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The Blood-Brain-Barrier

The blood-brain barrier (BBB) is a highly specialized and complex physiological structure that plays a
crucial role in maintaining the homeostasis of the central nervous system (CNS) [1]. Grossly the BBB
consists of three selective layers [2]. (1) The endothelial cells, which impede substances to infiltrate
the brain by tight junctions. (2) The basement membrane containing pericytes provides structural
support and contributes to selective permeability. (3) The astrocytes, specialized glial cells, enclose the
basement membrane with their end feet and aid nutrient transfer. Lastly between the astrocytes
microglia, brain-resident immune cells, can modulate BBB function during inflammatory responses,
affecting the barrier's integrity [3]. A schematic representation of the BBB is depicted in Figure 1.

Figure 1. Blood-brain-barrier. Endothelial cells (ECs) with tight junction form the first barrier. The ECs are covered in a
basement membrane which contains the pericytes. This is ensheated by astrocytes. Beside astrocytes the lumen also
contains microglia. EC, = endothelial cell, Pe = pericyte, As = astrocyte, MG = microglia

Understanding the blood-brain barrier is paramount in neuroscience and pharmacology, as it
significantly influences the delivery of drugs to the brain. Disorders affecting the integrity of the BBB,
such as neuroinflammatory conditions, can have profound implications for neurological health [4].
Investigating the mechanisms that govern BBB function is an ongoing area of research, shedding light
on potential therapeutic targets for various neurological diseases and disorders [5]. In order to do so,
adequate in vitro models are necessary. In the development of an in vitro BBB model, analysis and
quantification of key characteristics is essential. Naturally for the BBB this key characteristic is the
highly selective barrier function, distinguishing it from the endothelium in the majority of organs
where easy transport of nutrients, solutes, and macromolecules occurs [6]. A quantitative evaluation



of the barrier integrity is therefore crucial in all BBB research. Here, we showcase how trans endothelial
electrical resistance (TEER) and impedance spectroscopy can quantify endothelial barrier integrity.

Human cerebral microvascular endothelial cell D3 (hnCMEC/D3)

The hCMEC/D3 is an endothelial cell line, derived from the temporal lobe of the brain of a patient
during epilepsy management surgery. Immortalization ensured reproducibility and scale-up, while
maintaining the phenotypic profile. \CMEC/D3 are renowned for their resembles of the in vivo barrier
in terms of adherence junction and tight junction formation ability, low permeability of both high and
low molecular weight molecules, and expression of functional transporters. While the capacity to
establish tight junctions exists, the formation observed is deficient when compared to the in vivo
context, leading to a notable reduction in transendothelial electrical resistance (TEER) [7].

In the search to improve the TEER and tight junction formation [8], quantitative measurement of TEER
is crucial. Here we demonstrate an automated, real-time impedance/TEER detector, compatible for
the TEER measurement on transwell cultured hCMEC/D3 cells.

Culturing of h\CMEC/D3

hCMEC/D3 (Merck Millipore) were cultured in endothelial growth medium 2 (EGM2; Cell Applications,
Inc) on 100 pug/ml collagen | (rat tail, Corning, United States) coated culture flasks (Greiner, Austria) at
37°C and 5% CO.. Cells were passaged when 95% confluency was reached. Here, cells with a passage
number of 30-35 were used for all experiments.

Prior to cell seeding on transwells (24 wells, 3 um pores, transparent, Cellgart, Germany), the apical
side of the membrane was coated with collagen | for 1 h at 37°C and subsequently washed with
phosphate buffered saline (PBS). hCMEC/D3 were singularized by incubation with trypsin for 3 min at
37°C, spun down, and seeded in 100 pl of 1.5%10° cells/ml in EGM2 on the apical side of the transwell
membrane. The basolateral compartment (24 wells, cell culture plate, Corning) was filled with 600 pl
EGM2. During measurements medium volume is increased to 200 pL (apical compartment) and 800
uL (basolateral compartment) to ensure the electrodes were completely submerged in medium. The
culture was kept in 37°C and 5% CO2 for 48 h total to obtain a hCMEC/D3 monolayer. Medium was
refreshed daily.

After two days a tight monolayer of hCMEC/D3 was formed as depicted in Figure 2. Here, the DAPI
(blue) clearly shows the nuclei of cell and F-actin (white) the cytoskeleton. Furthermore, vascular
endothelium (VE)-cadherin (red) and zonula occludens (Z0)-1 (yellow) elucidate the formed junctions.
VE-cadherin is an endothelial-specific adhesion molecule, located at the adherence junctions between
endothelial cells, crucial for maintaining endothelial cell contacts and controlling vascular permeability
[9]. ZO-1 is a tight junction protein that plays a central role in barrier formation and tunning cell-cell
tension in endothelial cells [10]. Together these data indicate that culturing hCMEC/D3 cells on
collagen | coated transwell membranes leads to a well-structured monolayer with intact adherence
junctions and tight junctions.



(white). Scale bar is 100 um

Impedance spectrometry

As an indicator for the quality and integrity of the monolayer, impedance spectroscopy
measurements were performed. Therefore, we used a real-time, non-destructive impedance
spectrometer, the Locsense Artemis.

A cell layer on a transwell can be considered as a complex electrical circuit, with multiple resistances
and capacitors, which together form the impedance [11]. A simplified yet, adequate circuit is depicted
in Figure 3, below. Here, Ry represents the transendothelial electrical resistance (TEER) of the tight
junctions, consequently the BBB resistance. Additionally, Rmedsium Signifies the resistance of the cell
culture medium, Cc, indicates the capacitance of the cell, which indicates the growth and
differentiation of the cells and Ceectrode represents the capacitance of the electrode [12]. Since the total
measured impedance is a complex sum of all resistors and capacitors, the Rmedium, Ceet, @and Celectrode
cannot be neglected when trying to measure the Ryeer [13].
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Figure 3. Simplified yet adequate representation of the electrical circuit of the impedance measurement. Ryedium is the
resistance of the medium, Rree is the resistance of the tight junctions, Cey is the capacitance of the cell, Celectrode is the
capacitance of the measurement electrodes.

So, the measured impedance is a complex number, which can be described as the combination of the
real part, the resistive contribution and the imaginary part the capacitive and inductive contribution
[13]. Since the equivalent circuit does not contain any inductive elements, we consider only capacitive
contributions to the latter. The relation can be visualized as an Argand diagram where the y axis is
imaginary (capacitive) and the X axis is real (resistive). As the Argand diagram describes at 0° and 180°
phase difference the contribution of the imaginary part is negligible, while at -90° and 90° phase
difference the contribution of the real part is negligible. In order to find the TEER of the tight junctions,
a crucial parameter when mimicking the BBB, a frequency should be used where the influence of the



capacitance is negligible. This is the case when the phase shift is close to either 0° or 180°. As seen in
Figure 4, the phase shift is close to zero at a frequency of 23 kHz.
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Figure 4. Impedance results of hCMEC/D3 on collagen | coated transwells. A. Phase difference as function of frequency, a
thick at 0°. B. Impedance as function of the frequency, with a thick at 0° where the influence of the imaginary part is negligible
and the influence of the real part is dominant

Therefore, we consider the impedance at this frequency to consist of the resistance of the medium
and the resistance of the TEER, rather than the capacitances of the cells and electrodes. To make sure
the resistance of the medium in the blank samples and at 24 h or 48 h is the same, the medium at the
apical (200puL) and basal side (800uL) of the membrane is refreshed right before the measurement.
Then by subtracting the impedance of the blank membrane from the total impedance at 48 h or 24 h,
the impedance resembles the TEER.

TEER increased over time

Figure 5 clearly illustrate a consistent rise in TEER over time. At the 24 h mark, the impedance
difference is approximately 5 Qcm?, and by 48 hours, it has steadily increased to over 11 Qcm?. This
progressive elevation in TEER values serves as a positive indicator of the ongoing development and
maturation of the endothelial cell monolayer. When hCMEC/D3 cells are seeded onto a culture insert
or permeable membrane, their adherence and proliferation initiate the formation of a monolayer,
mimicking the endothelial lining found in brain blood vessels. As time progresses, the hCMEC/D3 cells
fortify these tight junctions, resulting in an enhancement of the physical barrier function. The rising
TEER values serve as an indicative measure of the in vitro BBB model's maturation, with the increased
number of tight junctions and adherence junctions contributing to heightened resistance across the
cell monolayer, as demonstrated by the escalating TEER values.
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Figure 5. Transendothelial electrical resistance (TEER) over time. The TEER significantly increases after 48 h. Results are
presented as mean * standard error of the mean (SEM) *p < 0.05, two-tailed t-test.

TEER values in vivo

However, the measured TEER values do not correspond with the values found in vivo which are
estimated well above 5000 Qcm? [13], [14]. This discrepancy is widely recognized in literature and
tremendous efforts have been put in increasing the TEER [7].

Among these efforts are the experimental set-ups with other types of brain cells, such as astrocytes
and/or pericytes. Hatherrel found the TEER to be doubled when hCMEC/D3 were co-cultured with
astrocytes. The astrocytes would lead to maturation of the tight junctions, and thereby increased TEER
[15]. However this same goal has not been reached by other researchers, who found no change in the
TEER when co-cultured with astrocytes [16], [17].

Another method that proved to be effective is the application of shear stress [18]. It is thought that
shear stress can induce endothelial cell differentiation, which leads to the upregulation of tight and
adherence junction proteins. This phenotype better mimics the in vivo BBB and can eventually lead to
a 15-fold increase of TEER results [19], [20].

Lastly, (bio)chemical compounds can influence the barrier integrity of the BBB. Retinoic acid for
example, can induce a higher expression of tight junction and adherence junctions and thereby
increasing the TEER [21]. On the other hand, chemicals such as MMP3 [22], or histamine [23], can
reduce the expression of tight junctions and thereby inhibit the barrier function and TEER values.

Conclusions

Taken together, the BBB is a functionally complex barrier, characterized by a high expression of tight
junctions and adherence junctions. In order to understand disease mechanisms and find treatments
for diseases a good understanding of this barrier is crucial. In vitro mimics of the BBB need to be
physiologically representable with functional tight and adherence junctions. The functionality of these
junctions can be measured using TEER. Here we show a how impedance spectroscopy can be used in
vitro to measure TEER. We provided a concise method on how to culture hCMEC/D3 on transwells and
measure the impedance using the Artemis. We elucidated how to interpretate complex impedance
data and a possible strategy to extract the TEER, using the phase shift. Lastly we discussed the
difference between in vitro and in vivo TEER results and possible strategies to increase the TEER and
make a model more physiologically representative.
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