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ABSTRACT 

P-glycoprotein (P-gp) is a major blood–brain barrier (BBB) efflux transporter. In vitro 

approaches, including bi-directional efflux ratio (ER), are used to measure P-gp-mediated 

transport, but findings can be inconsistent across models. We propose a novel, more 

physiologically relevant, in vitro model: uni-directional apical efflux ratio (AP-ER) — a ratio of 

permeability rates at the apical side of the BBB with and without P-gp inhibitor. To test our 

approach, ER and AP-ER were calculated for 3227 structurally diverse compounds in 

porcine kidney epithelial cells (LLC-PK1) overexpressing human or mouse P-gp, and 

classified based on their passive transcellular P-gp permeability or charged properties. In 

vivo rat infusion studies were performed for selected compounds with high ER but low AP-

ER. One-third of the 3227 compounds had bi-directional ER that was much higher than AP-

ER; very few had AP-ER higher than ER. Compounds with a large difference between AP-

ER and ER were typically basic compounds with low-to-medium passive permeability and 

high lipophilicity and/or amphiphilicity, leading to strong membrane binding. Outcomes in the 

human model were similar to those in mice, suggesting AP-ER/ER ratios may be conserved 

for at least two species. AP-ER predicted measured cerebrospinal fluid (CSF) concentration 

better than ER for the five compounds tested in our in vivo rat infusion studies. We report 

superior estimations of the CSF concentrations of the compounds when based on less 

resource-intensive AP-ER versus classical ER. Better understanding of the properties 

leading to high P-gp-mediated efflux in vivo could support more efficient brain-penetrant 

compound screening and optimization.  
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SIGNIFICANCE STATEMENT 

To address inconsistencies associated with the historical, bi-directional efflux ratio (ER) 

calculation of P-glycoprotein-mediated transport, we propose to use the novel, more 

physiologically relevant, uni-directional apical efflux ratio (AP-ER) model. In vitro 

experiments suggested that compounds with strong membrane binding showed the largest 

difference between AP-ER and ER, and in vivo infusion studies showed that AP-ER 

predicted cerebrospinal fluid concentrations of compounds better than ER; outcomes in the 

human model were similar to those in mice. 
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Introduction  

Since the discovery of the relevance of P-glycoprotein (P-gp) as an efflux transporter 

at the blood–brain barrier (BBB) (Schinkel et al., 1995), several other promiscuous efflux 

transporters, which transport compounds from the brain back into the plasma, have been 

identified (Giacomini et al., 2018). It is very interesting to note, however, that after almost 25 

years of research in this area, P-gp remains among the most relevant of the transporters 

acting on the distribution of various xenobiotics at the BBB (De Lange et al., 2018).  

Preclinical animal models, in particular rodents, are routinely used in drug discovery 

to study the impact of P-gp on BBB penetration. However, such studies require complex 

surgical techniques (i.e., for cerebrospinal fluid [CSF] sampling), and the collection of brain 

tissue means that large numbers of animals need to be sacrificed. Recently, positron 

emission tomography (PET)-based techniques have been proposed as a way to follow the 

kinetics of P-gp substrates in vivo in rodents, non-human primates and humans (Bankstahl 

et al., 2008; Schou et al., 2015; Pottier et al., 2016; Tournier et al., 2019). PET imaging 

techniques are, however, very costly, and are thus reserved for the assessment of target 

occupancy in non-human primates for advancing clinical candidate drugs. There is, 

therefore, a clear need for robust in vitro P-gp models that are predictive of the in vivo 

situation and can be applied at an early discovery stage. Whilst a multitude of vesicle and 

cell-based systems are available to assess P-gp transport (Litman et al., 1997; Eytan et al., 

1997; Landwojtowicz et al., 2002; Schwab et al., 2003; Brouwer et al., 2013), in vitro to in 

vivo translation remains a significant challenge (Hammarlund-Udenaes et al., 2008). Indeed, 

results from such different models often lack consistency, and are not readily extrapolated 

(Saaby et al., 2017).  

 The method most widely used in the pharmaceutical industry and that is recognized 

by the regulatory authorities to assess P-gp in vitro is the bi-directional transport model, 

which consists of polarized cell monolayer cultures expressing P-gp (e.g., the porcine kidney 

epithelial cell line [LLC-PK1], Madin-Darby canine kidney cell line [MDCK] or the human 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 7, 2020 as DOI: 10.1124/jpet.120.000158

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


7 
 

epithelial colon adenocarcinoma cell line, Caco-2) cultured on permeable filters. Asymmetry 

in the apparent permeability (Papp) of a compound across these cell monolayers is used to 

define the presence of efflux transport of a compound. Papp reflects the rate by which a 

compound penetrates a defined surface area; hence, Papp
B→A is the Papp in the basolateral-to-

apical (BA) direction, while Papp
A→B is the Papp in the apical-to-basolateral (AB) direction. 

The bi-directional efflux ratio (ER) of Papp
B→A over Papp

A→B, which cancels out the contribution of 

passive permeability, yields a measure of P-gp transport activity for the compound of 

interest.  

ER has been used in numerous publications to optimize compounds against P-gp-

mediated efflux (Desai et al., 2013). Analysis of marketed drugs revealed that compounds 

targeting the central nervous system (CNS) generally display ERs < 3 thus providing a 

categorization of brain-penetrant compounds based on measured ER (Kikuchi et al., 2013; 

Poirier et al., 2014). Indeed, the ER parameter has been used to successfully establish a 

quantitative relationship between the free plasma concentration and the measured CSF 

concentration ratio in rodents and non-rodents for compounds with good passive 

permeability (Ohe et al., 2003; Tang et al., 2009; Caruso et al., 2013). Accordingly, during 

drug discovery screening, compounds with ER > 3 are usually considered unlikely to 

sufficiently reach the brain (i.e., they would be predicted to have low CSF exposures), and 

are therefore discarded. However, in this study, we will show that a number of compounds 

with very high ERs (> 10) readily reach the CSF in rats in vivo at pharmacologically relevant 

concentrations. To address this discrepancy, we propose a new in vitro methodology, 

termed the apical efflux ratio (AP-ER), which identifies these brain-penetrant compounds 

and leads to improved correlation between measured CSF in vivo and free plasma 

concentration at steady state. Finally, we present results of compartmental modeling that 

helps to determine whether high ERs are due to low passive permeability of the compound 

or a high P-gp-mediated transport rate.  
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Material and Methods 

Theoretical Section 

A three-compartment kinetic model to describe transport across cell monolayers 

Transport across cell monolayers can be described by a three-compartment model 

as shown schematically in Fig. 1. P-gp is located at the apical membrane of the cellular 

monolayer where it transports compounds back into the apical compartment (blood); a 

“vacuum cleaner” model has been proposed to describe this P-gp-mediated efflux of 

compounds at the BBB. In this model, the membrane-bound compound is recognized by P-

gp and expelled back to the apical compartment (Higgins and Gottesmann, 1992); various 

studies have since confirmed this hypothesis (Shapiro and Ling, 1997; Pleban et al., 2005).  

All the equations described in this section are listed in Supplemental Table S1. 

ER is calculated by dividing Papp
B→A, obtained from dosing the compound into the basolateral 

compartment (interstitial side of the brain), by Papp
A→B, where the same compound at the same 

concentration and pH is dosed into the apical compartment (e.g., for the BBB) (equation 1). 

ER =
Papp

B→A

Papp
A→B

 (1) 

Papp rates can be obtained from the three-compartment model as depicted in Fig. 1. Papp
A→B is 

described by a time-dependent change of compound concentration in the basolateral 

compartment B (dB/dt) with the compound being added to the apical side (equation 2): 

Papp
A→B =  

V

S ∙ C0
∙

dB

dt
 (2) 

where S refers to the surface area (cm2) available for permeability, C0 defines the initial 

substrate concentration in the donor compartment and V is the volume of the receiver 

compartment. 
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Similarly, Papp
B→A is described by a time-dependent change in the compound concentration in 

the apical compartment A (dA/dt) with the test compound being added to the basolateral side 

(equation 3). 

Papp
B→A =  

V

S ∙ C0
∙

dA

dt
 (3) 

The compound flux rates in and out of each compartment can be described by three 

differential equations (equations 4, 5 and 6). 

V
dA

dt
= (−PAcA + PAcC + PP–gpcC)S      (4) 

V
dC

dt
= (PAcA − PAcC − PP–gpcC − PBcC + PBcB)S      (5) 

V
dB

dt
= (−PBcB + PBcC)S    (6) 

In these equations, dA/dt, dC/dt and dB/dt represent the rate of change in the apical, 

cellular and basolateral compartments, respectively. PA and PB represent the passive 

permeability at the apical and basolateral site respectively and cA, cB and cC are referring to 

substrate concentration in the apical, basolateral and cellular compartment, respectively. PP-

gp defines the permeability attributed to the active transport of a compound to the apical 

compartment at either of the three binding sites; two are assumed to be between the middle 

and outer leaflet of the apical membrane and the third postulated binding site is close to the 

inner leaflet of the apical membrane (Wise, 2012). Although the P-gp binding sites are 

located within the cellular membrane, we assume that P-gp mainly affects the compound 

concentration in the apical and cellular compartments. 

At “quasi” steady state conditions (dC/dt = 0) the concentration in the cellular compartment 

(cc) can be derived from equation 5, to give equation 7. 

cc =
PAcA + PBcB

PA + PB + PP–gp
            (7) 
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As a result, Papp
A→B is obtained by a combination of equations 2, 6 and 7 assuming that c0 ~cA 

and cB ~0 under the initial conditions (equation 8). 

Papp
A→B =

PA ∙ PB

PA + PB + PP–gp
      (8) 

Similarly, Papp
B→A is calculated by combining equations 3, 4 and 7, with c0 ~cB and cA~0 

(equation 9). 

Papp
B→A =

(PA + PP–gp) ∙ PB

PA + PB + PP–gp
        (9) 

Combining equations 1, 8 and 9, the ER is defined by passive (PA, PB) and active (PP-gp) 

transport permeability rates (equation 10). 

ER =
PA + PP–gp

PA
        (10) 

An alternative approach is to calculate the AP-ER, which depends on the permeability rates 

where the compound is applied from the apical compartment only with P-gp inhibitor 

(Papp
A→B (+I)) and without P-gp inhibitor (Papp

A→B) at the apical site (equation 11). 

AP_ER =
Papp

A→B(+I)

Papp
A→B

       (11) 

The apparent permeability with P-gp inhibitor can, therefore, be obtained from equation 8 

with PP-gp = 0 (equation 12). 

Papp
A→B(+I) =

PA ∙ PB

PA + PB
     (12) 

A combination of equations 11, 12 and 8 defines AP-ER as a combination of permeability 

rates (equation 13). 

AP_ER =
PA + PB + PP–gp

PA+PB
      (13) 

Subsequently, ER (equation 10) and AP-ER (equation 13) can be combined by substituting 

PP-gp which yields equation 14. 
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ER = (
PA + PB

PA
) ∙ AP_ER − (

PB

PA
)   (14) 

If we assume that the passive permeability is the same at the apical and the basolateral 

sides (PA = PB) in equation 14, ER is defined as (equation 15): 

ER = 2AP_ER − 1        (15) 

Similarly, if we assume PA = PB = P in equation 13 we can calculate PP-gp as (equation 16): 

PP–gp = (AP_ER − 1) ∙ 2P     (16) 

Equation 15 defines the conceptual relationship between the classical bi-directional ER and 

the new AP-ER. Equation 16 separates the passive permeability contribution to AP-ER from 

the P-gp-mediated permeability. 

 

Experimental Methods 

In Vitro P-gp Measurements  

Bi-directional permeability and P-gp efflux were measured using LLC-PK1, kindly 

provided by Dr. A. Schinkel (The Netherlands Cancer Institute, Amsterdam, The 

Netherlands). LLC-PK1 cells were selected because they offer the advantage of consistently 

over-expressing human P-gp (allowing for high sensitivity and reproducibility) in a host cell 

line that is not of human origin (i.e., does not express endogenous human efflux 

transporters) (Kuteykin-Teplyakov et al., 2010). Whilst we cannot rule out the potential 

influence of endogenous porcine transporters in LLC-PK1 cells (Miyamoto et al., 2019), it is 

reasonable to expect that this is less of a concern than in more classically used cell lines 

such as Caco-2, which are of human origin and are known to endogenously express multiple 

human transporters at significant levels, including MRP2 and BCRP, in addition to P-gp. 

LLC-PK1 were stably transfected with human or murine P-gp (MDR1, ABCB1), as previously 

described (Poirier et al., 2014). The Papp related to transcellular transport, ER, AP-ER and 
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mean bi-directional passive permeability (Papp (+I)) were calculated for 3227 compounds with 

a large range of biochemical properties (Supplementary Materials).  

Briefly, on day 4 after plating, cell monolayers were evaluated for drug permeability in 

the AB and BA directions using a liquid handling robotic system (Tecan, Maennedorf, 

Switzerland). Unless otherwise stated, test compounds were dosed at 1 µM. Samples were 

collected from triplicate wells of donor and receiver compartments after a 3.5-hour incubation 

in the presence or absence of a P-gp inhibitor (zosuquidar, 1 µM). Drug concentrations were 

measured by high-performance liquid chromatography-tandem mass spectrometry (LC-

MS/MS); recovery values in the range 70–120% were considered acceptable. 

Compounds were categorized according to their passive transcellular permeability in 

the P-gp in vitro assay (Papp
A→B(+I)). Compound permeability was considered to be low when 

Papp
A→B(+I) ≤ 10 nm/s, low-to-medium when 10 nm/s <  Papp

A→B(+I) ≤ 50 nm/s, medium-to-high 

when 50 nm/s < Papp
A→B(+I) ≤ 100 nm/s and high when Papp

A→B(+I) > 100 nm/s.  

Calculation of Molecular Charges 

To classify the compounds according to their charged properties, we calculated the 

pKa value for all compounds with the MoKa software (Miletti et al., 2007) regularly trained 

with in-house compounds. At pH 7.4, compounds that were > 10% positively charged (basic 

pKa > 6.45) were considered basic; compounds with a negative charge > 10% were 

considered acidic (acidic pKa < 8.35); compounds with an acidic pKa < 8.35 and a basic pKa 

> 6.45 were considered ampholytic; and other compounds were considered neutral. From 

the 3227 compounds in the data set, 21% were bases, 9% were acids, 5% were ampholytes 

and 65% were neutral. 

Animal Experiments 

All animal studies were performed in accordance with the Guide for the Care and 

Use of Laboratory Animals as adopted and promulgated by the U.S. National Institutes of 

Health. The experimental preclinical testing protocols were approved by the Institutional 
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Animal Care and Use Committee of the Cantonal Veterinary Office Basel, Switzerland. The 

animal facility was accredited by the Association for Assessment and Accreditation of 

Laboratory Animal Care. 

Plasma Protein Binding Experiments with Rat Plasma  

Plasma protein binding was determined using equilibrium dialysis as described by 

Banker et al. (Banker et al., 2003) and Zamek-Gliszczynski et al. (Zamek-Gliszczynski et al., 

2011). Briefly, dialysis sides of a 96-well high-throughput dialysis block (HTDialysis, Gales 

Ferry, CT, USA) were loaded with 0.15 mL of Søerensen phosphate buffer (pH 7.5). An 

equal volume of plasma spiked with the test compound was added to the sample side of 

each well, and the dialysis unit was sealed with a semi-permeable adhesive cover and 

incubated at 37°C (5% CO2) for 5 hours. At the end of dialysis, plasma and buffer samples 

were retrieved and drug concentrations were quantified using LC-MS/MS. 

In Vivo Infusion Study in Rats with CSF Collection 

To investigate whether ER or AP-ER was more relevant for estimating in vivo CSF 

concentrations, in vivo infusion studies in rats were performed using five compounds; RO1, 

RO2, RO3, RO4 and RO5. For RO1–4, age and weight-matched male Sprague Dawley rats 

(3 rats per time point) received a single intravenous (IV) bolus dose (in hydroxypropyl-γ-

cyclodextrine [HP-γ-CD] and 1-methyl-2-pyrrolidone [NMP] [70:30]) followed by IV infusion of 

the drug dissolved in vehicle (HP-γ-CD:NMP [80:20]). The RO5 compound was dissolved in 

10 mM lactic acid and 5% glucose at pH 5.0 for administration (4 rats per time point). This 

ensured that steady state was reached before CSF samples were taken. Animals were 

sacrificed 4–8 hours after the start of the infusion, and CSF, plasma and brain samples were 

collected. To investigate whether transporters other than P-gp contributed to the active 

efflux, the same rat infusion experiments were repeated with and without the presence of 

tariquidar, a selective P-gp inhibitor. Experiments with the RO5 compound were not 

conducted in the presence of tariquidar, as RO5 steady state takes a long time to reach and 

it was considered that tariquidar infusions would not be tolerated by the animals. A detailed 
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description of experimental design and collection schedule for plasma, CSF and brain 

samples can be found in the Supplementary Materials and Supplemental Table S2. 

Data Analysis 

For the statistical analyses, only group mean and standard deviation (SD) values 

were calculated for all in vitro and in vivo studies. Linear regression calculations were carried 

out in STATISTICA 12.0 (StatSoft, Inc., Tulsa, OK, USA; 2013). 

 

Results 

Calculation of the AP-ER as Uni-Directional Measure for P-gp Substrate Activity 

The most conventional way to determine P-gp-mediated transport activity is by 

measuring bi-directional transport rates (ER; equation 1). Alternatively, AP-ER is calculated 

by using Papp from only one direction (AB) with and without P-gp inhibitor as described in 

equation 11. A compartmental modeling approach was used to mechanistically compare the 

two approaches, as outlined in the theoretical section. If we assume that passive 

permeability at the apical and basolateral sites are approximately identical (PA~PB~P) in 

equation 14, a very simple relationship between the ER and the AP-ER is obtained (equation 

15). 

Fig. 2 shows the correlation between ER and AP-ER values for all compounds with 

multidrug resistance protein (mdr1a) P-gp transport data in our in-house database (3227 

compounds). The black solid line in Fig. 2 depicts the theoretical relationship (equation 15) 

between the ER and AP-ER models: 64% of all compounds were within a 2-fold error margin 

(i.e., had equivalent ER and AP-ER). Interestingly, very few compounds (2%) were located 

below the line (i.e., had an AP-ER higher than ER), and the remaining 34% of compounds 

were above the 2-fold error line (i.e., had ER much higher than AP-ER).  
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Molecular Properties of Compounds with High Bi-Directional ER but Low AP-ER 

Our experiments demonstrated that Papp
A→B(+I), which represents passive 

permeability, and molecular charge both influence correlation between ER and AP-ER. Fig. 

2A presents correlation between ER and AP-ER according to Papp
A→B(+I) values. Generally, 

there was a trend for increased ER versus AP-ER with decreasing passive permeability 

values. In particular, compounds with low, low-to-medium or medium-to-high permeability 

showed a clear trend towards a larger difference between ER and AP-ER compared with 

high-permeability compounds; these compounds represented 35% of the entities with ER 

values more than 2-fold larger than AP-ER values and only 19% of compounds within the 2-

fold error margin. Similar observations were made when considering molecular charge (Fig. 

2B). Compounds with a very large difference between ER and AP-ER (upper left in Fig. 2B) 

were often compounds bearing a positive charge (basic); whereas, on average, compounds 

with a smaller difference between ER and AP-ER were neutral. Among compounds above 

the 2-fold error margin, 28% were basic, 51% were neutral, 11% acidic and 10% amphoteric, 

whereas for compounds within the 2-fold error margin 16% were basic, 74% were neutral, 

7% were acidic and 3% were amphoteric.  

Assessment of the AP-ER with Published CSF Concentrations  

To assess whether ER or AP-ER more accurately describes P-gp efflux properties in 

vivo, we used a previously published quantitative linear relationship for compounds with low 

to medium/high passive permeability (Caruso et al., 2013), which contains the in vivo 

measured CSF concentration in rats with the free plasma concentration (Cu,p). The influence 

of the in vitro ER on the in vivo-determined CSF/Cu,p is depicted in the following equation, 

with a and b being regression coefficients (equation 17). 

CSF

Cu,p
= b + a ∙

1

ER or AP_ER
    (17) 
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From the 34 compounds that were published (Caruso et al., 2013) and where the 

primary data required to calculate ER and AP-ER were available (Supplemental Table S3), 

we derived the statistical parameters presented in Table 1. Our results suggest that in rats 

AP-ER is slightly better suited to describing measured CSF concentration than ER, as 

demonstrated by the higher r2 (0.71 vs 0.76); in addition, the coefficient was close to 1 (a = 

1.04) and b was very small (b = –0.03). 

In Vivo CSF/Cu,p Concentration Ratio of Compounds with High Bi-Directional ER but Low 

AP-ER 

Infusion studies for the five analyzed compounds are summarized in Table 2. 

Comparison between the compartmental models for ER and AP-ER suggests that ER values 

should be approximately two-times higher than AP-ER values (equation 15). However, Fig. 2 

shows that for some compounds, ER can be much higher than two-times AP-ER values. 

Detailed results for one of these compounds, RO1, which had an ER of 23 and AP-ER of 4 

are described in Fig. 3. According to equation 17, an approximately 6-fold higher CSF 

concentration is expected when calculated using AP-ER instead of ER. The measured CSF 

concentration revealed that using AP-ER in equation 17 gives a much better estimation of 

the measured CSF concentration than using ER.  

In the presence of tariquidar (i.e., based on AP-ER), the CSF concentration was 

equal to the free plasma concentration, which suggests that no other efflux or uptake system 

was involved in the disposition of RO1–4. In all rat infusion studies, calculated CSF/Cu,p 

ratios using AP-ER were much closer to the measured CSF/Cu,p ratios than calculated ratios 

using ER (Table 2). 

Discussion 
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Conceptual Difference Between the Uni-Directional AP-ER and the Classical Bi-Directional 

ER 

Efflux values represent a method to assess the ability of compounds to be 

transported by ABC transporters, including P-gp. Since the introduction of efflux values, 

experiments have been performed in a bi-directional transport assay where the contribution 

of active efflux by P-gp is assessed by dividing the apparent permeability from the 

basolateral side with the apparent permeability from the apical side (equation 1; Fig. 4) in 

order to eliminate the contribution from passive permeability. Hence, ER is a descriptor that 

accounts only for the active efflux contribution. Consequently, the contribution of P-gp to ER 

is considered “twice” (reduced Papp
A→B and higher Papp

B→A due to P-gp contribution); therefore, 

ER is higher than AP-ER (for which only the reduced Papp
A→B is taken into account). This is 

reflected in the mathematical relationship between ER and AP-ER (equation 15) where AP-

ER is roughly half of the ER value. This difference is more pronounced for poorly permeable 

compounds, as they are more greatly affected by the active contribution of P-gp (equations 

10 and 13). Although uni-directional measurements similar to AP-ER have been described 

previously (Thiel-Demby et al., 2004; Ohashi et al., 2019) and are able to differentiate strong 

and weak P-gp substrates, these studies also showed correlation between estimates based 

on uni-directional measurements and classical ER, and hence superiority of uni-directional 

measurements over bi-directional models was not described.  

Despite the difference in absolute values, ~60% of the compounds in our in-house 

database show a good correlation between ER and AP-ER. Furthermore, 38% of the 

compounds have ER values more than 2-fold higher than AP-ER values including some that 

have ER values more than 10-fold higher than AP-ER values. In contrast, very few 

compounds (2%) had an AP-ER higher than ER. Closer inspection of molecular properties 

revealed that compounds with a very high difference between AP-ER and ER are very often 

basic compounds with a lower passive permeability (Fig. 2) and a higher lipophilicity and/or 

high amphiphilicity leading to a stronger membrane binding and a lower than normal 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 7, 2020 as DOI: 10.1124/jpet.120.000158

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


18 
 

recovery from the assay (data not shown). In particular, the accumulation in lysosomes 

might have an effect on the permeability (Bednarczyk et al., 2020) and thus also affect ER 

and AP-ER. Depending on whether these ‘atypical’ compounds are dosed from the AB or 

BA direction, their unusual physico-chemical properties may contribute to an asymmetrical 

interaction with P-gp and the cell membrane; in some extreme cases, Papp
A→B will be similar to 

the passive permeability whereas Papp
B→A will be more than 10-times higher (e.g., RO5 in 

Table 2). However, since P-gp is localized at the apical (blood-facing) membrane of 

polarized tissues, dosing in the BA direction is not physiologically relevant to the BBB.  

Alternatively, the difference between AP-ER and ER in this context may be due to a 

very large basolateral-cellular transport in the BA direction leading to artificially high 

concentrations in the cells and, therefore, to greater P-gp-mediated transport than that 

observed in vivo. 

AP-ER is a Superior Parameter to Estimate In Vivo CSF/Cu,p Concentration Ratios in Rats 

CSF concentrations are often assumed to be similar to brain extracellular fluid 

concentrations in vivo and considered the best surrogate for measuring free concentrations 

in brain (Westerhout et al., 2013). Considering the large difference between ER and AP-ER 

for ~40% of compounds from our in-house database, the question arises as to which 

parameter more accurately predicts in vivo brain penetration. A number of publications 

describe good correlation between free plasma concentration normalized by the ER and 

measured CSF concentration in rodents and non-human primates (Ohe et al., 2003; Caruso 

et al., 2013; Tang et al., 2009). Using previously reported rat CSF and free plasma 

concentration values, we reestablished the reported correlations with ER and compared the 

results with those obtained using AP-ER. We show that using AP-ER instead of ER results in 

some improvement in statistical parameters of the linear regression model with the reported 

CSF concentrations in rats. Since this dataset does not contain a compound with a large 

difference between ER and AP-ER, we selected compounds (RO1–5) which had an ER 2.2- 

to 17-fold larger than AP-ER for further investigation. Taking RO1 as an example, according 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 7, 2020 as DOI: 10.1124/jpet.120.000158

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


19 
 

to equation 17, the expected concentration for this compound in rat CSF is about six-times 

higher when using AP-ER versus ER. Experimental results reveal that measured steady 

state CSF concentration is identical with the estimated CSF exposure when using free 

plasma concentration and AP-ER. Conversely, calculated CSF exposure is about six-times 

lower when using ER instead of AP-ER. The four other compounds tested also showed that 

AP-ER predicts measured CSF concentration more accurately than ER. In the presence of 

tariquidar, a selective P-gp inhibitor, we found that the measured CSF concentration is 

comparable to the free plasma concentration, confirming that P-gp is the only involved 

transporter contributing to efflux of these compounds (data not shown).  

Importantly, similar results were achieved in the human model (MDR1 protein; 

Supplemental Figure S1 and Fischer et al., 2020), where AP-ER was more accurate than ER 

in predicting CSF concentration of compounds. This suggests that AP-ER/ER ratios may be 

conserved for at least two species and that the mechanism underlying a larger difference 

between AP-ER and ER is mainly driven by the physico-chemical properties of a compound. 

 

Conclusions 

The novel, more physiologically relevant, uni-directional AP-ER model has previously 

been suggested to predict P-gp-mediated transport of compounds more accurately than the 

classical bi-directional ER model across animal models (Fischer et al., 2020). In rat infusion 

studies, where CSF was taken at a time point at which steady state can be assumed, we 

have demonstrated that CSF estimations based on the AP-ER model are superior to those 

based on ER. Furthermore, we also confirmed this observation, over the past 7 years, in 

numerous single-dose pharmacokinetic experiments in rats and mice where CSF was taken 

1–2 hours after compound administration (data not shown). Although single-point CSF 

measurements after 1–4 hours will not guarantee that steady-state conditions are reached, 

they are a good first estimate of the anticipated brain exposure of compounds, and are 

common practice in the early discovery phase. Importantly, we have recently reported that 
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the superiority of AP-ER over ER is clinically relevant for the TRK and ROS1 inhibitor 

entrectinib (Fischer et al., 2020).  

In this report, we investigated the reasons underlying the discrepancy between the 

ER and AP-ER models using a large range of compounds with different chemical properties. 

Furthermore, we attempted to group our chemical series according to P-gp substrates where 

this disparity could be rationalized based on the influence of passive permeability or the 

direct interaction with P-gp. Our results highlight that the ER model can overestimate the in 

vivo situation in rodents for up to ~40% of compounds and provide valuable insight into the 

physico-chemical properties of compounds for which AP-ER is a much better predictor of 

brain penetration in vivo. This knowledge could allow P-gp in vitro screening processes to be 

adapted to use the less resource intensive AP-ER model instead of the classical ER. It is 

also reasonable to speculate that AP-ER might be a better model than ER to address the 

influence of P-gp in limiting drug absorption in tissues other than the BBB, such as in the 

small intestine after oral administration. Although further work is needed to examine this, AP-

ER has the potential to refine the definition of P-gp substrates at the intestine, which may 

have implications on current guidance from health authorities on drugs interacting with P-gp 

and the associated requirement for drug-drug interaction studies where substrates are 

identified (US Food and Drug Administration, 2020). 

Overall, we believe that these results may not only help to save in vivo and in vitro 

resources, contributing to the Replacement, Reduction and Refinement initiative for animal 

experiments, but also increase our understanding and optimization of the properties and 

structural residues that contribute to high P-gp-mediated efflux of compounds in vivo.  
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Figure legends 

Fig. 1. Three-compartment model describing the diffusion process in polarized cell 

monolayers by passive diffusion (PA, PB) and active transport (PPgp). 

It is assumed that the passive permeability PA and PB in or out of the cellular compartment 

is identical in both directions. Although the binding sites of P-gp substrates (PPgp) are 

located within the membrane it is assumed that P-gp mainly modifies the compound 

concentration in the cellular and apical compartments at “quasi” steady state conditions. 

cA / cB / cC, substrate concentration in the apical / basolateral / cellular compartment; PA / 

PB, passive permeability at the apical/basolateral site; PPgp, permeability at the binding site 

assumed to be between the middle and outer leaflet of the apical membrane; P-gp, P-

glycoprotein. 

Fig. 2. Efflux ratio (ER) versus apical efflux ratio (AP-ER) calculated from the mouse mdr1a 

LLC-PK1 assay results. 

The black line represents results of the compartmental modeling (equation 15) where ER = 

2.AP-ER – 1. Dashed lines represent the 2-fold error lines accounting for experimental 

uncertainty. From the 3227 data obtained, 64% of all compounds fall within the 2-fold error 

margin, 34% are above the 2-fold error line and only 2% are below the lower 2-fold error 

line.  

(A) Colors indicate four Papp
A→B(+I) permeability categories for passive permeability: 

Papp
A→B(+I) ≤ 10 nm/s, low (red); 10 nm/s <  Papp

A→B(+I) ≤ 50 nm/s, low-to-medium (orange); 

50 nm/s < Papp
A→B(+I) ≤ 100 nm/s, medium-to-high (yellow); Papp

A→B(+I) > 100 nm/s and high 

(green).  

(B) Color code indicates the following four groups according to their calculated pKa values: 

neutral (amber), basic (red), acidic (blue) and amphoteric (green). 

AP-ER, apical efflux ratio; ER, efflux ratio; MDR1, multidrug resistance protein 1; Papp
A→B(+I), 

apparent permeability from apical to basolateral site in the presence of an inhibitor. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 7, 2020 as DOI: 10.1124/jpet.120.000158

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


30 
 

Fig. 3. Results of the in vivo rat study after bolus injection followed by an infusion of RO1 for 

6 hours before CSF was taken. 

Values represent the mean concentration with standard deviation from three animals. Blue 

bar: measured CSF concentration. Orange bar: calculated CSF concentration (equation 

17) using the free plasma concentration and the bi-directional efflux ratio (ER=23). Green 

bar: calculated CSF concentration (equation 17) using the free plasma concentration and 

the apical efflux ratio (AP-ER=4). Calculated CSF concentration using the AP-ER is 

identical to the measured CSF concentration showing that AP-ER provides a better 

measure to estimate the in vivo P-gp mediated efflux properties of RO1 in rats. AP-ER, 

apical efflux ratio; CSF, cerebrospinal fluid; P-gp, P-glycoprotein 

Fig. 4. Schematic depiction of the calculation of (A) the classical bi-directional efflux ratio 

(ER), (B) P-gp-mediated transport through the blood–brain barrier and (C) the uni-

directional apical efflux ratio (AP-ER). 

(A) The classic, bi-directional ER model is calculated as a ratio of apparent permeability 

values in the BA and AB directions. (B) In vivo, P-gp is located at the apical side of the 

blood–brain barrier and transports compounds in the AB direction only (uni-directional 

transport). (C) The novel AP-ER model is a ratio of permeability rates with and without a P-

gp inhibitor at the apical site: in the presence of a P-gp inhibitor, the passive BA and 

AB permeability rates are considered equivalent, similar to in vivo conditions.  

AP-ER, apical efflux ratio; BBB, blood–brain barrier; ER, efflux ratio; Papp, apparent 

permeability in the basolateral-to-apical (B→A) direction and in the apical-to-basolateral 

(A→B) direction; Papp (+I), apparent permeability in the presence of an inhibitor; P-gp, P-

glycoprotein. 

Reprinted in colour from a black and white version previously published in Fischer et al., 

Neuro-Oncology 2020. Reprint permission requested from Neuro-Oncology. 
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Tables 

TABLE 1 

Summary of the linear regression analysis of equation 17.  

CSF/Cu,p values were taken from reference (Caruso et al., 2013). Only compounds from 

(Caruso et al., 2013) for which Papp
A→B (+I) and Papp

A→B were available to calculate AP-ER were 

selected. Primary data are available in the supplementary information. 

 

Parameter a (±SE) b (±SE) r
2 n 

ER 0.89±0.10 0.14±0.05 0.71 34 

AP-ER 1.04±0.10 -0.03±0.06 0.76 34 

a and b are regression coefficients. AP-ER, apical efflux ratio; CSF/Cu,p, cerebrospinal fluid 

over free plasma concentration; ER, efflux ratio; Papp, apparent permeability in the 

basolateral-to-apical (B→A) direction and in the apical-to-basolateral (A→B) direction; Papp 

(+I), apparent permeability in the presence of an inhibitor; SE, standard error. 
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TABLE 2  

Comparison between the measured CSF/Cu,p values of a rat infusion study with CSF/Cu,p 

values calculated using equation 17. Infusion studies were performed for the RO1, RO2, 

RO3, RO4 and RO5 compounds. Measured CSF values indicated are mean values for three 

(RO1–4) or four (RO5) animals per group. 

Compound 
Bi-Directional 

ER 

Uni-Directional 

AP-ER 

Measured 

CSF/Cu,p ±SD 

Calculated 

CSF/Cu,p  

Using ER 

Calculated 

CSF/Cu,p 

Using AP-ER 

RO1 23 4 0.30 ±0.10 0.05 0.25 

RO2 5 1 0.59 ±0.14 0.22 1.00 

RO3 25 10 0.24 ±0.03 0.04 0.10 

RO4 22 10 0.12 ±0.02 0.05 0.10 

RO5 26 1.5 0.23 ±0.02 * 0.04 0.67 

*steady state not reached during 6-hour infusion 

AP-ER, apical efflux ratio; CSF/Cu,p, cerebrospinal fluid over free plasma concentration ratio; 

ER, efflux ratio; SD, standard deviation. 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 7, 2020 as DOI: 10.1124/jpet.120.000158

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 7, 2020 as DOI: 10.1124/jpet.120.000158

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 7, 2020 as DOI: 10.1124/jpet.120.000158

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 7, 2020 as DOI: 10.1124/jpet.120.000158

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 7, 2020 as DOI: 10.1124/jpet.120.000158

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


Calculation of an Apical Efflux Ratio from P-glycoprotein (P-gp) In Vitro Transport 

Experiments Shows an Improved Correlation with In Vivo CSF Measurements in Rats - 

Impact on P-gp Screening and Compound Optimization 

Holger Fischer, Claudia Senn, Mohammed Ullah, Carina Cantrill, Franz Schuler, Li Yu 

Journal of Pharmacology and Experimental Therapeutics; JPET-AR-2020-000158 

 ________________________________________________________________________  

Supplemental Data 

Supplemental Table S1. Equation panel 

Equation 

Number 
Equation 

1  

2  

3  

4  

5  

6  

7  

8  



9  

10  

11  

12  

13  

14  

15  

16  

17  

S refers to the surface area available for permeability and C0 defines the initial substrate 

concentration either at the apical or basolateral compartment. 

dC/dt represents the rate of change in the cellular compartment, PA and PB the passive 

permeability at the apical and basolateral sites, respectively, V the volume of either 

compartment, and cA, cB and cC are referring to substrate concentration in the apical, basolateral 

and cellular compartment. PP-gp defines the permeability attributed to the active transport of a 

compound to the apical compartment at either of the three binding sites; two are assumed to be 

between the middle and outer leaflet of the apical membrane and the third postulated binding site 

is close to the inner leaflet of the apical membrane (Wise, 2012). Although the P-gp binding sites 

are located within the cellular membrane, we assume that P-gp mainly affects the compound 

concentration in the apical and cellular compartment. 

 



Characteristics of Tested Compound Database 

For the 3227 compounds tested, the following properties were observed: 

 Efflux ratio: 1–100 

 Partition coefficient (AlogP): -2.32–8.18 

 Molecular weight: 179–1127 g/mol 

 Polar surface area (PSA): 8–264 Å2 

 

Brain Distribution Study Following IV Infusion in Rats

Animals  

Unless otherwise specified, age and weight-matched (300–450 g) lean, male Sprague 

Dawley rats purchased from Charles River Laboratories Inc. were used. Rats were 

individually housed in polycarbonate cages with bedding in a 12-hour light:dark photoperiod 

at 22 ± 2°C, with appropriate environmental enrichment in the cages. Rats had access to 

food and drinking water ad libitum.  

 

Experimental Design Overview 

After an acclimation period of > 7 days, rats were surgically prepared for continuous infusion 

via an indwelling jugular vein cannula. A recovery period of a minimum of 3 days was 

allowed prior to placing the rats on study. Rats (n = 3 per dose group, except for RO5 [n = 

4]) received a single intravenous (IV) bolus dose (slow bolus over ~3 minutes) of the drug 

dissolved in vehicle of hydroxypropyl- -cyclodextrine (HP- -CD]) and 1-methyl-2-pyrrolidone 

(NMP] (70:30; RO1–4) or 10 mM lactic acid and 5% glucose at pH 5.0 (RO5) followed by IV 

infusion (flow rate 0.056 ml/min/kg). Animals were sacrificed 4–6 hours after infusion start, 

and plasma (heart puncture), cerebrospinal fluid (cisterna magna puncture) and brain 

samples were collected. Samples were collected frequently during the infusion period, as 

indicated in Supplemental Table S2. 

  



Supplemental Table S2. Schedule of plasma, CSF and brain samples collection in male 

Sprague Dawley rats treated with RO1–5 

 

Drug IV Bolus Dose 

(mg/kg) 

Infusion Rate 

(mg/min/kg) 

Terminal Sampling 

time (h) 

RO1 0.9 0.0011 6 

RO2 4.5 0.0025 6 

RO3 1.3 0.0011 6 

RO4 1.3 0.0008 6 

RO5    

  Group 1 6 0.032 5 

  Group 2 6 0.032 6 

CSF, cerebrospinal fluid; IV, intravenous 

  



Supplemental Table S3. CSF/Cu,p values used to calculate ER and AP-ER ratios.  

Values were initially reported by (Caruso et al., 2013). Only compounds for which  

and  were available to calculate AP-ER were selected 

Compound CSF/Cu,p ER (mouse) AP-ER (mouse) 
RO_A 1.081947506 0.76 0.88 
RO_B 1.363636364 0.8 0.9 
RO_C 0.789930556 0.93 0.965 
RO_D 1.073229999 1.23 1.115 
RO_E 0.385304659 1.3 1.15 
RO_F 1.101455693 1.56 1.28 
RO_G 0.628342246 2.74 1.87 
RO_H 0.542582418 1.55 1.275 
RO_I 0.969529086 1.72 1.36 
RO_J 0.564079422 2.29 1.645 
RO_K 0.762711864 2.32 1.66 
RO_L 0.528052805 2.65 1.825 
RO_M 0.414507772 2.67 1.835 
RO_N 0.450377562 2.75 1.875 
RO_O 0.522338297 2.27 1.635 
RO_P 0.62088429 3.07 2.035 
RO_Q 0.345927792 3.8 2.4 
RO_R 0.43399353 4.37 2.685 
RO_S 0.237416904 4.86 2.93 
RO_T 0.377446412 5.42 3.21 
RO_U 0.207947741 5.57 3.285 
RO_V 0.14084507 6.16 3.58 
RO_W 0.366568915 6.2 3.6 
RO_X 0.130165231 7.48 4.24 
RO_Y 0.176387776 9.21 5.105 
RO_Z 0.124250681 10.07 5.535 
RO_AA 0.302061123 10.75 5.875 
RO_AB 0.099539884 13.35 7.175 
RO_AC 0.127384287 16.03 8.515 
RO_AD 0.060705496 31.29 16.145 
RO_AE 0.629977951 1.6 1.3 
RO_AF 1.09540636 1.7 1.35 
RO_AG 0.195840682 5 3 
RO_AH 0.101744186 6.21 3.605 
AP-ER, apical efflux ratio; CSF/Cu,p, cerebrospinal fluid / free plasma concentration; ER, 

ffl i



Supplemental Fig. S1 

ER versus AP-ER calculated from the human LLC-PK1 MDR1 assay results. 

 

 

A total of 3552 data points were obtained. The black line represents results of the 

compartmental modeling (equation 15) where ER = 2.AP-ER – 1. Dashed lines represent 

the 2-fold error lines accounting for experimental uncertainty. Colors indicate four  

permeability categories for passive permeability: , low (red); 

, low-to-medium (orange); 

, medium-to-high (yellow);  and high (green).  

AP-ER, apical efflux ratio; ER, efflux ratio; MDR1, multidrug resistance protein 1; , 

apparent permeability from apical to basolateral site in the presence of an inhibitor. 
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