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Abstract

:

The development of drugs targeting the central nervous system (CNS) is challenging because of the presence of the Blood-Brain barrier (BBB). Developing physiologically relevant in vitro BBB models for evaluating drug permeability and predicting the activity of drug candidates is crucial. The transwell model is one of the most widely used in vitro BBB models. However, this model has limitations in mimicking in vivo conditions, particularly in the absence of shear stress. This study aimed to overcome the limitations of the transwell model using immortalized human endothelial cells (hCMEC/D3) by developing a novel dish design for an orbital shaker, providing shear stress. During optimization, we assessed cell layer integrity using trans-endothelial electrical resistance measurements and the % diffusion of lucifer yellow. The efflux transporter activity and mRNA expression of junctional proteins (claudin-5, occludin, and VE-cadherin) in the newly optimized model were verified. Additionally, the permeability of 14 compounds was evaluated and compared with published in vivo data. The cell-layer integrity was substantially increased using the newly designed annular shaking-dish model. The results demonstrate that our model provided robust conditions for evaluating the permeability of CNS drug candidates, potentially improving the reliability of in vitro BBB models in drug development.






Keywords:


blood-brain barrier; permeability; transwell; in vitro BBB model; shear stress; annular shaking dish; hCMEC/D3; immortalized human brain microvascular endothelial cell












1. Introduction


Drug development is a time-consuming and expensive process. The development of drugs that target the central nervous system (CNS) is particularly challenging. The development period of CNS drugs has been, on average, 20% longer and the approval time has been 38% longer than that of other approved drugs (from 2000 to 2017) in the United States [1]. CNS-targeted drug development is more demanding than the development of other drugs for several reasons, with one of the predominant challenges being crossing the Blood-Brain barrier (BBB).



The BBB is a selectively permeable membrane composed of endothelial cells, astrocytes, pericytes, and microglial cells. It serves as a physical and enzymatic defense system that isolates the brain from the rest of the body, selectively permitting certain molecules to pass through while restricting exposure to toxic substances. This is a significant hurdle that prevents the diffusion of several chemicals into the brain [2]. For CNS drug candidates to be successful, it is imperative to ensure that they are well delivered to the brain across the BBB and sufficiently exposed to the target site. Furthermore, predicting brain penetration during the developmental process is important for identifying the most effective candidates among numerous lead compounds. It is noteworthy that results from commonly used animal models in preclinical studies often exhibit a low correlation with human responses. This limitation makes predicting the actual effects of drugs on humans challenging [3,4].



Therefore, continuous research efforts directed toward the development of highly predictive models using human cells aim to bridge the gap between in vitro investigations and in vivo applications [5,6]. Numerous in vitro BBB models have been developed, each with its advantages and limitations. These include the two-dimensional transwell model and three-dimensional static models based on hydrogels, spheroids, and organoids [7,8]. Additionally, there are 3D models with the fluid flow, using a microfluidic pump [9] or bidirectional flow [10]. Among them, the widely studied microfluidic models allow for the application of shear stress, nondestructive microscopy, and the flexibility of parallelization that mimics the physiological organ architecture [11]. However, the requirement of specialized equipment for shear stress applications and the intricate inclusion of electrodes into the platform in order to assess transendothelial electrical resistance (TEER) is challenging. Consequently, these models may not be suitable for linear kinetic experiments and face challenges when screening a large number of drug candidates or formulations to assess BBB permeability [12]. However, the commonly used transwell models offer simplicity in terms of fabrication and ease of use, making them well suited for high-throughput screening (HTS) owing to their high processing capacity. Transwell models have notable advantages, including easy TEER measurement and straightforward applications in various culture methods, such as monocultures and multiple cultures [13,14]. Nevertheless, it has its own constraints that primarily originate from the difficulty in applying shear stress. Shear stress is crucial for developmental and physiological processes in the formation of endothelial cell vasculature and the regulation of the expression of various proteins [15,16].



We developed a novel in vitro BBB model suitable for permeability assessment by applying shear stress to an HTS-friendly transwell system using an orbital shaker. Through the design of a novel annular shaking dish (AS), we achieved a model with greater cell-layer integrity, using immortalized cells, with consistent experimental results.




2. Materials and Methods


2.1. Chemicals and Reagents


Ascorbic acid, atenolol, dantrolene sodium, gabapentin, hydrocortisone, Ko143, metoprolol tartrate, naproxen, phenytoin sodium, sulpiride, propranolol HCl, type I rat tail collagen solution, lucifer yellow CH dipotassium salt (LY), fluorescein isothiocyanate (FITC)–dextran (4 and 40 kDa), rhodamine 123, and 7.5% sodium bicarbonate solution were purchased from Sigma-Aldrich (St. Louis, MO, USA). Midazolam was purchased from Cerilliant (Austin, TX, USA). Fexofenadine hydrochloride, carbamazepine, donepezil HCl, and cyclosporine A were purchased from Tokyo Chemical Industry (Tokyo, Japan).



Molecular, Cellular, and Development Biology 131 medium (MCDB131 medium), fetal bovine serum (FBS), basic fibroblast growth factor (bFGF), chemically defined lipid concentrate, N-2-hydroxyethylpiperazine–N′-2-ethanesulfonic acid (HEPES), Hanks’ balanced salt solution (HBSS), 0.25% trypsin-EDTA, penicillin-streptomycin, and Insulin-transferrin-selenium-ethanolamine (ITS) were purchased from Gibco (Grand Island, NY, USA). HPLC grade methanol and water were purchased from Fisher Scientific Korea (Seoul, Republic of Korea).




2.2. Cell Culture


hCMEC/D3, the human cerebral microvascular endothelial cell line, was obtained from Cellution Biosystems Inc., (Burlington, ON, Canada), and U87MG was obtained from HTB-14™, ATCC (Manassas, VA, USA). The cells were cultured in MCDB131 medium with the following components: 5% (v/v) FBS, 1 ng/mL bFGF, 1% (v/v) chemically defined lipid concentrate, 10 mM HEPES, 1.4 µM hydrocortisone, 5 µg/mL ascorbic acid, and 1% (v/v) penicillin–streptomycin (the final concentration was 100 U/mL of penicillin and 100 μg/mL of streptomycin).



A T-75 flask for hCMEC/D3 was coated with type I rat tail collagen at a concentration of 150 µg/mL in distilled water for one hour in the incubator. After aspirating the collagen solution, the T-75 flask was rinsed with warm phosphate buffered saline (PBS) for seeding. The seeding densities were 25,000 cells/cm2 for hCMEC/D3 and 15,000 cells/cm2 for U87MG, respectively. The hCMEC/D3 cells and U87MG cells were incubated in a humidified 5% CO2 environment at 37 °C. The medium for each cell line was replaced two to three times per week.




2.3. Culture for Transwell Inserts


The culture inserts (Costar®, Washington, DC, USA, 6.5 mm diameter) of polycarbonate (PC) and polyester (PET) membrane were procured from Corning Inc. (Corning, NY, USA). Culture inserts were coated with 50 µL of type I rat tail collagen at a concentration of 180 µg/mL in 70% ethanol and dried overnight under UV light. After washing twice with PBS, the cells were seeded at a density of 1 × 105 hCMEC/D3 cells/well in the apical chamber and 3 × 104 U87MG cells/well on the basolateral side of the insert. The cultivation method was modified from that described in the literature [17]. Briefly, the insert was inverted, and U87MG cells were initially seeded. The insert was flipped 3–4 h after seeding the U87MG cells. Subsequently, hCMEC/D3 cells were seeded 1 day later.




2.4. Optimization of the Transwell Model


We investigated the cell layer integrity to optimize various conditions of the transwell BBB model. The method was modified from an existing protocol [18]. We present this briefly, as follows:



2.4.1. Trans-Endothelial Electrical Resistance (TEER)


The TEER values were measured using an STX2 chopstick electrode with EVOM2™ (World Precision Instruments, Sarasota, FL, USA), following the manufacturer’s instructions, to evaluate cell layer integrity. The measurements obtained were corrected by subtracting the empty insert value and multiplying it by the surface area of the culture insert (0.33 cm2) to derive the final TEER values.




2.4.2. Lucifer Yellow (LY) Diffusion


To evaluate the cell layer integrity, the permeability of LY, a passive paracellular transport marker, was measured. LY was used at a concentration of 200 μM in transport buffer (HBSS with 10 mM HEPES, 350 mg/L sodium bicarbonate, and 25 mM glucose). Before each experiment, the cells were washed twice with a pre-warmed transport buffer. After a 30 min incubation, LY was added to the apical side (AP) at a concentration of 200 μM. The LY permeated to the basolateral side (BL) was measured after a 1 h incubation at 37 °C with shaking at 100 rpm. Each sample was measured at wavelengths of 480 nm excitation and 530 nm emission with the VICTOR® Nivo multimode plate reader (PerkinElmer Inc., Sarasota, FL, USA). The %LY diffusion value was calculated using Equation (1):


% LY diffusion = 100 × ((LYBL × VBL)/(LYAP × VAP))



(1)




where:




	
LYBL is the concentration of LY in the basolateral receiver chamber (μM)



	
VAP is the volume in the apical receiver chamber (cm3)



	
LYAP is the concentration of LY added to the apical donor chamber (μM)



	
VBL is the volume in the basolateral donor chamber (cm3)









2.4.3. Rhodamine 123 Efflux


Rhodamine 123, known as a P-glycoprotein (P-gp) substrate, was used at a concentration of 10 μM in transport buffer to assess the P-gp activity. Bidirectional permeability tests were performed at time points of 0, 30, 60, and 90 min with shaking at 100 rpm. Each sample was measured at 480 nm/530 nm (excitation/emission wavelengths) using the VICTOR® Nivo multimode plate reader. The apparent permeability coefficient (Papp) was determined using Equation (2):


Papp (cm/s) = dQ/dt × 1/(A × C0)



(2)




where:




	
A is the surface area of the insert filter membrane (cm2)



	
C0 is the initial concentration in the donor solution (μM)



	
dQ/dt is the amount of the drug transported within a given time period (pmol/s)








The efflux ratio of rhodamine123, calculated from the obtained Papp values using Equation (3), was used to evaluate the P-gp activity.


Efflux ratio = Papp, BL to AP/Papp, AP to BL



(3)









2.5. Quantitative Real-Time PCR


After a 17-day incubation, the culture inserts were rinsed with PBS and the cells were harvested. Total RNA was extracted using the TRIzol® reagent (Invitrogen, Waltham, MA, USA), followed by complementary DNA synthesis performed from the isolated total RNA using a SimpliAmp Thermal Cycler (Applied Biosystems Co., Waltham, MA, USA). Subsequently, quantitative real-time polymerase chain reaction (real-time PCR) was conducted on a Step One Plus Real-time PCR System Cycler (Applied Biosystems Co., Waltham, MA, USA) using a Power SYBR Green PCR mix (Applied Biosystems Co., Waltham, MA, USA). GAPDH served as the reference gene for the PCR primer sequences [19,20,21], which are detailed in Table S1.




2.6. Efflux Transporter (P-gp, BCRP) Inhibition Assay


A modified method from a previously published paper [19] was used for the inhibition assay. Briefly, rhodamine 123, a P-gp substrate, and dantrolene, a breast cancer resistance protein (BCRP) substrate, were used at a concentration of 10 μM. Cyclosporin A (10 μM), a P-gp inhibitor, and Ko143 (2 μM), a BCRP inhibitor, were pre-incubated for 30 min in both chambers. The bidirectional permeability of substrates was evaluated by measuring changes in Papp and the efflux ratio for both the inhibitor- and vehicle-treated groups. The concentration of dantrolene was determined using liquid chromatography with tandem mass spectrometry (LC-MS/MS).




2.7. Permeability Test


For the permeability assessment, FITC-dextran was utilized at a concentration of 1 mg/mL, while rhodamine 123 was used at a concentration of 10 μM. All other drugs, excluding FITC-dextran and rhodamine 123, were prepared at a concentration of 20 μM in the transport buffer. To prevent nonspecific binding, all compounds were pre-incubated for 30 min prior to the permeability study. The samples were collected at 0 min from the donor and at 30, 60, and 90 min from the acceptor and immediately replaced with a new transport buffer. Incubation was carried out in a humidified 5% CO2 environment at 37 °C with shaking at 100 rpm. Concentrations of the compounds were determined using LC-MS/MS, with the exception of FITC-dextran and rhodamine 123. The FITC-dextran and rhodamine 123 concentrations in the samples were measured by a VICTOR® Nivo multimode plate reader.




2.8. Annular Shaking Dish (AS)


Drawing inspiration from the published literature [22,23] on the utilization of an orbital shaker, novel ASs were designed to apply an optimal fluid flow to culture inserts. A 15 cm AS was created by attaching a 10 cm culture dish inverted onto a 15 cm culture dish, followed by the attachment of an acrylic plate on top (Figure 1a). Using the same method, a 10 cm AS was constructed by stacking a 6 cm dish onto a 10 cm dish. When each component was attached, polydimethylsiloxane was used in a ratio of 10:2. The assembled dish was sterilized with 70% ethanol, followed by UV irradiation for 24 h.



After culturing the cells in culture inserts, as described in Section 2.3, they were transferred to the AS prepared on day 3, and cultivation was carried out with orbital shaking at 150 rpm until day 17 (Figure 1b). The cultivated AS BBB model was employed to investigate the effects of the AS size, as well as the influence of FBS and ITS.




2.9. LC-MS/MS


Compound concentrations were determined using an Agilent 1260 HPLC system coupled to an Agilent 6460 triple-quadrupole mass spectrometer (Agilent Technologies, Singapore) and a Shimadzu UFLC XR instrument (Shimadzu, Tokyo, Japan) coupled to a TSQ Quantum Ultra triple quadrupole mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Chromatographic separations were performed on Agilent Poroshell 120 EC-C18 (3.0 × 50 mm, 2.7 µm; Agilent Technologies, Inc., Santa Clara, CA, USA) and YMC triart C18 (2.0 × 50 mm, 3 µm; YMC Co., Ltd., Kyoto, Japan) columns using 5 mM ammonium formate in water (pH 4) and methanol. The detailed analysis conditions are listed in Tables S2 and S3.




2.10. Statistics


Changes in TEER values over the cultivation period were statistically analyzed using repeated-measures one-way ANOVA. Unpaired t-tests were used for the comparison of means between two groups, whereas one-way ANOVA was used for the comparison of means between three or more groups. Statistical analysis was conducted with GraphPad Prism 5.





3. Results


3.1. Optimization of the 24-Transwell Model


To optimize various factors, including culture methods and culture inserts, affecting the 24-transwell BBB model, factors were assessed based on TEER values and %LY diffusion. Initially, the cultivation method was optimized, and mono- and co-cultures were compared using the culture inserts of the PC membrane.



The TEER values for the hCMEC/D3 mono-culture group and the co-culture group of hCMEC/D3 with U87MG were 8.0 ± 0.5 and 9.9 ± 0.6 Ω·cm2, respectively, showing statistical significance (Figure 2a). The %LY diffusion was 11.4 ± 0.4% and 8.4 ± 0.8% for the mono-culture and co-culture, respectively, indicating a higher cell layer integrity in the co-culture group (Figure 2b).



To apply fluid flow, the mono-cultured inserts were incubated in a 24-well plate on an orbital shaker. The use of orbital shaking also resulted in an increase in the TEER value to 7.0 ± 1.0 Ω·cm2 at day 11 compared to that (4.6 ± 0.3 Ω·cm2) of the no shaking group (Figure 2c). Additionally, the shaking group showed a significant decrease in the leakage of LY at 10.1 ± 0.3% compared to that (14.2 ± 1.2%) of the no shaking group (Figure 2d).



To assess the effect of culture inserts, experiments were conducted by altering both the membrane material and pore size, employing the co-culture method with orbital shaking. The membrane type, whether PET or PC, did not exhibit any significant differences in TEER and %LY diffusionTherefore, for further experiments, we have used PC membranes. However, the 3 μm pore size group exhibited higher cell layer integrity on day 11, with a TEER value of 21.5 ± 1.2 Ω·cm2 and %LY diffusion value of 3.7 ± 0.3%, compared to the 0.4 μm pore size group, with a TEER value of 9.0 ± 0.2 Ω·cm2 and %LY diffusion value of 7.0 ± 0.6% (Figure 2e,f).



Although there was a significant improvement in the 24-well model, it fell short of the commonly accepted threshold of 3% for %LY diffusion, indicating the robustness of a typical monolayer [18]. The absence or insufficiency of shear stress may have led to a lack of cell layer integrity.




3.2. Annular Shaking Dish (AS)


3.2.1. AS Effect on Cell Layer Integrity


Building on prior research [22,23], a novel AS was designed to optimally apply fluid flow to the culture insert. The modulation of shear stress can be achieved by adjusting parameters such as the dish size, radius of orbital rotation, rotational speed (expressed in RPM) of the shaker, and viscosity. In humans, shear stress has been reported to range from 4 to 30 dyn/cm2 for arterial circulation and from 1 to 4 dyn/cm2 for venous circulation [24]. In addition, 10 dyn/cm2 was the best shear stress for a high junctional protein intensity, as reported previously [25]. The rotational speed of the orbital shaker was selected by calculating the maximum shear stress using Equation (4):


   τ  m a x   = a   ρ η    (  2 π f  )   3     



(4)




with




	
a: the radius of orbital rotation (1.9 cm)



	
ρ: the density of the medium (g/mL)



	
η: the viscosity of the medium (7.78 × 10−3 dyn·s/cm2)



	
f: the frequency of rotation (rotations/s)








The calculated result indicated that a value of 10 dyn/cm2 was achieved at 150 rpm using a 1.9 cm radius of the orbital shaker.



We examined the effects of the dish size (24 well plate, 10 cm and 15 cm AS) while keeping the rotational speed (150 rpm) and shaking radius (1.9 cm) constant. For cell cultivation, optimized conditions (3 μm pore size, PC membrane, co-cultured with U87, with shaking) were employed. TEER measurements were conducted after transferring all culture inserts to 24-well plates. As a result of the increasing shear stress associated with the dish size, an elevation in the TEER value was observed with the highest value of 51.5 ± 0.9 Ω·cm2 (Figure 3a), concomitant with a reduction in the %LY diffusion at 1.7 ± 0.1% (Figure 3b). Interestingly, we also observed a significant increase in P-gp activity in the 15 cm AS group, confirmed by the efflux ratio (Figure 3c) exceeding two for rhodamine 123. Using the newly designed dish with orbital shaking, we confirmed the alleviation of leaky membranes of hCMEC/D3.




3.2.2. ITS and FBS Effects on the Cell Layer Integrity


Based on previous literature suggesting that a low FBS concentration promotes differentiation [26,27], we aimed to adjust the FBS concentration using the 15 cm AS. Before this study, we investigated the effects of ITS, an additive that supports cell survival and division. It is commonly used to reduce the FBS concentration. We found that ITS positively affected cell layer integrity (Figure 4). On day 17, the TEER value was 79.8 ± 5.3 Ω·cm2 in the 5% FBS + ITS-treated group and 51.4 ± 1.5 Ω·cm2 in the 5% FBS group (Figure 4a). While the %LY leakage values were below 3% and not statistically different in either the 5% FBS and 5% FBS + ITS groups, the ITS-treated group exhibited a lower %LY diffusion at 0.5 ± 0.1% compared to the ITS-non-treated group (1.2% ± 0.2%) (Figure 4b). Furthermore, a significant increase in P-gp activity was observed in 5% FBS + ITS group at a value of 4.0 ± 0.04, compared to the 5% FBS group at 2.4 ± 0.05 (Figure 4c).



The 0% FBS + ITS treatment group failed to form a robust cell layer, resulting in a low TEER and high %LY leakage. A negligible difference was observed between TEER and% LY diffusion values in the 2% and 5% FBS + ITS groups. However, a significant difference was observed in the efflux ratio of rhodamine 123 (Figure 4c). The efflux ratio in the 2% FBS + ITS group was higher at 6.73 ± 0.94, compared to 4.04 ± 0.04 in the 5% FBS + ITS group (p < 0.001). This result aligns with the existing literature [26,27], demonstrating increased differentiation when the concentration of FBS is reduced.





3.3. The Evaluation of the Optimized Annular Shaking Dish (AS) BBB Model


The final optimized conditions were as follows: co-culture, culture insert with a 3 μm pore size and polycarbonate membrane, 2% FBS + ITS, and 15 cm cell culture dish with orbital shaking at 150 rpm. The optimized AS BBB model was evaluated as follows.



3.3.1. mRNA Levels of the Junctional Proteins


To investigate whether the experimentally observed increase in TEER values and decrease in %LY permeability were associated with the expression of tight junction proteins, quantitative analysis of mRNA levels was performed using quantitative real-time PCR. Real-time PCR analysis included the mRNA of the tight junction proteins (claudin-5 and occludin) and adhesive junction protein (vascular endothelial (VE)-cadherin).



Upon normalization to GAPDH, the mRNA levels of claudin-5 and occludin in the AS model were approximately 300-fold and 40-fold higher, respectively, than those in the static monoculture model (Figure 5). This result is consistent with the enhanced cell-layer integrity confirmed experimentally. This is also consistent with prior research suggesting a crucial role for claudin-5 and occludin in BBB permeability [28]. While the mRNA level increased, there was no statistically significant difference in the mRNA levels of VE-cadherin.




3.3.2. Inhibition Assay of P-gp and BCRP


To assess the efflux transporter activity in the AS BBB model, an inhibition assay was conducted. Rhodamine 123 served as the substrate for P-gp, whereas dantrolene was used as the substrate for BCRP. Treatment with the P-gp inhibitor, cyclosporin A, resulted in a notable reduction in the efflux ratio of the P-gp substrate from 4.2 ± 0.15 to 1.6 ± 0.13 (Figure 6). Moreover, the treatment with the BCRP inhibitor, Ko143, also manifested a significant reduction in the efflux ratio of the BCRP substrate from 2.25 ± 0.69 to 0.33 ± 0.03. Thus, we confirmed that the activity of the efflux transporters necessary for the assessment of BBB permeability was sufficient.




3.3.3. Permeability Assay


Using the optimized AS model, we tested the permeability of 14 substances (Table 1). The measured permeability was represented in terms of the Papp values calculated using Equation (2). The permeability of P-gp substrates such as fexofenadine and rhodamine 123 was low, and dextran molecules with molecular weights of 4 and 40 kDa showed minimal penetration (Figure 7a). In addition, drugs known for their effective transport into the brain, such as donepezil and carbamazepine, exhibited high permeability.



To compare the measured in vitro results with the in vivo data, we collected unbound plasma-cerebrospinal fluid (CSF) partition coefficient (Kp,uu,CSF) values from published studies [29,30,31,32]. The Kp,uu,CSF values are usually defined as the ratio of the free CSF concentration to the free plasma concentration at equilibrium [33]. These values are presented in Table 1 and Figure 7. Although the number of drugs used for the comparison was limited, preventing a precise confirmation of linearity, there was a noticeable trend indicating that drugs with higher Papp values tended to exhibit high in vivo Kp,uu,CSF values.






4. Discussion


When developing CNS drugs, it is crucial to evaluate the extent to which candidate compounds permeate the BBB. Therefore, the development of dedicated tools for this purpose is imperative. The use of in vitro BBB models based on human cells has the potential to effectively screen promising candidates.



In this study, we created a transwell-based BBB model suitable for HTS using immortalized human cells. Immortalized human cells offer the advantages of low variability, fewer ethical considerations, and ease of use. The immortalized cells used were the human cerebral microvascular endothelial cell line, hCMEC/D3, derived through the co-expression of human telomerase reverse transcriptase and Simian Vacuolating Virus 40 large T antigen. The hCMEC/D3 cells are well known for drug uptake and active transport in in vitro BBB models [34]. However, the absence of shear stress is a major limitation of the transwell models using immortalized cells because shear stress is crucial for differentiation and various physiological processes in vascular formation [15,35]. Overcoming this limitation could lead to significant improvements in various culture insert models that utilize immortalized, primary, and induced pluripotent stem cells (iPSC).



When shear stress was applied to the 24-well transwell using an orbital shaker, we observed a subtle yet significant difference in cell layer integrity (Figure 2c,d). The fluid flow generated by the orbital shaker differs between the center and periphery of the well [36]. In the central region, significantly reduced shear stress occurred, and the observed differences between the shaking and no-shaking groups could be attributed to the shear stress near the wall of the culture insert.



We devised a dish that allowed the model to apply shear stress more effectively using an orbital shaker. Using the AS, we enhanced the cell layer integrity, achieving a remarkable maximum TEER value of 78.9 ± 9.7 Ω·cm2 (Figure 4a). This TEER value significantly exceeds the values reported in previous publications [37,38,39], showing a substantial improvement. The published models in the existing literature involved static conditions with a low integrity of the cell layer, utilizing the immortalized hCMEC/D3 cell line in a transwell model [37,38]. In these models, TEER values were below 15 Ω·cm2, indicating a leaky cell layer. To overcome this, a new model was developed by applying the dynamic micro tissue engineering system [40] to introduce fluid flow to the culture insert [39]. However, even in this model, TEER values did not exceed 20 Ω·cm2, and a low integrity of the cell layer was observed. We developed an AS capable of applying shear stress to culture inserts using an orbital shaker without any specific machine. Through this innovation, we achieved a high cell layer integrity. These results are in concordance with the mRNA expression of junctional proteins, especially claudin-5 and occludin.



Claudins play a crucial role in maintaining the barrier function, and claudin-5, especially, is the most abundant tight junction protein in the BBB. Occludin contributes to the integrity of tight junctions and is strongly associated with the permeability of substances across the BBB [28]. VE-cadherin, an endothelium-specific adhesion molecule, is crucial for controlling vascular permeability and maintaining endothelial cell contact [41]. When comparing the mRNA expression levels between the static monoculture models and our optimized AS model, the mRNA levels of claudin-5 and occludin significantly increased, while VE-cadherin also showed an increase, although not statistically significant (Figure 5). The increase in mRNA aligns with enhanced cell layer integrity, as confirmed by increased TEER values and decreased %LY diffusion. This implies that increased integrity may stem from the upregulation of tight junction proteins, including claudin-5 and occludin. This is particularly significant, as it represents an important achievement for a BBB permeability model using immortalized endothelial cells.



Furthermore, the activities of P-gp and BCRP were confirmed by assessing changes in the permeability of substrates in the presence and absence of inhibitors. P-gp and BCRP are extensively present in the human BBB and significantly limit the transport of various substances to the brain [42,43,44]. A sufficient level of activity was observed in the inhibition assay, as evidenced by reduced efflux ratios in the presence of inhibitors.



Using the permeability assay, the in vitro AS BBB model could distinguish between compounds with low and high permeabilities (Table 1). The Papp values exhibited a greater than 180-fold difference between drugs that effectively penetrated the brain and those that did not, confirming the model’s ability to distinguish between compounds with low and high brain permeability (Figure 7a). This confirmed that this model is suitable for use in permeability tests. Furthermore, although not entirely appropriate for comparisons because of species differences, the tendency was found by comparisons between the in vitro Papp results and in vivo Kp,uu,CSF values (Figure 7b).



The limitation of our study lies in the limited number of drug permeability evaluations required for establishing comparisons with in vivo data, making it challenging to predict human permeability values. Additionally, because the in vivo data used were Kp,uu,CSF from animals, not represented by Kp,uu,Brain, or QECF in the human brain [19], using this study as a tool for predicting real values requires the incorporation of modeling or simulations. Furthermore, the viscosity in the medium we used was relatively low compared to that of human blood (0.035–0.055 dyn·s/cm2), making it a significant factor influencing shear stress [45]. This could potentially affect the distribution of the actual drug [46,47]. Moreover, the TEER values were still lower compared to those observed in vivo and the results (>1500 Ω·cm2) obtained using induced pluripotent stem cells (iPSCs) [48,49], although the transport of LY through the paracellular pathway was remarkably low, measuring less than 1%. Despite these constraints, our study offers valuable insights into shear stress in various BBB models using the transwell model. Additionally, the AS can be loaded onto an orbital shaker in multiples, with each AS containing several culture inserts simultaneously. These features make it potentially suitable for HTS.



In conclusion, we established an in vitro BBB model for a permeability assay using hCMEC/D3 cells with a novel AS. We showed that the cell layer integrity was significantly increased using AS with orbital shaking. Based on the results of the junctional protein mRNA analysis, sufficient integrity was achieved for the permeability test. Using this permeability assay, the in vitro AS BBB model distinguished between low- and high-brain-permeability compounds. Therefore, this AS-BBB model may be an effective tool in the HTS of CNS-drug candidates.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/pharmaceutics16010048/s1, Table S1: The PCR primer sequences; Table S2: The LC-MS/MS condition 1; Table S3: The LCMS/MS condition 2.





Author Contributions


Conceptualization, J.K. and H.J.C.; methodology, S.-A.S. and C.S.L.; formal analysis, J.K.; investigation, J.K. and S.-A.S.; resources, C.S.L. and H.J.C.; data curation, J.K. and S.-A.S.; writing—original draft preparation, J.K.; writing—review and editing, C.S.L. and H.J.C.; visualization, J.K.; supervision, C.S.L. and H.J.C.; project administration, H.J.C.; funding acquisition, H.J.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the National Research Foundation of Korea (NRF) grant funded by the Korea government (MSIT, the Ministry of Science and ICT), grant no. 2021R1F1A1054807 and 2021R1A5A8029490.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article and supplementary materials.




Acknowledgments


The authors would like to thank Naveed Ur Rehman for his assistance in preparing the paper.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of the data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Take, C. 20% Longer to Develop and to Approve vs. Non-CNS Drugs. Tufts CSDD Impact Rep. 2018, 20, 5–8. [Google Scholar]

	



Wu, D.; Chen, Q.; Chen, X.; Han, F.; Chen, Z.; Wang, Y. The blood-brain barrier: Structure, regulation, and drug delivery. Signal Transduct. Target. Ther. 2023, 8, 217. [Google Scholar] [CrossRef] [PubMed]

	



Van Norman, G.A. Limitations of Animal Studies for Predicting Toxicity in Clinical Trials: Part 2: Potential Alternatives to the Use of Animals in Preclinical Trials. JACC Basic Transl. Sci. 2020, 5, 387–397. [Google Scholar] [CrossRef] [PubMed]

	



Dowden, H.; Munro, J. Trends in clinical success rates and therapeutic focus. Nat. Rev. Drug Discov. 2019, 18, 495–496. [Google Scholar] [CrossRef]

	



Sharma, A.; Fernandes, D.C.; Reis, R.L.; Golubczyk, D.; Neumann, S.; Lukomska, B.; Janowski, M.; Kortylewski, M.; Walczak, P.; Oliveira, J.M.; et al. Cutting-edge advances in modeling the blood-brain barrier and tools for its reversible permeabilization for enhanced drug delivery into the brain. Cell Biosci. 2023, 13, 137. [Google Scholar] [CrossRef]

	



Chaulagain, B.; Gothwal, A.; Lamptey, R.N.L.; Trivedi, R.; Mahanta, A.K.; Layek, B.; Singh, J. Experimental Models of In Vitro Blood-Brain Barrier for CNS Drug Delivery: An Evolutionary Perspective. Int. J. Mol. Sci. 2023, 24, 2710. [Google Scholar] [CrossRef]

	



Shah, B.; Dong, X. Current Status of In vitro Models of the Blood-brain Barrier. Curr. Drug Deliv. 2022, 19, 1034–1046. [Google Scholar] [CrossRef]

	



Perez-Lopez, A.; Torres-Suarez, A.I.; Martin-Sabroso, C.; Aparicio-Blanco, J. An overview of in vitro 3D models of the blood-brain barrier as a tool to predict the in vivo permeability of nanomedicines. Adv. Drug Deliv. Rev. 2023, 196, 114816. [Google Scholar] [CrossRef]

	



Hajal, C.; Offeddu, G.S.; Shin, Y.; Zhang, S.; Morozova, O.; Hickman, D.; Knutson, C.G.; Kamm, R.D. Engineered human blood-brain barrier microfluidic model for vascular permeability analyses. Nat. Protoc. 2022, 17, 95–128. [Google Scholar] [CrossRef]

	



Kurosawa, T.; Sako, D.; Tega, Y.; Debori, Y.; Tomihara, Y.; Aoyama, K.; Kubo, Y.; Amano, N.; Deguchi, Y. Construction and Functional Evaluation of a Three-Dimensional Blood-Brain Barrier Model Equipped with Human Induced Pluripotent Stem Cell-Derived Brain Microvascular Endothelial Cells. Pharm. Res. 2022, 39, 1535–1547. [Google Scholar] [CrossRef]

	



Bagchi, S.; Chhibber, T.; Lahooti, B.; Verma, A.; Borse, V.; Jayant, R.D. In-vitro blood-brain barrier models for drug screening and permeation studies: An overview. Drug Des. Dev. Ther. 2019, 13, 3591–3605. [Google Scholar] [CrossRef] [PubMed]

	



Sivandzade, F.; Cucullo, L. In-vitro blood-brain barrier modeling: A review of modern and fast-advancing technologies. J. Cereb. Blood Flow Metab. 2018, 38, 1667–1681. [Google Scholar] [CrossRef] [PubMed]

	



Prashanth, A.; Donaghy, H.; Stoner, S.P.; Hudson, A.L.; Wheeler, H.R.; Diakos, C.I.; Howell, V.M.; Grau, G.E.; McKelvey, K.J. Are In Vitro Human Blood-Brain-Tumor-Barriers Suitable Replacements for In Vivo Models of Brain Permeability for Novel Therapeutics? Cancers 2021, 13, 955. [Google Scholar] [CrossRef] [PubMed]

	



Jagtiani, E.; Yeolekar, M.; Naik, S.; Patravale, V. In vitro blood brain barrier models: An overview. J. Control Release 2022, 343, 13–30. [Google Scholar] [CrossRef] [PubMed]

	



Roux, E.; Bougaran, P.; Dufourcq, P.; Couffinhal, T. Fluid Shear Stress Sensing by the Endothelial Layer. Front. Physiol. 2020, 11, 861. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.S.; Haga, J.H.; Chien, S. Molecular basis of the effects of shear stress on vascular endothelial cells. J. Biomech. 2005, 38, 1949–1971. [Google Scholar] [CrossRef] [PubMed]

	



Stone, N.L.; England, T.J.; O’Sullivan, S.E. A Novel Transwell Blood Brain Barrier Model Using Primary Human Cells. Front. Cell. Neurosci. 2019, 13, 230. [Google Scholar] [CrossRef] [PubMed]

	



Sigma-Aldrich, LLC. Technical Bulletin (Caco-2 Wild Type Cell Line, MTOX1000P24). Available online: https://www.sigmaaldrich.com/deepweb/assets/sigmaaldrich/product/documents/305/116/mtox1000p24bul.pdf (accessed on 27 November 2023).

	



Ito, R.; Morio, H.; Baba, T.; Sakaguchi, Y.; Wakayama, N.; Isogai, R.; Yamaura, Y.; Komori, T.; Furihata, T. In Vitro-In Vivo Correlation of Blood-Brain Barrier Permeability of Drugs: A Feasibility Study towards Development of Prediction Methods for Brain Drug Concentration in Humans. Pharm. Res. 2022, 39, 1575–1586. [Google Scholar] [CrossRef]

	



Li, N.; Sui, Z.; Liu, Y.; Wang, D.; Ge, G.; Yang, L. A fast screening model for drug permeability assessment based on native small intestinal extracellular matrix. RSC Adv. 2018, 8, 34514–34524. [Google Scholar] [CrossRef]

	



Cai, B.; Miao, Y.; Liu, Y.; Xu, X.; Guan, S.; Wu, J.; Liu, Y. Nuclear multidrug-resistance related protein 1 contributes to multidrug-resistance of mucoepidermoid carcinoma mainly via regulating multidrug-resistance protein 1: A human mucoepidermoid carcinoma cells model and Spearman’s rank correlation analysis. PLoS ONE 2013, 8, e69611. [Google Scholar] [CrossRef]

	



White, L.A.; Stevenson, E.V.; Yun, J.W.; Eshaq, R.; Harris, N.R.; Mills, D.K.; Minagar, A.; Couraud, P.O.; Alexander, J.S. The Assembly and Application of ‘Shear Rings’: A Novel Endothelial Model for Orbital, Unidirectional and Periodic Fluid Flow and Shear Stress. J. Vis. Exp. 2016, 116, e54632. [Google Scholar] [CrossRef]

	



Driessen, R.; Zhao, F.; Hofmann, S.; Bouten, C.; Sahlgren, C.; Stassen, O. Computational Characterization of the Dish-in-a-Dish, a High Yield Culture Platform for Endothelial Shear Stress Studies on the Orbital Shaker. Micromachines 2020, 11, 552. [Google Scholar] [CrossRef] [PubMed]

	



Wong, A.D.; Ye, M.; Levy, A.F.; Rothstein, J.D.; Bergles, D.E.; Searson, P.C. The blood-brain barrier: An engineering perspective. Front. Neuroeng. 2013, 6, 7. [Google Scholar] [CrossRef] [PubMed]

	



Garcia-Polite, F.; Martorell, J.; Del Rey-Puech, P.; Melgar-Lesmes, P.; O’Brien, C.C.; Roquer, J.; Ois, A.; Principe, A.; Edelman, E.R.; Balcells, M. Pulsatility and high shear stress deteriorate barrier phenotype in brain microvascular endothelium. J. Cereb. Blood Flow Metab. 2017, 37, 2614–2625. [Google Scholar] [CrossRef] [PubMed]

	



Ferruzza, S.; Rossi, C.; Sambuy, Y.; Scarino, M.L. Serum-reduced and serum-free media for differentiation of Caco-2 cells. ALTEX 2013, 30, 159–168. [Google Scholar] [CrossRef] [PubMed]

	



Jumarie, C.; Malo, C. Caco-2 cells cultured in serum-free medium as a model for the study of enterocytic differentiation in vitro. J. Cell. Physiol. 1991, 149, 24–33. [Google Scholar] [CrossRef]

	



Greene, C.; Hanley, N.; Campbell, M. Claudin-5: Gatekeeper of neurological function. Fluids Barriers CNS 2019, 16, 3. [Google Scholar] [CrossRef]

	



Saleh, M.A.A.; Bloemberg, J.S.; Elassaiss-Schaap, J.; de Lange, E.C.M. Drug Distribution in Brain and Cerebrospinal Fluids in Relation to IC(50) Values in Aging and Alzheimer’s Disease, Using the Physiologically Based LeiCNS-PK3.0 Model. Pharm. Res. 2022, 39, 1303–1319. [Google Scholar] [CrossRef]

	



Kodaira, H.; Kusuhara, H.; Fujita, T.; Ushiki, J.; Fuse, E.; Sugiyama, Y. Quantitative evaluation of the impact of active efflux by p-glycoprotein and breast cancer resistance protein at the blood-brain barrier on the predictability of the unbound concentrations of drugs in the brain using cerebrospinal fluid concentration as a surrogate. J. Pharmacol. Exp. Ther. 2011, 339, 935–944. [Google Scholar] [CrossRef]

	



Sato, S.; Matsumiya, K.; Tohyama, K.; Kosugi, Y. Translational CNS Steady-State Drug Disposition Model in Rats, Monkeys, and Humans for Quantitative Prediction of Brain-to-Plasma and Cerebrospinal Fluid-to-Plasma Unbound Concentration Ratios. AAPS J. 2021, 23, 81. [Google Scholar] [CrossRef]

	



Zhao, R.; Kalvass, J.C.; Yanni, S.B.; Bridges, A.S.; Pollack, G.M. Fexofenadine brain exposure and the influence of blood-brain barrier P-glycoprotein after fexofenadine and terfenadine administration. Drug Metab. Dispos. 2009, 37, 529–535. [Google Scholar] [CrossRef]

	



de Lange, E.C. Utility of CSF in translational neuroscience. J. Pharmacokinet. Pharmacodyn. 2013, 40, 315–326. [Google Scholar] [CrossRef] [PubMed]

	



Balzer, V.; Poc, P.; Puris, E.; Martin, S.; Aliasgari, M.; Auriola, S.; Fricker, G. Re-evaluation of the hCMEC/D3 based in vitro BBB model for ABC transporter studies. Eur. J. Pharm. Biopharm. 2022, 173, 12–21. [Google Scholar] [CrossRef]

	



dela Paz, N.G.; Walshe, T.E.; Leach, L.L.; Saint-Geniez, M.; D’Amore, P.A. Role of shear-stress-induced VEGF expression in endothelial cell survival. J. Cell Sci. 2012, 125, 831–843. [Google Scholar] [CrossRef] [PubMed]

	



Dardik, A.; Chen, L.; Frattini, J.; Asada, H.; Aziz, F.; Kudo, F.A.; Sumpio, B.E. Differential effects of orbital and laminar shear stress on endothelial cells. J. Vasc. Surg. 2005, 41, 869–880. [Google Scholar] [CrossRef] [PubMed]

	



Czupalla, C.J.; Liebner, S.; Devraj, K. In vitro models of the blood-brain barrier. Methods Mol. Biol. 2014, 1135, 415–437. [Google Scholar] [CrossRef]

	



Eigenmann, D.E.; Xue, G.; Kim, K.S.; Moses, A.V.; Hamburger, M.; Oufir, M. Comparative study of four immortalized human brain capillary endothelial cell lines, hCMEC/D3, hBMEC, TY10, and BB19, and optimization of culture conditions, for an in vitro blood-brain barrier model for drug permeability studies. Fluids Barriers CNS 2013, 10, 33. [Google Scholar] [CrossRef] [PubMed]

	



Hinkel, S.; Mattern, K.; Dietzel, A.; Reichl, S.; Muller-Goymann, C.C. Parametric investigation of static and dynamic cell culture conditions and their impact on hCMEC/D3 barrier properties. Int. J. Pharm. 2019, 566, 434–444. [Google Scholar] [CrossRef]

	



Beibetaner, N.; Mattern, K.; Dietzel, A.; Reichl, S. DynaMiTES—A dynamic cell culture platform for in vitro drug testing PART 2—Ocular DynaMiTES for drug absorption studies of the anterior eye. Eur. J. Pharm. Biopharm. 2018, 126, 166–176. [Google Scholar] [CrossRef]

	



Vestweber, D. VE-cadherin: The major endothelial adhesion molecule controlling cellular junctions and blood vessel formation. Arterioscler. Thromb. Vasc. Biol. 2008, 28, 223–232. [Google Scholar] [CrossRef]

	



Abbott, N.J.; Patabendige, A.A.; Dolman, D.E.; Yusof, S.R.; Begley, D.J. Structure and function of the blood-brain barrier. Neurobiol. Dis. 2010, 37, 13–25. [Google Scholar] [CrossRef] [PubMed]

	



Begley, D.J. ABC transporters and the blood-brain barrier. Curr. Pharm. Des. 2004, 10, 1295–1312. [Google Scholar] [CrossRef] [PubMed]

	



Dauchy, S.; Dutheil, F.; Weaver, R.J.; Chassoux, F.; Daumas-Duport, C.; Couraud, P.O.; Scherrmann, J.M.; De Waziers, I.; Decleves, X. ABC transporters, cytochromes P450 and their main transcription factors: Expression at the human blood-brain barrier. J. Neurochem. 2008, 107, 1518–1528. [Google Scholar] [CrossRef] [PubMed]

	



Nader, E.; Skinner, S.; Romana, M.; Fort, R.; Lemonne, N.; Guillot, N.; Gauthier, A.; Antoine-Jonville, S.; Renoux, C.; Hardy-Dessources, M.D.; et al. Blood Rheology: Key Parameters, Impact on Blood Flow, Role in Sickle Cell Disease and Effects of Exercise. Front. Physiol. 2019, 10, 1329. [Google Scholar] [CrossRef] [PubMed]

	



Poon, C. Measuring the density and viscosity of culture media for optimized computational fluid dynamics analysis of in vitro devices. J. Mech. Behav. Biomed. Mater. 2022, 126, 105024. [Google Scholar] [CrossRef] [PubMed]

	



Brust, M.; Schaefer, C.; Doerr, R.; Pan, L.; Garcia, M.; Arratia, P.E.; Wagner, C. Rheology of human blood plasma: Viscoelastic versus Newtonian behavior. Phys. Rev. Lett. 2013, 110, 078305. [Google Scholar] [CrossRef]

	



Kurosawa, T.; Tega, Y.; Higuchi, K.; Yamaguchi, T.; Nakakura, T.; Mochizuki, T.; Kusuhara, H.; Kawabata, K.; Deguchi, Y. Expression and Functional Characterization of Drug Transporters in Brain Microvascular Endothelial Cells Derived from Human Induced Pluripotent Stem Cells. Mol. Pharm. 2018, 15, 5546–5555. [Google Scholar] [CrossRef]

	



Ribecco-Lutkiewicz, M.; Sodja, C.; Haukenfrers, J.; Haqqani, A.S.; Ly, D.; Zachar, P.; Baumann, E.; Ball, M.; Huang, J.; Rukhlova, M.; et al. A novel human induced pluripotent stem cell blood-brain barrier model: Applicability to study antibody-triggered receptor-mediated transcytosis. Sci. Rep. 2018, 8, 1873. [Google Scholar] [CrossRef]








[image: Pharmaceutics 16 00048 g001] 





Figure 1. A detailed schematic illustration of (a) the annular shaking dish (AS) and (b) the culture protocol for the AS BBB model. 
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Figure 2. The optimization of the BBB 24-transwell model using the trans-endothelial electrical resistance (TEER) value and %lucifer yellow (LY) diffusion. (a,b) Effect of the co-culture method on the TEER value and %LY diffusion. (c,d) Influence of orbital shaking at 150 rpm on the TEER value and %LY diffusion. (e,f) Effect of the pore size of the culture inserts on the TEER value and %LY diffusion. Each value represents the mean ± standard deviation (n = 3). *, p < 0.05, **, p < 0.01. 
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Figure 3. The annular shaking dish (AS) size effect on the (a) trans-endothelial electrical resistance (TEER), (b) %lucifer yellow (LY) diffusion, and (c) rhodamine 123 (P-gp substrate) efflux ratio. Each bar represents the standard deviation (n = 3). **, p < 0.01, ***, p < 0.001 vs. 24 well, ##, p < 0.01, ###, p < 0.001 vs. 10 cm. 
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Figure 4. The FBS and ITS effect on the (a) trans-endothelial electrical resistance (TEER) value, (b) %lucifer yellow (LY) diffusion, and (c) rhodamine123 (P-gp substrate) efflux ratio. Each bar represents the standard deviation (n = 3). *, p < 0.05, ***, p < 0.001 vs. 0% FBS, #, p < 0.05, ###, p < 0.001 vs. 5% FBS + ITS, †, p < 0.05, †††, p < 0.001 vs. 5% FBS. 
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Figure 5. The mRNA expression levels of CLDN5 (a), OCLN (b), and CDH5 (c) with the annular shaking dish (AS) model and mono-static model (Control) using quantitative real-time PCR. Each value is the mean value normalized with GAPDH. Bars represent the standard deviation (n = 3). ***, p < 0.001. 
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Figure 6. Efflux ratios for (a) rhodamine 123 and (b) dantrolene were determined with and without inhibitors, where 10 μM cyclosporin and 1 μM Ko143 were employed as P-gp and BCRP inhibitors, respectively. Bars represent the standard deviation (n = 3). *, p < 0.05, ***, p < 0.001. 
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Figure 7. (a) The mean measured Blood-Brain barrier (BBB) permeability (Papp, AP to BL) of various drugs using an in vitro AS BBB model. The used concentrations were 10 μM for rhodamine 123, 1 mg/mL for FITC-dextran, and 20 μM for the other drugs. Bars represent the standard deviation (n = 3). (b) The comparison between the in vitro Papp value and in vivo Kp,uu,CSF values [29,30,31,32] from different species including rat, mouse, monkey, and human. Each value represents the mean value. The in vivo Kp,uu,CSF values for the following symbols were obtained from other studies: * [31], # [29], † [30], ‡ [32]. 
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Table 1. The Papp values and in vivo Kp,uu,CSF of the compounds used. The measured Papp value represents the mean ± standard deviation (n = 3). The Papp values were measured from an in vitro AS BBB model, and in vivo Kp,uu,CSF values were obtained from the literature [29,30,31,32].
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	Compounds
	Papp (×10−6 cm/s)
	Kp,uu,CSF





	Donepezil
	41.6 ± 7.0
	1.8 (human) 1



	Midazolam
	41.5 ± 2.8
	1.35 (rat) 2



	Carbamazepine
	29.0 ± 4.4
	0.979 (monkey) 3



	Propranolol
	24.6 ± 4.5
	0.42 (human) 3



	Phenytoin
	21.8 ± 1.2
	0.396 (rat) 3



	Metoprolol
	18.1 ± 0.28
	0.93 (human) 3



	Naproxen
	12.3 ± 1.4
	N/A



	Sulpiride
	10.2 ± 0.82
	0.049 (rat) 2



	Atenolol
	7.6 ± 0.54
	0.331 (monkey) 3



	Dantrolene
	7.1 ± 3.7
	0.22 (monkey) 3



	Fexofenadine
	3.5 ± 0.32
	0.0012 (mouse) 4



	Rhodamine123
	0.67 ± 0.14
	N/A



	FITC-dextran 4 kDa
	0.70 ± 0.15
	N/A



	FITC-dextran 40 kDa
	0.23 ± 0.062
	N/A







Kp,uu,CSF: unbound plasma-cerebrospinal fluid (CSF) partition coefficient. N/A: not available. 1 [29], 2 [30], 3 [31], 4 [32]. The data were calculated, wherein the provided ratios of the total concentration in plasma to cerebrospinal fluid and unbound fractions were multiplied to obtain the final values.
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