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SUMMARY: 24 
The human blood-brain barrier selectively prevents penetration of hydrophilic molecules and 25 
pathogens into the brain. Several pathologies, including meningitis and postoperative delirium, 26 
are associated with an increased permeability of the blood-brain barrier. Here, we describe an 27 
endothelial cell culture model to test the barrier permeability by microbial traversal. 28 
 29 
ABSTRACT: 30 
The human blood-brain barrier (BBB) is characterized by a very low permeability for biomolecules 31 
in order to protect and regulate the metabolism of the brain. The BBB is mainly formed out of 32 
endothelial cells embedded in collagen IV and fibronectin-rich basement membranes. Several 33 
pathologies result from dysfunction of the BBB followed by microbial traversal, causing diseases 34 
such as meningitis. In order to test the effect of multiple parameters, including different drugs 35 
and anesthetics, on the permeability of the BBB we established a novel human cell culture model 36 
mimicking the BBB with human brain microvascular endothelial cells. The endothelial cells are 37 
grown on collagen IV and fibronectin-coated filter units until confluence and can then be treated 38 
with different compounds of interest. In order to demonstrate a microbial traversal, the upper 39 
chamber with the apical surface of the endothelial cells is inoculated with bacteria. After an 40 
incubation period, samples of the lower chamber are plated on agar plates and the obtained 41 
colonies are counted, whereby the number of colonies correlate with the permeability of the 42 
BBB. Endogenous cellular factors can be analyzed in this experimental set-up in order to elucidate 43 
basic cellular mechanisms of the endothelial cells contributing to the BBB. In addition, this 44 
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platform allows performing a screen for compounds that might affect the permeability of the 45 
endothelial cells. Finally, bacterial traversal can be studied and linked to different pathologies, 46 
such as meningitis. It might be possible to extend the model and analyze the pathways of the 47 
bacteria through the BBB. In this article, we provide a detailed protocol of the described method 48 
to investigate the permeability of the BBB. 49 
 50 
INTRODUCTION:  51 
The human BBB is a unique boundary of brain tissue, separating the brain from the blood. It 52 
strictly regulates the passage of larger and hydrophilic molecules, blocks paracellular diffusion, 53 
and maintains brain homeostasis. It also protects the brain from plasma fluctuations, toxins, 54 
microbes, and guides inflammatory cells as part of the central nervous system (CNS) immunity. 55 
Since its discovery a century ago1, many studies have been carried out to understand the 56 
structure and function of the BBB. The complex interactions of cells, proteins, and signals from 57 
brain and blood demand still further investigation and models. 58 
 59 
The human BBB is composed of three cell types: brain microvascular endothelial cells (BMECs), 60 
pericytes, and astrocytes2,3. The BMECs differ from the majority of the endothelial cells in the 61 
body in that they possess a high number of tight junctions and adherens junctions4, low 62 
pinocytotic activity2,5, and a continuous basement membrane6,7 to block paracellular diffusion. 63 
Small lipophilic molecules can diffuse and pass the BBB following their concentration gradient; 64 
larger and hydrophilic molecules enter or leave the brain only through polarized expressed 65 
selective transport systems8. This regulation results in a high transendothelial electrical 66 
resistance (TEER) of 1,500-2,000 Ω·cm² that is inversely correlated to permeability9,10. Although 67 
BMECs build a tight barrier, they can react to local and peripheral signals11,12. There is a close 68 
interaction between BMECs and astrocytes13; the astrocyte end-feet build a layer around the 69 
vessels and induce the formation of tight junctions13,14. They are involved in BBB maturation with 70 

different factors, including transforming growth factor-β (TGF-15,16. In addition, pericytes play 71 
a key role in the regulation of angiogenesis17 and preventing apoptosis of the endothelium in 72 
cellular differentiation18 (Figure 1). They are embedded in the basement membrane and provide 73 
structural stability of the vessel wall19.  74 
 75 
[Place Figure 1 here] 76 
 77 
Many different pathologies are related to the collapse of the BBB (e.g., septic encephalopathy). 78 
The affected patients have increased protein levels in the cerebrospinal fluid20, and the brain 79 
parenchyma in affected rodents shows an increased uptake of marked colloidal iron oxide and 80 
amino acids21,22. These results point towards an increased permeability of the BBB that occurs 81 
alongside an increased pinocytosis in BMECs21 and endothelial activation23. Another associated 82 
pathology related to an altered BBB is meningitis, a medical emergency and a complex 83 
inflammation accompanied with cerebral edema that can lead to neuronal cell death. The 84 
primary entry site of circulating bacteria is supposed to be the microvessels24; however, the BBB 85 
prevents the entry of bacteria. The permeability of the BBB is not always linked to an increase in 86 
experimental hematogenous meningitis25 and the mechanisms can be multifactorial. Coincidence 87 
of sepsis with postoperative delirium (POD)26 and the association with preoperative 88 
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infections27,28 indicates the need for a BBB model that enables the direct exposure to bacteria to 89 
get a better understanding into bacterial pathogenesis.  90 
 91 
There are many gaps in understanding and quantifying the microbial traversal through the BBB. 92 
Therefore, we developed a model that allows a convenient testing of different factors and 93 
conditions with a direct correlation between bacterial traversal and influences on the 94 
permeability of the BBB. Previous work focused on the paracellular permeability and included 95 
TEER measurement and tracer flux. In addition, macromolecule transport was analyzed by 96 
conjugated molecules or antibodies, whereby different models using only endothelial cells or 97 
combinations with astrocytes and pericytes were developed. Due to the difficulty in obtaining 98 
human tissue on a regular basis, many animal-based models are used. Brain endothelial cells of 99 
bovine and porcine origin form tight monolayers with a high TEER that form well-shaped apical-100 
basal polarity and are suited for investigations of small molecule transport through the BBB. The 101 
proteins differ in sequence from their human homologues29,30, making investigation of 102 
therapeutic antibodies difficult. For this reason, murine or human culture models may be 103 
preferable. Mouse or rats as sample sources have the advantage of being obtained from well 104 
characterized species but yield few cells for study purposes. This can be circumvented by the use 105 
of immortalized mouse brain endothelioma (END) cell lines bEND.3, bEND.5 or cEND31-33. 106 
 107 
Primary cultured cells from human tissue are difficult to obtain and to handle on a regular basis. 108 
Therefore, most human cellular models used in research investigating the human BBB are 109 
immortalized endothelial cell lines. A published cell line is human cerebral microvascular 110 
endothelial cell line hCMEC/D3, which is well suited for studying drug uptake and is easy to 111 
handle. The cells build a monolayer and express the characteristic tight junction proteins of the 112 
BBB34, whereas the expression level of claudin-5 is reported to be lower than in intact 113 
microvessels35 and many specific transporters have been detected at transcript level36 as well as 114 
in proteomic studies34. A relatively low TEER in the range of 30–50 Ω·cm2 is still a challenge37. 115 
Another source for brain endothelial cells are human pluripotent stem cells (hPSCs)38 and human 116 
cord blood-derived stem cells of circulating endothelial progenitor and hematopoietic 117 
lineages39,40. Both protocols of differentiation result in tight cell monolayers and high TEER values 118 
(e.g., 1,450 Ω·cm2 in co-cultures)38. These stem cell models require extreme care for cultivation, 119 
yet offer the opportunity to study the influence of regulating hormones41 or diseases with genetic 120 
backgrounds42 on BBB development. 121 
 122 
In this study, we established an immortalized transfected human brain microvascular endothelial 123 
cell line, THBMEC,43 to mimic the BBB and to study bacterial traversal. Cells are seeded on a filter 124 
and grown to 100% confluency in this cell culture model. Bacteria are inoculated in the upper 125 
part of the cell culture chamber. We use Escherichia coli (E. coli) in our sample study because of 126 
the high incidence of E. coli meningitis44. It has been shown that the lowest permeability of cell 127 
monolayer occurs between day 13 and day 15 after seeding45. Therefore, treatment of the 128 
THBMEC monolayer is performed after this time and bacteria are inoculated afterwards in the 129 
medium on the apical surface of the monolayer. After an incubation time, bacteria that were able 130 
to cross the barrier are quantified via plating medium with the bacteria on agar plates and 131 
counting the colonies. An increased number of colonies correlates with higher bacterial traversal 132 
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through the BBB. The TEER is about 70 Ω·cm2,46. However, it is not necessary to measure the TEER 133 
in the described method. Although it is a well-established value for the permeability of the BBB, 134 
it seems to have no impact on the traversal of bacteria through the BBB. Untreated cells serve as 135 
a control of tightness in our model. It has been shown in previous work that the cells are able to 136 
react to proinflammatory cytokines and express typical tight junction proteins47. This allows for 137 
compound screening and validation of a larger set of transporter substrates and receptors. 138 
 139 
PROTOCOL: 140 
 141 
1. Preparation of buffer and reagents 142 
 143 
1.1. Prepare 10x phosphate buffer saline (10x PBS) by adding 80 g of sodium chloride (NaCl), 144 
2 g of potassium chloride (KCl), 14.4 g of disodium-hydrogen-phosphate dihydrate (Na2HPO4 · 145 
2H2O) and 2 g of potassium-dihydrogen phosphate (KH2PO4) in a 1 L glass flask in 1 L of double 146 
distilled H2O. Autoclave the 10x PBS solution and dilute 100 mL of this solution in 900 mL of 147 
double distilled water to get 1x PBS. 148 
 149 
1.1.1. Use the autoclave to sterilize solutions. Put the glass flask into the basket, close the lid 150 
and sterilize it for 15 min at 121 °C and 98.9 kPa. 151 
 152 
NOTE: This protocol is always used for autoclaving solutions in further steps. 153 
 154 
1.2. Prepare a 10 mg/µL collagen IV and 10 mg/µL fibronectin solution by diluting 0.5 mg/mL 155 
fibronectin solution and the 0.3 mg/mL collagen IV solution each with 1x PBS to 100 mg/µL 156 
aliquots in 1.5 mL micro tubes. Thereafter, mix 100 µL of both aliquots with 1,800 µL of 1x PBS in 157 
2 mL micro tubes and store them at -20 °C.  158 
 159 
1.3. Prepare DMEM/F-12 medium by adding 4% fetal bovine serum and 2 mM L-glutamine 160 
and 100 mg/L penicillin/streptomycin to the medium and store it at 4 °C.  161 
 162 
1.4. Prepare 1x trypsin-EDTA solution by diluting 5 mL of the 10x concentrated trypsin-EDTA 163 
solution with 45 mL of 1x PBS in a 50 mL tube and store it at 4 °C. 164 
 165 
1.5. Prepare 500 mL of LB medium by weighing 10 g of LB broth base in a 500 mL glass flask. 166 
Add 500 mL of sterilized water and autoclave it.  167 
 168 
1.6. Prepare LB agar by weighing 10 g of LB broth base and 7.5 g of agar-agar in a 500 mL glass 169 
flask. Add 500 mL of sterilized water before autoclaving and do not close the lid of the flask. 170 
Autoclave and leave the solution to cool down until it is warm to the touch. 171 
 172 
1.7. Prepare antibiotic-free medium by adding 4% fetal bovine serum and 2 mM L-glutamine, 173 
but no penicillin/streptomycin to the DMEM/F-12 medium and store it at 4 °C as in step 1.3. 174 
 175 
2. Growth of the blood-brain barrier mimicking cells  176 
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 177 
2.1. To assemble the 12 well plate, put the cell culture inserts into the wells (Figure 2A).  178 
 179 
2.1.1. Unpack the plate and each insert in a biological safety cabinet and perform further steps 180 
there. Use sterilized forceps to grab the insert at its broad base to move it.  181 
 182 
2.2. Coat the porous membrane of each insert with 90 µL of 10 µL/mg collagen IV and 10 183 
µL/mg fibronectin mixture. Incubate the 12 well plate for 24 h at 37 °C in a cell culture incubator 184 
(Figure 2B).  185 
 186 
2.3. Wash the inserts twice by pipetting 1 mL of 1x PBS into each insert and aspirate the 187 
solution with a vacuum pump for cell cultures. 188 
 189 
2.4. Equilibrate the membranes by pipetting 0.5 mL of prewarmed DMEM/F-12 medium in the 190 
upper and 1.5 mL in the lower chamber. Incubate the plate for 30 min at 37 °C in a cell culture 191 
incubator with 5% CO2 atmosphere (Figure 2C).  192 

 193 
2.5. Seed 2 x 105 human microvascular endothelial cells into each upper chamber and incubate 194 
the 12 well plate at 37 °C in a cell culture incubator (Figure 2D).  195 
 196 
2.5.1. Aspirate the medium from the cell culture flask using a vacuum pump for cell cultures and 197 
wash the monolayer by pipetting 10 mL of 1x PBS and aspirating the solution afterwards with a 198 
vacuum pump.  199 
 200 
2.5.2. Cover the cells completely with 1x concentrated trypsin-EDTA by pipetting 5 mL of the 201 
solution into the cell culture flask. Incubate the flask for 3–5 min at 37 °C in a cell culture 202 
incubator.  203 
 204 
NOTE: If the cells are not dissociated, firmly tap the flask against the palm of the hand to dislodge 205 
the cells. 206 
 207 
2.5.3. Take 5 mL with a pipette as an aliquot from the cell suspension in a 15 mL tube and add 208 
5 mL of the FCS-containing medium to stop the enzymatic reaction.  209 
 210 
2.5.4. Centrifuge the suspension for 3 min at 210 x g, remove the supernatant with a vacuum 211 
pump, and resuspend the pellet in 5 mL of medium with a pipette.  212 
 213 
2.5.5. Use the cell counter by mixing 10 µL of the cell suspension with 10 µL of 0.4% trypan blue 214 
stain in a 1.5 mL micro tube. Add 10 µL of the mixture into a counting chamber slide, put it into 215 
the cell counter, and start counting.  216 
 217 
2.5.5.1. Focus the counter on the cells so that their edge is dark blue and the middle white. 218 
Thereafter, start the appropriate program for cell counting. 219 
 220 
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2.5.6. To calculate the volume for each insert, divide the obtained 2 x 105 cells per insert with 221 
the calculated concentration of the cell suspension.  222 
 223 
3. Cultivation of the blood-brain barrier model  224 
 225 
3.1. Incubate the 12 well plate for 14 days at 37 °C. 226 
 227 
3.2. Change 0.5 mL of medium for the upper chamber and 1.5 mL of medium for the lower 228 
one every 2–3 days. Warm the medium before putting it in the cell flask. Aspirate with the 229 
vacuum pump (Figure 2E).  230 
 231 
NOTE: Work carefully to avoid touching the membrane. 232 
 233 
3.3.  Check the status of the cells by imaging them with a microscope and determine the 234 
confluency. Ensure that the confluency is 100% after 14 days. 235 
 236 
4. Preparation of bacteria  237 
 238 
4.1. A day before measurement, put a colony of the E. coli strain GM2163 into LB medium 239 
with 100 µg/mL ampicillin. Incubate the culture tube for 24 h at 37 °C with 180 rpm in an 240 
incubation shaker (Figure 2F).  241 
 242 
4.1.1. Cultivate the E. coli strain on an LB agar plate with 100 µg/mL ampicillin at 4 °C. Take one 243 
colony with a sterilized pick and put the pick in the prepared culture tube with 3 mL of LB medium 244 
and 100 µg/mL ampicillin.  245 
 246 
4.1.2. Prepare an LB agar plate with 100 µg/mL ampicillin for each insert by adding 100 µg/mL 247 
ampicillin to warm LB agar solution and fill the Petri dishes to half their total volume. Let them 248 
become solid and store them at 4 °C. 249 
 250 
5. Treatment of cells 251 
 252 
5.1. On day 14 after seeding, treat cells with compounds or measure the transendothelial 253 
electrical resistance (TEER), if planned (Figure 2G).  254 
 255 
NOTE: Always have some untreated cells as a control. 256 
 257 
5.1.1. To treat cells with the compound of interest, dilute the compound to the final 258 
concentration in DMEM/F-12 medium. Add 0.5 mL of this mixture into the upper chamber and 259 
1.5 mL into the lower chamber. Incubate the plate in a cell culture incubator for the desired time.  260 
 261 
5.2. Afterwards, exchange the complete medium with antibiotic-free medium by aspirating 262 
with the vacuum pump and pipetting (Figure 2H).  263 
 264 
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6. Measurement of permeability  265 
 266 
6.1. To get constant concentrations of bacteria, measure the optical density with a 267 
photometer at a wavelength of 600 nm. Dilute the overnight solution of bacteria with LB medium 268 
in a 50 mL falcon tube to an OD600 of 0.5 ± 0.05. Work on ice. 269 
 270 
6.1.1. Fill 1 mL of LB medium into a cuvette. Start the photometer and put the cuvette in, 271 
marked side forward. Press the bottom "Blank" for measuring the blank value afterwards. 272 
 273 
6.1.2. Measure the density of the bacterial solution by filling it into a cuvette, putting it in, and 274 
pressing the bottom sample. Repeat the measurement during the diluting until obtaining the final 275 
concentration. 276 
 277 
6.2. Work in a biological safety cabinet where bacteria can be handled with the prepared 12 278 
well plate and bacterial solution at OD600 = 0.5. Add 450 µL of bacterial solution only into each 279 
upper chamber containing 0.5 mL of medium (Figure 2I).  280 
 281 
6.3. Incubate the 12 well plate for 6 h at 37 °C in an incubator.  282 
 283 
NOTE: The protocol dictates to pause here.  284 
 285 
6.4. Sample 50 µL of the medium with a pipette from each lower chamber by removing the 286 
insert with forceps (Figure 2J). Take care not to spill the medium from the upper chambers to the 287 
lower ones. 288 
 289 
6.5. Plate each sample on a separate agar-plate (Figure 2K). Drop the sample on the plate and 290 
streak out the solution with a cell spreader. 291 
 292 
6.6. Incubate the agar plates for 24 h at 37 °C in an incubator.  293 
 294 
6.7. Count the colonies in each plate (Figure 2L). 295 
 296 
7. Analyzing data 297 
 298 
7.1. Write the data in a table and calculate the average and standard deviation of the observed 299 
colonies of treated and untreated cells. 300 
 301 
7.2. Display the average as the absolute number of colonies.  302 
 303 
7.2.1. To normalize the results, calculate the relative number of colonies by dividing all results 304 
with the control value. 305 
 306 
[Place Figure 2 here] 307 
 308 
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REPRESENTATIVE RESULTS:  309 
Following the protocol, the cells were seeded, and the BBB model was built. At day 14 after 310 
seeding, the cells were treated with glyoxal as a reactive aldehyde. The aim of the experiment 311 
was to investigate the correlation between age and diabetes in POD27 and the high incidence of 312 
meningitis in elderly patients48. The increased levels of advanced glycation end products (AGEs) 313 
in both age and diabetes49 demand further examination of the effect of glycation in the 314 
pathogenesis of microbial traversal through the BBB. Glycation is a non-enzymatic reaction of 315 
free amino groups in proteins with carbonyl groups of reducing carbohydrates or other carbonyl 316 
compounds. Glucose is well known as donor of carbonyl groups; however, there are more 317 
reactive ones known. After building an unstable Schiff’s base, they rearrange to more stable and 318 
reactive dicarbonyl compounds like glyoxal. AGEs, the final products, can cause crosslinks 319 
between proteins50. They can damage cellular structures and alter cellular function by interaction 320 
with the receptor of AGEs (RAGE)51. 321 
 322 
Cells were treated with a 0.05 and 0.15 mM glyoxal (GO) solution for 1 h, and untreated cells 323 
served as a control. Glycation was detected via immunoblotting and detection with an anti-AGE 324 
antibody (Figure 3). The obtained bacterial colonies were counted and represented as the 325 
absolute number of colonies (Figure 4A) or the relative number of colonies normalized to the 326 
control (Figure 4B). The medium taken from wells with the untreated cells formed very few 327 
colonies. This result demonstrated that the untreated cells were able to build a barrier and could 328 
serve as a control. Samples treated with glyoxal displayed an increased number of colonies, 329 
leading to the conclusion that there is an effect of glyoxal on the THBMECs and the cellular barrier 330 
density, because the number of colonies demonstrated a significant difference between 331 
untreated and treated cells. The increased bacterial crossing of the barrier after the treatment 332 
with glyoxal could explain why diabetes is correlated to diseases with a BBB breakdown. 333 
 334 
[Place Figure 3 here] 335 
 336 
In a different setting, protein glycation of THBMECs was induced by glucose. Sterilized glucose 337 
was added to the DMEM/F-12 medium to increase glucose concentration from normal glucose 338 
medium (NG) with 17.5 mM to high glucose medium (HG) with 42.5 mM. THBMECs were 339 
cultivated in two different cell culture flasks: one in normal glucose (NG) medium and the other 340 
in high glucose (HG) medium. These two different media were also used for growth of the BBB 341 
on filters in 12 well plates. Cells cultivated in NG medium served as a control. The obtained 342 
colonies are represented as the absolute number of colonies (Figure 4C) or the relative number 343 
of colonies normalized to the control (Figure 4D). The results indicate no significant effect on the 344 
traversal of bacteria through the human BBB, leading to the conclusion that the effect of NG vs. 345 
HG was not severe enough to affect the integrity of the BBB. The different scenarios were 346 
designed to prove the model and the integrity of the cells mimicking the BBB. 347 
 348 
[Place Figure 4 here] 349 
 350 
FIGURE AND TABLE LEGENDS:  351 
Figure 1: Schematic structure of the blood-brain barrier. The unique structure of the human BBB 352 
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is composed of three different cell types. The microvessel lumen is surrounded by endothelial 353 
cells, which are enriched in tight junctions, and are not fenestrated. They are embedded in the 354 
basement membrane, like the pericytes. These cells are important for structural stability of the 355 
vessel wall and play a role in the development of the BBB next to the astrocytes. Their end-feet 356 
build a close layer around the vessel and support the building of tight junctions. All components 357 
of the BBB are important for physiological functionality. 358 
 359 
Figure 2: Detailed presentation of the individual steps in the protocol. (A) Put the inserts with 360 
sterilized forceps into the 12 well plate. (B) Coat each insert with 90 µL of fibronectin and collagen 361 
IV mixture and incubate for 24 h. (C) Equilibrate the membranes with prewarmed medium for 30 362 

min. (D) Seed 2 x 10
5
 human brain microvascular endothelial cells per insert. (E) Cultivate the 363 

plate for the appropriate amount of time. (F) One day before measuring, put an E. coli colony 364 
into a LB medium culture tube and incubate for 24 h. (G) Treat cells or measure TEER. (H) 365 
Exchange complete medium with antibiotic-free medium. (I) Add 450 µL of bacterial solution 366 
(OD600 = 0.5) into each upper chamber and incubate for 6 h. (J) Sample 50 µL of medium from 367 
each lower chamber removing insert with forceps. (K) Plate the sample on agar plates and 368 
incubate for 24 h. (L) Count the colonies and analyze the data.  369 
 370 
Figure 3: Detection of protein glycation via immunoblotting. THBMECs were treated with GO 371 
at different concentrations for 1 h. Total protein was isolated and separated using SDS-PAGE. 372 
Glycation of the proteins was detected via immunoblotting using anti-AGE-antibody (CML-26). 373 
 374 
Figure 4: Absolute and relative numbers of counted bacterial colonies in the BBB model with 375 
THBMECs. THBMECs were treated with 0.15 mM GO for 1 h, untreated cells served as a control. 376 
A total of 450 μL of E. coli suspension (OD600 = 0.5) was added to each upper chamber. Medium 377 
from the lower chambers was plated on agar plates after 6 h. (A) The graph shows the average 378 
mean +/- SEM of counted colonies. (B) The graph shows the counted colonies normalized to the 379 
untreated cells as control +/- SEM (n = 4). In (C) and (D), THBMECs were cultivated in NG and 380 
HG medium. A total of 450 μL of E. coli suspension (OD600 = 0.5) was added to each upper 381 
chamber. Medium from the lower chamber was plated on agar plates after 6 h. (C) The graph 382 
shows the average mean +/- SEM of counted colonies. (D) The graph shows the counted 383 
colonies normalized to the untreated cells as control +/- SEM (n = 3). 384 
 385 
DISCUSSION: 386 
Limited insight into the pathogenesis of microbial traversal limits further development of 387 
therapies for POD or meningitis. The mortality and morbidity of these diseases demand better 388 
patient treatment, require research of the underlying mechanisms, and need a robust platform 389 
for compound screening. The multifactorial events can be studied with human BMECs. Several 390 
successful reported isolation procedures of BMECs from a number of species have shown a loss 391 
of the cells' characteristics molecular signature52,53. The described THBMECs in this procedure 392 
were transfected in very early passages, where they exhibited specific brain endothelial cell 393 
characteristics and preserved them43. This is important, because not all steps in the affected 394 
pathways have been discovered so far, and this model seems to mimic conventional BMECs. Our 395 
presented model shows direct influences on BMECs and the microbial traversal through the BBB.  396 



   

Page 9 of  revised November 2018 
 

 397 
The handling of THBMEC cells is straightforward, and the required technical equipment exists in 398 
most life science laboratories. Our model allows for an immediate start of investigative 399 
procedures after the THBMECs have built a tight monolayer. The field of applications can be 400 
extensive because of the possible combinations between new tests and conventional assays such 401 
as TEER measurement or labeling with tracers54. It is also possible to add astrocytes or pericytes 402 
to make a co- or triple-culture model. The influence of drugs on the microbial traversal could also 403 
be tested in our model by treating the THBMECs with compounds before inoculating the upper 404 
chamber with bacteria. In fact, it is possible to purchase inserts with filters for 96 well plates 405 
allowing the automation of the procedure. This can facilitate the implementation of high-406 
throughput drug screening systems to accelerate the discovery of drugs against the mentioned 407 
diseases and to reduce side effects on the BBB during drug development.  408 
 409 
A critical step in the presented method is the incubation time after adding the bacteria to the 410 
upper chamber. It is important to use hours as timelines in the protocol, because the generation 411 
time of E. coli is only 20 min55. Otherwise, use of different time points could lead to misleading 412 
results. There is also a possible risk of contamination between upper and lower chamber during 413 
the bacterial exposure if the plates are not handled with care. Any alterations to the 12 well plate 414 
at this point could contaminate the medium in the lower chamber. 415 
 416 
E. coli is one well-known, very common cause of bacterial meningitis. Further investigations 417 
should test different bacteria that are also associated with meningitis, such as Neisseria 418 
meningitidis56 or Streptococcus pneumoniae57. These seem to use different mechanisms to cross 419 
the BBB and need to be better understood for the treatment of patients. In elderly patients, the 420 
incidence for POD increases26 as well as the number of occurring comorbidities. It is known that 421 
there are interactions between different diseases, especially systemic ones like diabetes. In our 422 
model, it is possible to simulate those conditions or treat the cells before adding the bacteria.  423 
 424 
The model is limited by the direct contact of THBMECs and bacteria, and further research is 425 
necessary to investigate potential mechanisms of contact to detect the involved pathways and 426 
proteins. However, it is possible to remove inserts and harvest the cells for further analysis. The 427 
TEER of the model is lower in comparison to stem cell models38-40. We confirmed this by using a 428 
bacterial concentration that did not cross the BBB in untreated cells after 6 h.  429 
 430 
In summary, this method represents a robust platform to analyze the traversal of bacteria 431 
through the BBB with the potential to expand it for high-throughput drug screenings. 432 
 433 
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limitation in print, digital and electronic form) throughout 
the world, (b) to translate the Video into other languages, 
create adaptations, summaries or extracts of the Video or 
other Derivative Works or Collective Works based on all or 
any portion of the Video and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works 
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically 
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License. 
7. Government Employees. If the Author is a United 
States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 2 above, and 
any of the licenses or grants granted by the Author 
hereunder exceed the scope of the 17 U.S.C. 403, then the 
rights granted hereunder shall be limited to the maximum 

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication of the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to 
any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement.
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