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ABSTRACT

The study objectives were 1) to test the hypothesis that the lack of
P-glycoprotein (P-gp) and the inhibition of breast cancer resistance
protein (Bcrp) at the blood-brain barrier after cassette dosing of potent
P-gp and Bcrp inhibitors were due to low plasma concentrations of
those inhibitors and 2) to examine the effects of P-gp on the unbound
brain (Cyrain) @and cerebrospinal fluid (CSF) concentrations (C, csf) of
P-gp substrates in rats. In vitro inhibition of 11 compounds (amprenavir,
citalopram, digoxin, elacridar, imatinib, Ko143 [(3S,6S,12aS)-
1,2,3,4,6,7,12,12a-octahydro-9-methoxy-6-(2-methylpropyl)-1,
4-dioxopyrazino[1’,2":1,6]pyrido[3,4-b]indole-3-propanoic acid
1,1-dimethylethyl ester], loperamide, prazosin, quinidine, sulfasalazine,
and verapamil) on P-gp and Bcrp was examined in P-gp— and Bcrp-
expressing Madin-Darby canine kidney cells, respectively. An in
vivo study was conducted in wild-type and Mdr1a(—/—) rats after

subcutaneous cassette dosing of the 11 compounds at 1-3 mg/kg,
and the brain, CSF, and plasma concentrations of these compounds
were determined. At the maximal unbound concentrations observed
in rats at 1-3 mg/kg, P-gp and Bcrp were not inhibited by a cassette
of the 11 compounds. For non-P-gp/Bcrp substrates, similar C, prains
Cucsr and unbound plasma concentrations (Cy piasma) Were ob-
served in wild-type and P-gp knockout rats. For P-gp/Bcrp
substrates, Cy prain < Cu,csr < Cuplasma in Wild-type rats, but C, prain
and C,csr increased in the P-gp knockout rats and were within
3-fold of Cy, piasma for six of the seven P-gp substrates. These results
indicate that P-gp and Bcrp inhibition at the blood-brain barrier is
unlikely in cassette dosing and also suggest that P-gp and Bcrp
activity at the blood-CSF barrier is functionally not important in
determination of the CSF concentration for their substrates.

Introduction

The brain is protected by the blood-brain barrier (BBB), which is
formed by the cerebral endothelia and the blood—cerebrospinal fluid
(CSF) barrier (BCSFB), which is formed by the choroid plexus epithelia
(Davson and Segal, 1995). The main mechanisms that limit the delivery
of drugs from blood into the brain are very low paracellular permeability
of the BBB and the multiple drug transporters expressed at the BBB.
Two efflux drug transporters, P-glycoprotein (P-gp/MDR1/ABCB1)
and breast cancer resistance protein (BCRP/ABCG2), are the main
efflux transporters expressed at the luminal side of the BBB, and their
functional importance in limiting brain penetration of their substrates
has been extensively demonstrated (Schinkel et al., 1994; Chen et al.,
2003; Breedveld et al., 2005; Enokizono et al., 2007; Gazzin et al.,
2008; Polli et al., 2009; Zhou et al., 2009; Kodaira et al., 2010; Agarwal
et al., 2011). At the BCSFB, P-gp and BCRP are expressed at the apical
membrane, and the orientation of these transporters indicates influx of
their substrates into the CSF (Rao et al., 1999; Zhuang et al., 2006).

A useful parameter to assess the efficiency of a drug crossing the
BBB is the ratio of unbound brain concentration to unbound plasma

dx.doi.org/10.1124/dmd.113.055590.

concentration (Kp yu brain) (Liu et al., 2008; Hammarlund-Udenaes et al.,
2009). The common method of estimating K, uy prain 18 to determine the
in vivo plasma and brain concentration ratio (K,) and the in vitro
unbound fraction in plasma and brain tissue (Kalvass and Maurer, 2002).
To increase the throughput and reduce resource consumption in
determination of K, we demonstrated in a previous study that cassette
dosing (dosing a mixture of compounds) generated similar K, values to
discrete dosing (dosing an individual compound) for 11 compounds,
namely, amprenavir, citalopram, digoxin, elacridar, imatinib, Ko143
[(35,6S,12a5)-1,2,3,4,6,7,12,12a-octahydro-9-methoxy-6-(2-methylpropyl)-
1,4-dioxopyrazino[1',2":1,6]pyrido[3,4-blindole-3-propanoic acid
1,1-dimethylethyl ester], loperamide, prazosin, quinidine, sulfasalazine,
and verapamil in mice (Liu et al., 2012). The 11 compounds in this
study can be classified into four groups according to our previous
results (Liu et al., 2012): 1) non—P-gp substrate: citalopram; 2) P-gp
substrates: amprenavir, digoxin, loperamide, quinidine, and verapamil;
3) Berp substrates: sulfasalazine; and 4) P-gp/Berp dual substrates
elacridar, imatinib, and prazosin. Quinidine, Ko143, and elacridar are
considered to be a P-gp inhibitor, Berp inhibitor, and P-gp/Berp dual
inhibitor, respectively. These 11 compounds were selected to create
the “worst-case” scenario of potential drug—drug interactions at the

ABBREVIATIONS: AUC, area under the concentration-time curve; BBB, blood-brain barrier; BCRP, human breast cancer resistance protein; Bcrp,
rodent breast cancer resistance protein; BCSFB, blood-cerebrospinal fluid barrier; CSF, cerebrospinal fluid; C,, rain, Unbound brain concentration; C, csr,
unbound CSF concentration; Cy pasma, Unbound plasma concentration; C,, prain/Cu,csr, Unbound brain to cerebrospinal fluid concentration ratio; £, prain,
unbound drug fraction in brain, f,, prain, unbound drug fraction in plasma; KO, knockout; Ko143, (3S,6S,12aS)-1,2,3,4,6,7,12,12a-octahydro-9-methoxy-6-
(2-methylpropyl)-1,4-dioxopyrazino[1’,2":1,6]pyrido[3,4-b]indole-3-propanoic acid 1,1-dimethylethyl ester; K, brain-to-plasma concentration ratio;
Kp,uu,brain, UNbound brain-to-plasma concentration ratio; K, .,csr, Unbound cerebrospinal fluid-to-plasma ratio; LC-MS/MS, liquid chromatography—
tandem mass spectrometry; LLOQ, lower limit of quantitation; MDCK, Madin-Darby canine kidney; P-gp, P-glycoprotein; WT, wild-type.
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BBB as this group of compounds contains known potent P-gp and Berp
inhibitors and typical P-gp and Bcrp substrates. However, no drug-drug
interactions at the BBB were observed in our previous study in mice
when these 11 compounds were dosed in a cassette at 1-3 mg/kg (Liu
et al., 2012). We hypothesized that plasma concentrations generated after
a cassette dosing at 1-3 mg/kg for each compound were too low to
cause any significant drug—drug interactions at the BBB. To test this
hypothesis, we examined the brain penetration in rats for the same
11 compounds dosed as a cassette and discretely and assessed the in
vitro inhibition of P-gp and Berp in P-gp— or Berp-expressing cells.

The CSF is in direct contact with brain tissue, and, therefore, the CSF
is assumed to readily equilibrate with brain interstitial fluid (Meineke
et al., 2002; Shen et al., 2004). CSF drug concentrations have been used
as a common surrogate for unbound brain concentrations in clinical
studies (Bonati et al., 1982; Cherubin et al., 1989; Garver, 1989; Reiter
and Doron, 1996; Ostermann et al., 2004). Nevertheless, the reliability of
using CSF drug concentration as a substitute has been challenged as the
transport direction is different between the BBB and BCSFB for the two
main efflux drug transporters, P-gp and BCRP (Bonati et al., 1982; Rao
et al., 1999; de Lange and Danhof, 2002; Kusuhara and Sugiyama, 2004;
Zhuang et al., 2006; de Lange, 2013; Kalvass et al., 2013). Furthermore,
Gazzin et al. (2008) reported that choroid plexus-associated P-gp content
was less than 0.5% of the level in the cerebral microvessels, indicating
that P-gp efflux is not important at the BCSFB. However, the functional
importance of P-gp and Berp in governing the CSF concentration of their
substrates has not been extensively examined. To examine the effects of
P-gp and Berp efflux on the brain and CSF drug concentrations, we
investigated the CSF and the plasma and unbound brain concentrations
for the 11 compounds in P-gp—competent and P-gp—deficient rats.

Materials and Methods

Chemicals. Citalopram, digoxin, loperamide, prazosin, quinidine, sulfasalazine,
and verapamil were obtained from Sigma-Aldrich (St. Louis, MO). Amprenavir,
amprenavir-D4, elacridar, and imatinib were obtained from Toronto Research
Chemicals, Inc. (North York, ON, Canada). Ko143 was from Enzo Life Sciences,
Inc. (Farmingdale, NY). All chemicals used in the experiments were of the highest
available grade.

Plasma Protein Binding. The unbound fractions in plasma and brain ho-
mogenate for the 11 compounds were determined in a 48-well rapid equilibrium
dialysis device using a dialysis membrane with a molecular weight cutoff value of
8000 Da (Pierce Biotechnology, Rockford, IL). Blank plasma was spiked with the
11 compounds at a final concentration of 5 uM. A total of 300 ul of plasma with
compound was added to the donor side, and 500 ul of buffer was added to the
receiver side. The plate was placed on a rocking platform at 400 rpm with 1-mm
radius agitation for 4 hours at 37°C. A volume of 20 ul each of buffer and plasma
samples were transferred to a 96-well plate, and 20 ul of blank plasma and buffer
was added to the buffer and plasma samples, respectively. Plasma proteins were
precipitated using 65% acetonitrile containing internal standard (0.1 uM
propranolol). Drug concentrations were quantitated by liquid chromatography—
tandem mass spectrometry (LC-MS/MS), and the unbound fraction in plasma (f, )
and unbound fraction in the brain homogenate (f;, homogenate) Were calculated as the
ratio of the buffer concentration versus the plasma concentration.

The unbound fraction in the brain tissue was estimated from the unbound
fractions determined in the brain tissue homogenates using eq. 1 (Kalvass and
Maurer, 2002).

1
1+ (1/f;1,homogenale -

Sup = 1)

1)eD

where f,, , represents the unbound fraction in brain tissue and unbound fraction
in brain homogenate. D is the dilution factor for the brain homogenate.

In Vitro P-gp and Berp Transport Assay. Madin-Darby canine kidney
(MDCK) cells transfected with the human MDRI1 gene (MDR1-MDCK) or
transfected with the mouse Berp gene (Berpl-MDCK) were maintained at 37°C,
95% humidity, and 5% CO, in culture with Eagle’s minimum essential medium
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(0.1% nonessential amino acids, 1 mM sodium pyruvate, 2 mM L-glutamine, 1.5
g/l sodium bicarbonate) supplemented with 10% fetal bovine serum. The MDCKI-
MDRI cell medium was further supplemented with 0.2 uM colchicine to sustain
MDRI1 expression. The monolayers were equilibrated for 30 minutes in transport
buffer (Hanks’ balanced salt solution with 10 mM HEPES, pH 7.4) at 37°C with
5% CO, and 95% humidity before the experiment. Bidirectional transport of
amprenavir (1 uM) in MDR1-MDCK cells and prazosin (1 uM) in Berpl-MDCK
cells was assessed in the presence and absence of the other 10 compounds
individually or as a mixture at approximately the in vivo maximal total and
unbound concentrations in rats. The concentrations of amprenavir and prazosin
were determined by LC-MS/MS, and their apparent permeability (P,,) from the
apical-to-basolateral (A to B) and basolateral-to-apical (B to A) directions was
calculated using eq. 2:

Puppzﬁ'é°%v 2
where dQ/dt is the rate of compound appearance in the receiver compartment,
Cy is the concentration in the donor compartment at time = 0, and A is the
surface area of the insert.

Animal Experiments. Male Sprague-Dawley (wild-type; WT) and Mdrla(—/—)
rats (P-gp knockout; KO) weighing 250-350 g were obtained from Sigma
Advanced Genetic Engineering Laboratories (SAGE, Boyertown, PA). Upon
arrival, the rats were maintained for at least 5 days on a 12-hour light/dark cycle
in a temperature- and humidity-controlled environment with free access to food
and water. Two in vivo studies were conducted in the present study. In Study
#1, the 11 compounds were dosed discretely or as a cassette in the WT rats to
examine the consistency between discrete and cassette dosing. In Study #2, the
11 compounds were dosed as a cassette in WT and P-gp KO mice to investigate
the effects of P-gp transport on brain and CSF drug concentrations. In the
discrete dosing study, rats were administered a single subcutaneous dose (n = 3
per time point) of a single compound or a cassette of the 11 compounds at
1 mg/kg for citalopram, elacridar, imatinib, loperamide, prazosin, and verapamil
and at 3 mg/kg for amprenavir, quinidine, Ko143, digoxin, and sulfasalazine.
Subcutaneous administration was selected as this route allows for dosing either
a solution or a suspension in the drug discovery setting. Each compound was
completely dissolved in 100% N-methyl-2-pyrrolidone and dosed at 1 ml/kg. Rats
were euthanized in a CO, chamber at 0.25, 1, and 3 hour post dose. Whole blood
was collected by cardiac puncture into Microtainer tubes (BD Biosciences, San
Jose, CA) containing heparin and stored on ice until centrifuged for the preparation
of plasma. Approximately 50 ul of each CSF sample was collected via cisterna
magna puncture, mixed with 100 w1 blank plasma to avoid nonspecific binding, and
stored at —20°C before analysis. Whole brains were collected by decapitation,
rinsed in phosphate-buffered saline, weighed, and immediately frozen on dry ice.
All studies were conducted in accordance with approved Genentech Animal Care
and Use Procedures.

Sample Analysis. Standard curves and quality control samples were
prepared by spiking a known amount of a mixture of the 11 compounds into
a blank mixed matrix of rat plasma, brain homogenate, and CSF (1:1:1, v/v/v).
The brain tissue of each rat was homogenized in 4 vol (w/v) of water. A volume
of 25 ul of each plasma sample was mixed with 25 ul of blank brain
homogenate and 25 ul of blank CSF. Likewise, 25 ul of each brain
homogenate sample was mixed with 25 ul of blank plasma and 25 ul of blank
CSF, and 25 ul of each CSF sample was mixed with 25 ul of blank plasma and
25 ul of blank brain homogenate. The resulting 75 ul of samples, 75 ul of
calibration standards, or 75 ul of quality controls were mixed with 15 ul of
internal standard (amprenavir-D4) and 225 ul acetonitrile. After vortexing and
centrifugation at 1500g for 10-15 minutes, 160 ul of supernatant was
transferred to a 96-well plate and diluted with 40 ul water before analysis by
high-performance LC-MS/MS.

Samples were analyzed using two sets of standard curves and two sets
of quality controls in each analytical run. The system consisted of an Accela
pump (Thermo Scientific, Waltham, MA), an HTS-PAL autosampler (Leap
Technologies, Carrboro, NC), and an AB Sciex API 5000 (AB Sciex, Foster
City, CA) mass spectrometer with a turbo ion spray interface. A 20-ul aliquot
of each sample was injected onto a reverse-phase HALO C18 column. The
lower limit of quantitation (LLOQ) for the compounds in the mixed matrix
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TABLE 1 _ AUG, 3
P AUC ®)
Plasma and brain tissue binding (mean = S.D.) p
Compound Juplasma Futrain AUCy fup
- Kp,uuBrain = .le_ (4)
Amprenavir 0.0992 * 0.0112 0.0687 + 0.0131 AUG, fup
Citalopram 0.231 = 0.013 0.0306 = 0.0018
Digoxin 0.284 *+ 0.031 0.159 * 0.004 AUC
Elacridar 5.64E-05 + 2.70E-05 1.50E-05 + 7.15E-06" KpuuCsF = TCCSF-f“’ﬁ (5)
Imatinib 0.0169 = 0.0003 0.0441 + 0.0017 » Jup
Kol143 0.0293 = 0.0051 0.00318 * 0.00030
Loperamide 0.040 *+ 0.002 0.00572 + 0.00064 AUCy o fu,
Prazosin 0.222 * 0.008 0.107 + 0.012 Cuprain/ Cucs¥ = AUCcsr s fucor’ (6)
Quinidine 0.274 * 0.010 0.0508 + 0.0128 CSE = JuCSE
Sulfasalazi 0.00232 * 0.00033 0.044 * 0.002 .
Vl;r;;:;izlme 0.0582 + 0.0034 0.0220 + 0.0025 where AUC,,, AUC,, and AUCcsr represent the AUC values of plasma, brain,

“Estimated from the mean ratio between f; plasma and fy prain for the other 10 compounds.

ranged from 0.122 to 3.91 ng/ml. The assay accuracy was between 75 and
125%.

Data Analysis. The total brain drug concentration was corrected for the
residual blood in the brain vasculature by subtracting 1.03% of the plasma
concentration determined in the corresponding samples (Friden et al., 2010).
The area under the concentration-time curve (AUC) values were calculated
using the trapezoid rule from O to 3.0 hours. The brain-to-plasma concentration
ratio (K},), unbound brain-to-plasma concentration ratio (K, yubrain), unbound
CSF-to-plasma concentration ratio (K, yu,csr), and unbound brain-to-CSF ratio
(Cy prain/Cu.csp) were calculated using eqs. 3-6:
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Fig. 1. Effects of the 11 compounds on the transport of amprenavir in MDR1-
MDCK cells at concentrations approximately corresponding to the in vivo observed
maximal total plasma concentration (A) and unbound plasma concentration (B).
Data points represent mean and S.D. from triplicate experiments.

and CSF from O to 3 hours, respectively, and f, csp represents the unbound
fraction in the CSF, which was calculated from f, , according to the method
reported by Friden et al. (2009).

The variances of the AUCs and their ratios were calculated using the first-
order Taylor series expansion of the AUCs and their ratios. The KO/WT ratios
were compared using log-transformed ratios were done using two-tailed ¢ test
with equal variances.

Results

In Vitro Assessment of P-gp and Berp Inhibition. The unbound
drug fractions in plasma and brain tissue of the 11 compounds are
shown in Table 1. The effects of the 11 compounds dosed discretely or
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Fig. 2. Effects of the 11 compounds on the transport of prazosin in mouse Berpl-
MDCK cells at concentrations approximately corresponding to the in vivo observed
maximal total plasma concentration (A) and unbound plasma concentration (B).
Data points represent mean and S.D. from triplicate experiments.
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as a cassette on the transport of amprenavir, a model P-gp substrate, in
human P-gp—expressing cells (MDR1-MDCK) and on the transport of
prazosin, a model Berp substrate, in Berp-expressing cells are shown
in Figs. 1 and 2, respectively. At concentrations that are equivalent to
the in vivo maximal plasma total concentrations in rats, as presented in
the next section, amprenavir efflux was partially inhibited by elacridar,
quinidine, Ko143, or a cassette of the 11 compounds such that the
Papp (A 10 By Of amprenavir increased from 0.3 x 107% cm/s to

1000 +
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approximately 2 x 107® cm/s with no appreciable change to the
Papp 8 10 A) (Fig. 1A). At in vivo maximal unbound concentrations of
the 11 compounds, however, no inhibition was observed for either the
individual or cassette dosing (Fig. 1B). At in vivo maximal total
concentrations, prazosin efflux was partially inhibited by elacridar,
quinidine, amprenavir, digoxin, sulfasalazine, imatinib, and citalopram
such that the Pypp, (A 1o By Of prazosin increased from 0.2 x 1076 cm/s
to 1.3-2.3 x 10~ cm/s with no appreciable change to the Pipp B 10 A)
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Fig. 3. Rat plasma, brain, and CSF concentration-time profiles after a discrete or cassette dose of 1-3 mg/kg. Circles, squares, and triangles represent plasma, brain, and CSF
concentrations, respectively. The closed and open symbols represent discrete and cassette dosing, respectively. Data points represent mean and S.D. from triplicate

experiments.
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TABLE 2

Plasma, brain, and CSF AUC and their unbound ratios (mean and S.D.) after discrete or cassette dosing in wild-type rats from study 1

Discrete Cassette
Compound AUCp AUG, AUCcsp Kpuubrain  Kpuucsr Cun/Cesk AUCp AUGC, AUCcsr Kpuuprain - Kpuucsk Cup/Cesk
ng-h/ml ng-h/ml
Amprenavir 853 11.3 8.86 0.0092  0.10 0.090 488 4.11 3.52 0.006 0.071 0.082
S.D. 127 5.7 2.08 0.0052  0.03 0.053 107 2.64 1.99 0.004 0.044 0.072
Citalopram 58.7 229 5.61 0.52 0.41 1.3 50.4 271 6.46 0.71 0.55 1.3
S.D. 8.3 36 1.61 0.12 0.13 0.4 10.3 109 3.14 0.33 0.29 0.8
Digoxin 1000 92.6 34.7 0.052 0.12 0.43 1470 72.6 453 0.028 0.11 0.26
S.D. 160 24.5 6.5 0.017 0.03 0.14 450 28.6 26.0 0.014 0.07 0.18
Elacridar 2.66 229 BLLOQ 0.23 NA NA 2.11 2.60 BLLOQ 033 NA NA
S.D. 0.65 0.14 BLLOQ 0.16 NA NA 0.47 040 BLLOQ 0.24 NA NA
Imatinib 183 12.6 1.35 0.18 0.37 0.49 141 13.8 1.44 0.25 0.51 0.50
S.D. 19 3.0 0.43 0.05 0.12 0.19 31 29 0.13 0.08 0.12 0.12
Ko143 BLLOQ BLLOQ BLLOQ NA NA NA BLLOQ BLLOQ BLLOQ NA NA NA
S.D. NA NA NA NA NA NA NA NA NA NA NA NA
Loperamide 102 10.0 0.880 0.014 0.201 0.070 41.6 7.34 0.874  0.025 0.49 0.051
S.D. 15 2.8 0.302  0.005 0.075 0.032 6.1 1.08 0.351 0.006 0.21 0.023
Prazosin 194 43.7 6.74 0.11 0.15 0.70 146 43.7 6.37 0.15 0.20 0.74
S.D. 29 7.9 0.82 0.03 0.03 0.17 31 8.5 1.30 0.04 0.06 0.23
Quinidine 155 56.1 12.25 0.07 0.29 0.23 189 724 7.70 0.071 0.15 0.48
S.D. 40 11.7 4.73 0.03 0.13 0.12 38 11.1 1.83 0.026 0.05 0.18
Sulfasalazine 591 BLLOQ BLLOQ NA NA NA 373 BLLOQ BLLOQ NA NA NA
S.D. 123 BLLOQ BLLOQ NA NA NA 74 BLLOQ BLLOQ NA NA NA
Verapamil 75.3 45.7 1.23 0.23 0.27 0.86 61.4 45.7 227 0.28 0.61 0.46
S.D. 14.5 8.1 0.55 0.07 0.13 0.42 12.2 10.3 0.33 0.09 0.15 0.14

BLLOQ, below the lower limit of quantitation; NA,

, not applicable.

Interestingly, prazosin efflux was completely abolished by 800 nM
Ko143 or by a cassette of the 11 compounds (Fig. 2A). At in vivo
maximal unbound concentrations of the 11 compounds, however, no
inhibition was observed for either individual or cassette dosing (Fig.
2B). Since the in vivo plasma concentration of Ko143 was below the
LLOQ, 800 nM Ko143 was selected to examine the Berp inhibition at
a high Ko143 concentration. A concentration of 0.02 nM Ko143 was
selected as its unbound plasma concentration based on its plasma
LLOQ (1 nM) and its plasma protein binding. These in vitro results
demonstrate that the efflux of P-gp and Berp cannot be inhibited by
the 11 compounds individually or as a cassette at their in vivo ob-
served maximal unbound concentrations.

Comparison of Plasma, Brain, and CSF Concentrations
between Discrete and Cassette Dosing in WT Rats in Study 1.
The plasma, brain, and CSF concentration-time profiles for 10 of the 11
compounds after a single subcutaneous administration at 1 or 3 mg/kg in
either discrete or cassette dosing in WT rats are shown in Fig. 3. Ko143
plasma, brain, and CSF concentrations were below the LLOQ at all the
time points. The brain concentration of sulfasalazine and CSF con-
centrations of sulfasalazine and elacridar were all below the LLOQ.
In general, similar plasma, brain and CSF concentration-time profiles
were observed for discrete and cassette dosing. The AUC values for
plasma, brain, and CSF and the K, yu brain» Kp,uu,csp and Cy prain/ Cu csk
from discrete and cassette dosing are listed in Table 2. A good correlation
was observed for the K, yuprain @and Kj uycsr from the discrete and
cassette dosing with R? = 0.94 for the Ko uu,brain and R? = 0.66 for the
Ky uucsk (Fig. 4). The low R? for Ko uu,csk perhaps is due to low CSF
concentration and fewer data points. All the ratios were within 3-fold
between the discrete and cassette dosing. These results demonstrate
that brain, CSF, and plasma concentrations are similar following
cassette and discrete administration in rats.

Plasma, Brain, and CSF Concentrations after Cassette Dosing
in WT or P-gp KO Rats in Study 2. The plasma, brain, and CSF
concentration-time profiles for 10 of the 11 compounds after cassette

dosing in WT and P-gp KO rats are shown in Fig. 5. The Kol43
concentration was below the LLOQ for all time points. The brain
concentration of sulfasalazine and CSF concentrations of sulfasalazine
and elacridar were all below the LLOQ. Similar plasma concentrations
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Fig. 4. Relationship between K uuprain (A, 7 = 9) and K,y csp (B, n = 8)
determined from discrete dosing and cassette dosing. The solid and dashed lines
represent unity and 3-fold of unity, respectively. A, amprenavir; C, citalopram; D,
digoxin; E, elacridar; I, imatinib; L, loperamide; P, prazosin; Q, quinidine; V,
verapamil.
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Fig. 5. Rat plasma, brain, and CSF concentration-time profiles following a cassette dose of 1-3 mg/kg in wild-type and Mdrla knockout rats. Circles, squares, and triangles
represent plasma, brain, and CSF concentrations, respectively. The closed and open symbols represent wild-type and Mdrla knockout rats, respectively. Data points represent

mean and S.D. from triplicate experiments.

were observed between the WT and KO rats, but the brain and CSF
concentrations were generally higher in the KO rats.

The AUC values for plasma, brain, CSF, K, yu brain» Kp,uu,csp» and
Cubrain/Cu.csr in WT and P-gp KO rats are listed in Table 3 and are
presented in Fig. 6. For the non—P-gp substrate, citalopram, K, u, brain
was near unity in the WT and KO rats (Fig. 6A). The K}, uy prain values
for the five P-gp substrates—amprenavir, loperamide, digoxin, verapamil,

and quinidine—were lower than unity, ranging from 0.013 to 0.18 in
the WT rats and ranging from 0.18 to 3.4 in KO rats, an increase of
14- to 54-fold. For the P-gp/Bcrp dual substrates—elacridar, imatinib
and prazosin—the Kp uuprain values were lower than unity, ranging
from 0.092 to 0.39 in WT rats and ranging from 0.17 to 1.9 in KO rats,
an increase of 2- to 5-fold. To compare the effects of P-gp in rats and
mice, we present the ratio of K, in P-gp KO rats versus that in WT rats
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TABLE 3

Plasma, brain, and CSF AUC and their unbound ratios (mean and S.D.) after cassette dosing in wild-type and Mdrla knockout rats from study 2

Wild-Type Rats

Mdrla Knockout Rats

Compound AUC, AUG, AUCcsk  Kpuubrain  Kpuucse  Cun/Cesk AUC, AUC, AUCcsk  Kpuubrain  Kpuucse  Cub/Cesk
ng-h/ml ng-h/ml
Amprenavir 267 6.34 7.27 0.016  0.27 0.062 366 108 11.7 0.20 0.31 0.65
S.D. 37 4.98 2.89 0.014  0.12 0.055 81 23 42 0.08 0.14 0.30
Citalopram 43.1 233 8.13 0.72 0.81 0.88 50.7 880 20.3 2.3 1.7 1.3
S.D. 10.2 46 1.76 0.23 0.26 0.27 10.0 120 7.4 0.6 0.7 0.5
Digoxin 1580 41.5 29.3 0.015 0.065 0.23 1870 853 178 0255  0.331 0.772
S.D. 320 30.9 6.7 0.011 0.021 0.18 380 105 54 0.067  0.127  0.255
Elacridar 0.886 1.28 BLLOQ 0.39 NA NA 0.372 2.60 BLLOQ 1.9 NA NA
S.D. 0.289 0.26 NA 0.30 NA NA 0.174 1.13 NA 1.7 NA NA
Imatinib 126 6.70 1.34 0.14 0.54 0.26 151 25.5 321 044 1.1 0.41
S.D. 42 2.24 0.48 0.07 0.26 0.13 24 3.4 090  0.09 0.3 0.13
Ko143 BLLOQ BLLOQ BLLOQ NA NA NA BLLOQ BLLOQ BLLOQ NA NA NA
S.D. NA NA NA NA NA NA NA NA NA NA NA NA
Loperamide 38.6 3.59 0.204 0013 0.12 0.11 30.0 38.6 1.02 018 0.79 0.23
S.D. 5.6 1.12 0.280  0.005 0.17 0.15 4.7 4.5 031  0.04 0.28 0.08
Prazosin 140 26.5 4.08 0.092  0.13 0.71 170 60.1 12.7 0.17 0.33 0.51
S.D. 32 54 1.42 0.030  0.05 0.29 22 59 29 0.03 0.09 0.14
Quinidine 148 29.9 8.85 0.038 022 0.17 182 1980 47.4 2.0 0.94 2.14
S.D. 23 5.0 2.68 0.013 0.07 0.07 32 230 122 0.7 0.30 0.81
Sulfasalazine 393 BLLOQ BLLOQ NA NA NA 437 BLLOQ BLLOQ NA NA NA
S.D. 47 NA NA NA NA NA 101 NA NA NA NA NA
Verapamil 155 74.3 5.54 0.18 0.59 0.31 182 1620 18.5 3.4 1.7 2.0
S.D. 21 16.8 1.92 0.05 0.22 0.13 32 330 7.6 1.0 0.8 0.9

BLLOQ, below the lower limit of quantitation; NA, not applicable.

(KO/WT) and the KO/WT in P-gp KO the mice versus WT mice (Fig. 7).
The rat KO/WT ratios were calculated from the data in Table 3, and
the mouse KO/WT ratios were derived from previously reported re-
sults (Liu et al., 2012). A good agreement was observed for the KO/WT
ratios of K, in rats and mice, with R?=0.91, and KO/WT ratios within
3-fold between these two species. Interestingly, a regression analysis
resulted in KO/WT(mouse) = 0.495[(KO/WT(rat)]"%*, indicating that
mouse P-gp at the BBB has similar or a slightly lower efflux activity
than rat P-gp.

The effects of P-gp—mediated efflux on the C, prain/Cy csF 1atio and
Ko uu,csk are presented in Fig. 6, B and C. For the non—P-gp substrate,
citalopram, the Cy prain/Cy,csr and K,y csp Were near unity in both
WT and KO rats; therefore, Cy prain & Cu,csk & Cu plasma- The Cy prain/
Cycsk and K,y csp values were below unity for the P-gp substrates
(i.e., amprenavir, loperamide, digoxin, verapamil, and quinidine) and
P-gp/Berp dual substrates (elacridar, imatinib and prazosin) in WT
rats; therefore, Cy prain < Cu,csk < Cu plasma fOr these compounds. If 3-
fold is considered the limit of experimental uncertainty, then Cy prain =
Cucsk = Cyplasma in WT rats. In P-gp KO rats, both Cy prain/Cu,csr
and K, u, csr increased for the P-gp substrates and the P-gp/Bcerp dual
substrates compared with P-gp competent rats, and the C, prain, Cu.csF
and C,, were within 3-fold for all compounds except loperamide,
whose Cy prain and C, csp were approximately 4-fold.

Discussion

The present study was designed to test the hypothesis that the lack
of P-gp or Berp inhibition at the BBB in our previous study in mice
after cassette dosing of P-gp or Berp substrates and inhibitors was due
to low plasma concentrations of those inhibitors (Liu et al., 2012).
This hypothesis is supported by the observation in the present study
that at the concentrations corresponding to in vivo unbound concen-
trations for the 11 compounds, no P-gp or Berp inhibition was observed
in the P-gp— or Berp-expressing cell lines, respectively. The present
study was also designed to examine the effects of P-gp on the unbound

brain and CSF concentrations of P-gp substrates. Our study shows that
for a non-P-gp/Berp substrate, Cy prain» Cucsp» and Cy plasma Were
similar in WT and P-gp KO rats. For P-gp/Bcrp dual substrates,
Cuprain = Cucse = Cyplasma in WT rats, but in P-gp KO mice, the
Cubrain and C,csp increased and the difference between these
concentrations reduced to less than 3-fold for six of seven compounds
compared with P-gp competent rats.

Our previous study showed that P-gp and Berp at the BBB was not
inhibited when 11 compounds, including typical P-gp and Bcrp
substrates and potent P-gp and Bcrp inhibitors, were administrated
subcutaneously at 1-3 mg/kg in mice (Liu et al., 2012). To confirm
this observation, we examined the plasma and brain concentrations
after discrete and cassette dosing of the same 11 compounds in rats in
the present study. The C, prin and C, csk values were similar between
the discrete and cassette dosing, indicating a lack of drug—drug
interactions due to P-gp or Berp inhibition at the BBB after cassette
dosing in rats. Furthermore, in the present study, the KO/WT ratios of
K, in rats are within 3-fold of that in mice, indicating that P-gp has
similar efflux transport activity at the BBB in rats and mice, which is
consistent with the results reported recently by Bundgaard et al.
(2012).

We hypothesized that the Cyplasma Values of the P-gp and/or Berp
inhibitors were too low to inhibit P-gp and Berp at the BBB under our
experimental conditions. To test this hypothesis, we assessed in vitro
P-gp and Bcerp inhibition of the 11 compounds dosed discretely or as
a cassette in P-gp— or Berp-expressing cell lines, respectively. These in
vitro results demonstrate that the efflux activities of P-gp and Berp
cannot be inhibited by the 11 compounds at their in vivo maximal
unbound concentrations observed in the in vivo rat cassette dosing
study. Unbound concentrations were considered as no plasma was
present in the in vitro assay. As expected, at higher concentrations
such as at the in vivo maximal total concentrations, partial or full
inhibition of P-gp and Berp can be observed in the in vitro study.

The in vitro inhibition results are consistent with results reported in
the literature for two potent P-gp and/or Berp inhibitors: elacridar and
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Fig. 6. K, yu brain> Cubrain/Cu.csr> and K, csr of eight compounds in wild type rats
(solid bars) and Mdrla knockout rats (open bars). The solid and dashed lines
represent unity and 3-fold of unity, respectively. Data points represent mean and
S.D. *Statistically different with P < 0.05 (two-tailed ¢ test).

Ko143. Elacridar has a K; of 2.5 nM for P-gp inhibition using digoxin
as the P-gp substrate. In the present study, 20 nM of elacridar only
partially inhibited P-gp efflux, where amprenavir was used as the P-gp
substrate. This discrepancy is likely due to different P-gp substrates
being used in these two studies. Elacridar is also a potent Bcrp
inhibitor with an in vitro ECyy of 51-61 nM (Allen et al., 2002;
Sugimoto et al., 2011). Our results are consistent with the reported
ECyp, as 20 nM elacridar partially inhibited the BCRP substrate
prazosin in the present study. Ko143 is a potent and selective BCRP
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Fig. 7. The relationship between the knockout/wild-type ratio of K}, in rats observed
in the present study and mouse for nine compounds observed in the previous study
(Liu et al., 2012). The solid and dashed lines represent unity and 3-fold of unity,
respectively. A, amprenavir; C, citalopram, D, digoxin; E, elacridar; I, imatinib; L,
loperamide; P, prazosin; Q, quinidine; V, verapamil.

inhibitor with a cell ECoy of 23-26 nM (Allen et al., 2002). In the
present study, 800 nM Ko143 abolished the BCRP efflux and 0.02 nM
only partially inhibited the BCRP efflux. Although Ko143 is a potent
inhibitor for BCRP, it cannot be used in vivo in rodents likely due to
its high clearance.

The results from the present study indicate that the CSF concen-
tration of P-gp substrates is not determined by P-gp and Berp at the
BCSFB. It has been demonstrated that drug transporters such as P-gp
and Berp at the BBB and BCSFB were expressed differently. In the
cerebral endothelia, both P-gp and Berp are expressed in the luminal
side of the plasma membrane; however, in the choroid plexus
epithelia, P-gp and Berp are expressed in the apical membrane (Rao
et al., 1999; Zhuang et al., 2006). The expression of P-gp and Berp at
the luminal side of the BBB indicates that they efflux their substrates
out of the brain. Therefore, the unbound brain concentration is lower
than the unbound plasma concentration for P-gp and Bcerp substrates in
P-gp and Berp competent animals and the unbound brain concentra-
tion is similar to the unbound plasma concentration in the P-gp— and
Berp-deficient animals, which is supported by extensive data in the
literature (Chen et al., 2003; Enokizono et al., 2007, 2008; Polli et al.,
2009).

The expression of P-gp and Berp at the apical side of the BCSFB
predicts that these transporters influx their substrates from blood into
the CSF. Therefore, if P-gp and Berp are functionally important, the
CSF concentration of P-gp and Berp substrates should be higher than
their unbound plasma concentration in P-gp—competent animals, and
their CSF concentration is expected to decrease in the P-gp—deficient
animals; however, this is inconsistent with observations from the
present study in rats. We observed that the CSF concentration of P-gp/
Berp substrates was lower than the unbound plasma concentration in
the P-gp—competent rats, and their CSF concentration increased in the
P-gp—deficient rats. Previous results from P-gp—competent and
P-gp— or P-gp/Berp—deficient mice also do not support this prediction.
In a large study of 34 CNS drugs and eight P-gp substrates in WT and
P-gp KO mice, the CSF concentration was essentially lower than the
unbound plasma concentration for all the compounds in WT mice, and
the CSF concentration either did not change or increased in the P-gp
KO mice (Doran et al., 2005; Maurer et al., 2005). Kodaira et al.
(2011) showed that the CSF concentration of six P-gp or Berp
substrates was lower than the unbound plasma concentration in WT
mice but increased in P-gp/Berp KO mice. A study in which the CSF
was collected from mouse ventricles also showed similar CSF and
unbound plasma concentration for the P-gp/Berp substrate topotecan
(Zhuang et al., 2006). Therefore, the observed experimental results
indicate that P-gp and Berp efflux at the BCSFB is functionally not
important. This conclusion is consistent with the low expression of
P-gp at the choroid plexus (Gazzin et al., 2008). The underlying

8T0¢ ‘6T AINC Uo SfeuINor 1 34SY T Bio'seuIno fidse: puwip Wo.y pepeojumod


http://dmd.aspetjournals.org/

490

mechanism leading to the CSF concentration being between the
unbound brain and unbound plasma concentrations for P-gp and Berp
substrates is perhaps a result of a partial exchange between CSF and
brain tissue at the ependyma on the ventricle surface, as there is no
barrier between the two at this location. In addition, part of the CSF
originates from the brain interstitial fluid.

Our data from the present study show that for one non-P-gp/Berp
substrate, Cy prain = Cucsr ~ Cup, and for seven P-gp/Bcerp substrates,
Coprain = Cucsk = Cyplasmas i WT rats. This observation was
consistent with previously reported results (Friden et al., 2009; Liu
et al., 2006, 2009; Kodaira et al., 2011). We previously showed that for
five nonefflux substrates, Cy prain = Cucsk =~ Cup, and for one P-gp
substrate, Cy prain ~ Cu,csF < Cyplasma in rats (Liu et al., 2006). Friden
et al. (2009) observed that C,, pr,in, Was within 3-fold of the C, csf for 33
of 39 compounds, whereas C,, prain < C, csr for the six P-gp substrates.
Similarly, Kodaira et al. (2011) observed that the C, prin values were
within 3-fold of the C, csr for 18 of 25 compounds and C,, prain < Cu.csk
for seven P-gp or Berp substrates. Therefore, for nonefflux substrates,
the CSF concentration can be used to predict the unbound brain con-
centration, but for P-gp/Berp substrates, CSF concentration may over-
predict the unbound brain concentration and the CSF concentration
represents the maximal unbound brain concentration.

In summary, the present study demonstrates that inhibition of P-gp
at the BBB is unlikely in cassette dosing for the compounds dosed at
1-3 mg/kg, supporting the use of a cassette dosing approach to study
brain penetration. Our work in P-gp—competent and -deficient rats
further supports the notion that unbound brain, CSF, and plasma drug
concentrations were similar for nonefflux substrates. Furthermore, the
unbound brain concentration is generally less than the CSF concen-
tration, and the CSF concentration is generally less than the unbound
plasma concentration for P-gp substrates. The present study is the first
to show that the CSF concentration of P-gp/Bcrp substrates was lower
than their unbound plasma concentration in P-gp—competent rats and
their CSF concentration was similar to their unbound plasma concen-
tration in P-gp—deficient rats. Our work suggests that P-gp and Berp at
the BCSFB are perhaps not functionally important in determination of
CSF concentration for their substrates.
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