of the
bicarbonate-based culture medium to more alkaline. Another possibility is the mathematical correction of the
measured TEER values B, The correlation between temperature and TEER is measured, and an empirical
formula is determined. This method saves the time of equilibration and eliminates temperature-caused fluctuation
between separate experiments; however, the calibration has to be performed for each device and insert type, as
well as formatted to make it compatible for a wider use. To avoid the problems related to temperature variations, a

heating pad set to 37 °C can be placed under the culture plates or chamber electrodes.

The viscosity of the culture medium also influences the TEER of BBB models by decreasing the ion mobility in the
system B9 thus increasing the TEER. In static BBB models, the widely used culture media show a viscosity close
to that of isotonic saline (~1 mPa:s), and only its temperature dependence is expected to influence TEER to a
moderate extent, as described above. In dynamic BBB models that mimic the dynamic viscosity of blood (3—4
mPa:s) by adding colloids (e.g., 3.5% dextran) to the culture medium B2, other effects may occur, mainly due to the
increased shear stress and osmotic pressure exerted by the viscosity-increasing additives. Hydroxyethyl starches
(HES) are used as blood volume expanders in patients with severe blood loss. The dynamic viscosity of a 6% HES
solution (HES 130/0.4, Volulyte®, Fresenius Kabi, Germany) is 2.5 mPa-s 33, In a recent study, the effect of HES
130/0.4 was tested on a BBB culture model, and a barrier-tightening effect was found according to marker

molecule permeability and tight junction protein expression 341,

In the presence of 4% HES, the resistance of cell culture inserts (without cells) increased by 16%, while it was
elevated by 24% in the case of the BBB model (Figure 3). Our data indicate that higher culture medium viscosity

can directly increase TEER values of BBB models.
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Figure 3. Electrical resistance of immortalized mouse cerebellar capillary endothelial cells (cerebEND) after

hydroxyethylstarch (HES) treatment. Transparent columns: cell culture inserts without cells. Green columns: cell

culture inserts with the cerebEND cell line modeling the blood—brain barrier (BBB) in vitro. The control groups

contained 0% HES. Data are means + SEM, n = 6-13, two-way ANOVA with Bonferroni post-test; * p < 0.05, *** p
< 0.01, *** p < 0.001. Modified from [24],

V(x) = V(0)e XA
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