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Abstract

Estimation of unbound drug concentration in the brain (C, prain) iS an essential part of central nervous
system (CNS) drug development. As a surrogate for C, prain in humans and nonhuman primates, drug
concentration in the cerebrospinal fluid (Ccsr) collected by lumbar puncture is often used; however,
the predictability of C, prin by lumbar Ccse is unclear, particularly for substrates of the active efflux
transporter P-glycoprotein (P-gp). Here, we measured lumbar Ccse in cynomolgus monkey after
single intravenous administration of 10 test compounds with varying P-gp transport activities. The in
vivo lumbar CSF-to-plasma unbound drug concentration ratios (Kp yuumbar csF) Of nonsubstrates or
weak substrates of P-gp were in the range 0.885-1.34, whereas those of good substrates of P-gp
were in the range 0.195-0.458, and were strongly negatively correlated with in vitro P-gp transport
activity. Moreover, concomitant treatment with a P-gp inhibitor, zosuquidar, increased the
Kp,uuumbar cse Values of the good P-gp substrates, indicating that P-gp-mediated active efflux
contributed to the low Ky umbarcse values of these compounds. Compared with the drug
concentrations in the cisternal CSF and interstitial fluid (ISF) that we previously determined in
cynomolgus monkeys, the lumbar Ccse were more than triple for 2 and all of the good P-gp
substrates examined, respectively. Although lumbar Ccse may overestimate cisternal CSF and ISF
concentrations of good P-gp substrates, lumbar Ccsr allowed discrimination of good P-gp substrates
from the weak and nonsubstrates and can be used to estimate the impact of P-gp-mediated active

efflux on drug CNS penetration.

Significance Statement

This is the first study to systematically evaluate the penetration of various P-gp substrates into
lumbar CSF in nonhuman primates. Lumbar CSF may contain >3-fold higher concentrations of good
P-gp substrates than ISF and cisternal CSF, but was able to discriminate the good substrates from the

weak or nonsubstrates. Because lumbar CSF is more accessible than ISF and cisternal CSF in
3
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nonhuman primates, these findings will help increase our understanding of drug CNS penetration at

the nonclinical stage.
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Abbreviations

AUC, area under the plasma concentration time-curve; BAB, blood-arachnoid barrier; BBB, blood—
brain barrier; BCRP, breast cancer resistance protein; Ccsr, drug concentration in CSF; CER,
corrected efflux ratio; C,sg, drug concentration in interstitial fluid; CNS, central nervous system; CSF,
cerebrospinal fluid; DCPQ,
(2R)-anti-5-{3-[4-(10,11-dichloromethanodibenzo-suber-5-yl)piperazin-1-yl]-2-hydroxy-propoxy}qu
inolone trihydrochloride; E2074,
2-[(2R)-2-Fluoro-3-{(3r)-[(3-fluorobenzyl)oxy]-8-azabicyclo[3.2.1]oct-8-yl }propyl]-4,5-dimethyl-2,
4-dihydro-3H-1,2,4-triazol-3-one; ER, efflux ratio; ISF, interstitial fluid; P-gp, P-glycoprotein; PhIP,

2-Amino-1-methyl-6-phenylimidazo(4,5-b)pyridine; PK/PD, pharmacokinetics/pharmacodynamics.
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Introduction

Ensuring that drugs reach their target in the central nervous system (CNS) at appropriate
concentrations is an important part of CNS drug development. The CNS is protected by blood-tissue
barriers, such as the blood-brain barrier (BBB), which are characterized by highly developed tight
junctions and active efflux transporters, such as P-glycoprotein (P-gp), that act to prevent or reduce
exposure of the CNS to drugs and other xenobiotics (Urquhart and Kim, 2009). Active efflux by
these transporters reduces the unbound concentration of their substrates in the brain (Cyprin), Which
in turn reduces the effects of these substrates on the CNS (Xie et al., 1999; Zong and Pollack, 2000).
This means that high doses are required for active efflux transporter substrates to attain an
efficacious concentration, resulting in higher systemic exposure, and a narrower therapeutic index
with respect to peripheral toxicities. The unbound concentration of such drugs in the plasma
(Cuplasma) i1s no longer considered an appropriate biomarker of Cprin in understanding of the
pharmacokinetics/pharmacodynamics (PK/PD) relationship of CNS-active compounds (Watson et al.,

2009; Kanamitsu et al., 2016). Therefore, methods to quantitatively determine C, prain are required.

Determination of drug concentrations in the brain interstitial fluid (C,sg) by microdialysis
(Benveniste and Huttemeier, 1990) is a direct approach to estimate Cy prain; however, due to its low
throughput and technical difficulties, this technique is rarely used in drug development. Instead, the
concentration of drug in the cerebrospinal fluid (Ccsg) collected from the cisterna magna (the fourth
ventricle) is used as a surrogate for C, prain, Since the CSF is in close contact with the CNS, separated
only by a layer of ependymal cells, which do not have a barrier function (Liu et al., 2006; Kodaira et
al., 2011). Indeed, we have reported that for a set of compounds with high passive diffusion
permeabilities and varying P-gp transport activities, in rats and monkeys, the cisternal Ccse was

within or close to triple the C,se (Nagaya et al., 2014; Nagaya et al., 2016).

Microdialysis and cisternal CSF sampling can provide a reliable estimate of C, prain;
however, they are highly invasive, requiring surgery for implanting catheters or microdialysis probes

6
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in nonhuman primates and humans. Lumbar puncture is another technique often used to collect CSF
samples, which is less invasive and applicable to healthy volunteers. Because drugs in the fourth
ventricle are considered to diffuse into the ventricular space surrounding the spinal cord by bulk flow,
no gradient between lumbar Ccse and cisternal Ccse is generally assumed. However, regional
differences in the drug concentration in the CNS are a major concern when the pharmacological
target site (e.g., cerebrum) is located far from the site of lumbar puncture. Indeed, differences in the
Ccsr between cisternal and lumbar sites have been reported for some compounds (Strong et al.,
1986; Blaney et al., 1995; Baker et al., 1996). Moreover, drug transporters in the arachnoid mater,
under which the CSF flows, could modulate drug concentrations in the ventricles (Zhang et al.,
2018). These findings cast doubt on the suitability of using lumbar Ccgr as a surrogate of Cy prain,

prompting us to systematically evaluate lumbar Ccsr of drugs that are transported by P-gp.

In the present study, a set of compounds with high passive diffusion membrane
permeabilities and varying P-gp transport activities were intravenously administered to cynomolgus
monkeys, and CSF was collected by lumbar puncture to measure lumbar Ccse. Cynomolgus
monkeys were used because the expression levels of P-gp in their BBB is similar to that in humans
(Ito et al., 2011; Uchida et al., 2011). To evaluate the impact of P-gp on drug CNS penetration in
monkeys, the effect of a P-gp inhibitor (zosuquidar) was also tested in vivo. For this purpose, DCPQ),
cyclosporine A, tariquidar, elacridar, and PSC833 were previously used in the positron emission
tomography studies (Kurdziel et al., 2003; Lee et al., 2006; Zoghbi et al., 2008; Eyal et al., 2009;
Tournier et al., 2017) where the observation time period was relatively short (at most 4 h after
administration). Dosing schedule of zosuquidar was established in this study to achieve potent P-gp
inhibition over 24 h. Finally, the lumbar Ccsr values obtained in the present study were compared
with C,sr and cisternal Ccsr values that we previously determined (Nagaya et al., 2014) to gain an
insight into the regional differences of drug concentrations in the CNS. This is the first study to
systematically evaluate the penetration of various P-gp substrates into lumbar CSF in nonhuman

primates and the suitability of using lumbar Ccsg as a surrogate of C, prain-
7
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Materials and Methods

Chemicals.

Antipyrine, carbamazepine, propranolol hydrochloride, quinidine hydrochloride, and
verapamil hydrochloride were purchased from Sigma Aldrich (St. Louis, MO). Desloratadine and
ondansetron hydrochloride dehydrate were obtained from LKT Laboratories (St Paul, MN) and
Tokyo Chemical Industry (Tokyo, Japan), respectively. Risperidone and paliperidone were purchased
from AK scientific (Union City, CA), and zosuquidar hydrochloride was from Cayman Chemical
(Ann Arbor, MI). A proprietary compound, E2074 (Nagaya et al., 2013) synthesized in Tsukuba
Research Laboratories, Eisai Co., Ltd. (Ibaraki, Japan) was used. All other reagents and solvents

were of analytical grade and commercially available.

Animal experiments.

All experimental protocols and procedures were approved by the Institutional Animal Care
and Use Committee of Eisai, and animal experiments were performed in Eisai Tsukuba Research
Laboratories (Ibaraki, Japan) which was accredited by Japan Health Sciences Foundation (Tokyo,
Japan). All efforts were made to minimize suffering. Six male cynomolgus monkeys (4-6 years old,
3-5 kg) were used in this study. The in vivo study consisted of two parts. In Part 1, single
intravenous bolus dose of E2074 (1 mg/kg), carbamazepine (3 mg/kg), lamotrigine (3 mg/kg),
ondansetron (3 mg/kg), verapamil (3 mg/kg), desloratadine (3 mg/kg), quinidine (5 mg/kg), or
risperidone (0.5 mg/kg) was given to monkeys (n=3) via the saphenous vein to measure the drug
concentrations in plasma and lumbar CSF up to 24 h postdose. To see inter-day variabilities in the
monkey PK, antipyrine (1 mg/kg) was intravenously administered to monkeys concomitantly with
each of the test compounds. No considerable inter-day variabilities were observed in the PK of

antipyrine. Paliperidone (an active metabolite of risperidone) was not directly administered to
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monkeys, but was quantified in plasma and lumbar CSF after risperidone administration. The same
animals were repeatedly used with at least 3-week washout period between doses in Part 1, allowing
the animals to fully recover from lumbar puncture and CSF loss. In Part 2, the effect of a P-gp
inhibitor (zosuquidar) on the CNS penetration of test compounds was examined in monkeys. An
intravenous bolus dose of zosuquidar (10 mg/kg) or vehicle (DMSO/5% glucose, 5/95, v/v) was
given to monkeys (n=3) via the saphenous vein. Ten minutes later, a cocktail of 4 test compounds
(antipyrine, ondansetron, desloratadine, and quinidine) was intravenously given to the animals as a
single dose via the saphenous vein with the same dose levels as used in Part 1. At 8 h after the first
zosuquidar administration, zosuquidar (10 mg/kg) was intravenously administered again to maintain
the inhibitory effect on P-gp for 24 h. The same animals were used for zosuquidar and vehicle

treatments in Part 2, and 1-month washout period was allocated between doses.

In Parts 1 and 2, blood (0.5 mL per sampling point) was collected via cephalic vein, and
CSF (0.1 mL per sampling point) was collected by lumbar puncture at 2, 6, and 24 h postdose of the
test compounds. For lumbar CSF collection, animals were anesthetized with intramuscular
administration of ketamine (5 mg/kg) and xylazine (1 mg/kg) immediately before each timepoint,
and the lumbar puncture site was swabbed with povidone-iodine containing disinfectant. Lumbar
CSF was collected at the L3 to L6 intervertebral space in a flexed position, and then the site was
swabbed again with the disinfectant. The blood samples were centrifuged to prepare plasma. The

plasma and CSF samples were stored below —20 °C until analysis.

In vitro transcellular transport study using P-gp-expressing and control cell monolayers.

The inhibitory effect of zosuquidar on P-gp-mediated transcellular transport of
desloratadine and quinidine was evaluated using human P-gp-expressing LLC-PK1 and control
LLC-PK1 cells (Corning Inc., Corning, NY). The cells were seeded at 6 x 10° cells/cm? in a cell

culture insert (HTS Transwell®-24-well permeable support with 0.4 um pore polyester membrane
9
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and 6.5 mm inserts; Corning Inc., Corning, NY) and cultured for 5 days. Then, the medium in the
apical and basal sides was replaced with Hanks’ Balanced Salt solution (HBSS) containing 10
mmol/L HEPES (HBSS/HEPES) and zosuquidar (0—1 umol/L). After 2-h preincubation at 37 °C, the
receiver-side solution was replaced with HBSS/HEPES containing zosuquidar, and the donor-side
solution was replaced with HBSS/HEPES containing zosuquidar (0—1 umol/L) and desloratadine
(0.3 umol/L) or quinidine (0.3 umol/L). The cells were incubated at 37 °C for 2 h, and a 40 pL
aliquot of the receiver-side solution was collected and stored below —20 °C until analysis. The
transcellular transport of paliperidone (1 pmol/L) was also evaluated in the same manner, using

HBSS/HEPES without zosuquidar.

Analytical procedure.

In vivo samples (monkey plasma and CSF) were mixed with acetonitrile containing an
internal standard (IS, 10 nmol/L propranolol) followed by centrifugation. The samples from in vitro
P-gp transcellular transport study were mixed with methanol containing the IS and centrifuged. The
resulting supernatant was filtrated, and an aliquot of the filtrate was subjected to high-performance
liquid chromatography with tandem mass spectrometry analysis. Chromatography was performed
using an ACQUITY UPLC CSH C18 column (1.7 um, 2.1 mm i.d. x 50 mm; Waters, Milford, MA)
at a flow rate of 0.3 mL/min. Distilled water containing 0.02% or 0.1% formic acid (solvent A) and
acetonitrile containing 0.02% or 0.1% formic acid (solvent B) were used as the mobile phases. The
initial mobile phase was 100% solvent A, and the percentage of solvent B was linearly increased to
50% or 80% over 3 min. The column was equilibrated with the initial mobile phase before each
injection. A Xevo TQ-S or Xevo TQ-XS mass spectrometer (Waters) was used for detection.
Analytes were ionized by electrospray ionization in positive ion mode, and the selected ion
monitoring transitions were: 189.0>76.7 for antipyrine, 237.3>193.6 for carbamazepine,
256.0>210.5 for lamotrigine, 294.1>169.8 for ondansetron, 407.3>172.0 for E2074, 411.2>190.7 for

10
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risperidone, 427.4>207.4 for paliperidone, 455.2>164.8 for verapamil, 311.2>259.2 for desloratadine,

325.2>160.2 for quinidine, 260.1>115.9 for propranolol, and 528.5>241.1 for zosuquidar.

Parameter calculations.

Unbound drug concentration in plasma (Cypiasma) Was calculated by multiplying total
plasma concentration (Cpasma) by unbound fraction in plasma (fypiasma). The fypiasma Values of
antipyrine (1.00), carbamazepine (0.366), lamotrigine (0.536), ondansetron (0.551), E2074 (0.676),
paliperidone (0.308), risperidone (0.163), verapamil (0.328), desloratadine (0.142), and quinidine
(0.156) were previously determined by an equilibrium dialysis method in blank plasma
freshly-prepared from cynomolgus monkeys (Nagaya et al., 2014). The f,pasma Of zosuquidar
(0.00356) was also determined in the freshly-prepared monkey plasma by the equilibrium dialysis
(RED device, 8K MWCO, Thermo Fisher Scientific, Waltham, MA) by a dilution method according
to the previous study (Riccardi et al., 2015). In the present study, the lumbar CSF-to-unbound
plasma AUC ratio (Kpuuumbarcse) Was calculated as an index for drug CNS penetration by the

following equation.

K _ AUCcsF(2-24n)
p,uu,lumbar CSF — f x AUC
u,plasma plasma(2-24h)

The AUC of test compounds were calculated by a linear trapezoidal method from 2 to 24 h postdose
for plasma (AUCjasma(2-24n)) and CSF (AUCcsr(2-24n)) Using Excel 2016. Protein binding of the test
compounds except for paliperidone was previously measured in the monkey CSF (Nagaya et al.,
2014), and was found negligible (0%-13%); therefore, observed CSF concentrations were directly
used for calculating AUCcsr(-24n) In this study. When the drug concentration in a sample obtained at

24 h postdose was below quantification limit, zero was used to calculate the AUC.

11
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In the in vitro transcellular transport study, the efflux ratio (ER) was calculated from the
ratio of the apparent permeability (Papp) in basal-to-apical direction (Papp,-a) to that in apical-to-basal
direction (Paapa-g) in the P-gp-expressing cells (ERp.qp) and control cells (ERcyi). The corrected

efflux ratio (CER) was defined as follows:

ERp.
CER= —Pgp
ERc

In the in vitro P-gp inhibition study, ERp.g, and ERcy were calculated for desloratadine
and quinidine. The percentage of control values for P-gp-mediated transcellular transport of
desloratadine and quinidine in the presence of zosuquidar were calculated from the ER values

according to the following equation:

ERp_gp z0s(+) = ERcyizos(+) 100

% of control =
ERp_gp 70s5(-) — ER cu1,z0s()

where ERp.gpzos+) and ERcuizos+) represent ERpg, and ERcy determined in the presence of
zosuquidar (0—-1 pmol/L), respectively. ERp.gpz0s() and ERcuizosi) represent ERp.gp, and ERcy
determined in the absence of zosuquidar, respectively. According to the following equation, the 1Csq
value of zosuquidar was calculated from the relationship between zosuquidar concentrations ([I])
and the % of control by the nonlinear regression least squares method, using GraphPad Prism (ver.

8.0).

Top
% of control = W
I+ w=—

The maximum % of control value in the absence of zosuquidar (Top) was set as a free parameter and

estimated.

Statistics.

12
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Data are expressed as mean or mean + SD. Pearson correlation coefficient (r) was computed to
analyze the relationship between in vitro P-gp CER values and in vivo Ky umbar csr Values. Paired t
test was performed to identify significant difference in Ccse/Cypiasma at 24 h with and without
zosuquidar [Supplemental table 2 (B)], and the differences was considered significant when P<0.05.
Statistical analysis was performed using GraphPad Prism Ver 8.0 (GraphPad Software, SanDiego,

CA).

13
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Results
Penetration of test compounds into lumbar CSF.

Based on their corrected efflux ratios (CERs), we classified the test compounds as
nonsubstrates (CER < 2; antipyrine, carbamazepine, and lamotrigine), weak substrates (CER, 2-3;
ondansetron and E2074), or good substrates of P-gp (CER > 3; paliperidone, risperidone, verapamil,
desloratadine, and quinidine) according to our previous study (Nagaya et al., 2014). The CERs of
nine of the test compounds were taken from that previous study, and that for paliperidone was

determined in the present study under assay conditions identical to those used previously.

For all of the compounds, Cpjasma and lumbar Ccse decreased in parallel throughout the
observation period, except for desloratadine for which lumbar Ccse increased from 2 to 6 h after
administration (Figure 1). For the nonsubstrates and weak substrates of P-gp throughout the
observation period, the lumbar Ccse was comparable with the Cyplasma (Kp,uu,lumbar cse, 0.885-1.34;
Table 1), whereas for the good substrates, the lumbar Ccsr was lower than the Cy piasma (Kp,uulumbar csr,
0.195-0.458). All test compounds were well tolerated by the monkeys under the study conditions,
although drowsiness was observed in all 3 animals treated with risperidone, but was fully resolved

by 24 h postdose.

Figure 2 shows the in vivo Ky umbar csr Values of the test compounds plotted against their
in vitro P-gp CER values. A strong negative correlation (R = 0.762) was observed, in which a higher

in vitro P-gp CER was associated with a lower in vivo Kp yu jumbar csr-

Effect of a P-gp inhibitor on the penetration of P-gp substrates into the lumbar CSF.

A cocktail of antipyrine (nonsubstrate), ondansetron (weak substrate), desloratadine (good
substrate), and quinidine (good substrate) was intravenously administered to monkeys in the

presence or absence of concomitant treatment with the P-gp inhibitor zosuquidar. The animals
14
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received two intravenous bolus doses of zosuquidar (both 10 mg/kg), with the first given 10 min
before the administration of the test compound cocktail and the second given 8 h later. In the
zosuquidar treatment phase, convulsion was observed in one of the three animals shortly after
administration of the test compound cocktail, and blood and lumbar CSF could not be collected at 2
h postdose from that animal. Thereafter, convulsion disappeared, and blood and CSF sampling (at 6
and 24 h postdose) and the second administration of zosuquidar were performed as scheduled for

that animal without recurrence of convulsion.

Zosuquidar had no effect on the Cypasma Of antipyrine, ondansetron, and quinidine,
whereas it delayed the elimination of desloratadine from the systemic circulation (Figure 3). The
Cplasma (and Cy piasma) OF desloratadine at 24 h postdose with zosuquidar treatment was 1.8 times that
without. Zosuquidar had no effect on the lumbar Ccsr of antipyrine, but slightly increased the lumbar

Ccsr Of ondansetron, with the K yuyumbarcse increasing from 0.861 to 1.08 (Table 2). For

desloratadine, zosuquidar increased the lumbar Ccsr and delayed the time to maximum concentration
from 2 to 6 h postdose, resulting in an increase in K yy,umbar cse from 0.151 to 0.250. For quinidine,
the time profile of lumbar Ccsr completely matched that of C, piasma in the presence of zosuquidar,
and the K, yu,iumbar csr increased from 0.239 to 0.987. Thus, the effect of zosuquidar on lumbar Ccse

was more evident for desloratadine and quinidine than it was for antipyrine and ondansetron.

The Cplasma: Cuplasma, @nd Ccsr Of zosuquidar were also measured in cynomolgus monkeys
administered the test compound cocktail (Figure 4). The Cy piasma Of zosuquidar was 3.12, 0.954, and
0.218 ng/mL at 2, 6, and 24 h postdose of the test compound cocktail. The corresponding lumbar

Ccsr of zosuquidar was 0.414, 0.376, and 0.230 ng/mL, respectively.

Inhibition of P-gp by zosuquidar in vitro.

15
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The inhibitory effect of zosuquidar on human P-gp-mediated transport of desloratadine
and quinidine was examined in vitro by using human P-gp-expressing cells (Figure 5 and
Supplemental Table 1). The 1Csy values (parameter estimate + parameter SD) of zosuquidar for
P-gp-mediated transport of quinidine and desloratadine transport were 5.38 + 0.67 and 3.46 + 0.35

nmol/L (corresponding to 2.84 and 1.82 ng/mL), respectively.

Comparison of Kpuy lumbar csF With Kp uy cisternal csk and Kp uy sk values.

We compared the K,y iumbar csr Values of the test compounds obtained in the present study
with the Kpucisternalcse and Ky uise values reported previously (Table 1 and Figure 6). The
Kp,uuumbar csr OF the nonsubstrates (antipyrine, carbamazepine, and lamotrigine) were quite similar to
the previous K yucisternal cse and Kpuyise values. The Ky umbar cse OF the weak P-gp substrates
(ondansetron and E2074) were slightly greater than the previous Kp uy cisternal cse and Ky uy.1se values,
but by less than a factor of 3. The Ky umbarcss Of the good P-gp substrates (paliperidone,
risperidone, verapamil, desloratadine, and quinidine) were more than triple the previous K,y cisternal
cse and K yuise values. The Ky jumbar cse:Kp,uucisternal cse ratio of paliperidone was 4.6 and that of

risperidone 3.4. The Kp uy,jumbar csr:Kp,uu,ise OF all of the good substrates examined was 3.2 to 5.1.
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Discussion

Lumbar puncture is a widely used means of collecting CSF to obtain an estimate of C, prain
of drugs in nonhuman primates and humans; however, the predictability of Cyprin by lumbar Ccse
has not been systematically evaluated, particularly for P-gp substrates. In the present study,
penetration into the lumbar CSF of 10 compounds with high passive diffusion membrane
permeabilities and varying P-gp transport activities was examined in cynomolgus monkeys. Since
sampling of the cisternal CSF could affect the downstream spinal CSF flow, only lumbar CSF was
sampled in the present study and the data obtained were compared with Csg and cisternal Ccsr data

we reported previously (Nagaya et al., 2014).

After intravenous administration of a single dose, the lumbar Ccse quickly reached a
pseudosteady state for all the test compounds except for desloratadine (Figure 1). The lumbar Ccsr to
Cuplassma ratio at a given sampling time point provides a reliable estimate of Ky umbar csr
(Supplemental Table 2), which would be useful to mitigate the stress of repeated lumbar punctures in
animals by avoiding the need for sampling at multiple time points. The strong brain tissue binding of
desloratadine, as compared to other test drugs (Nagaya et al., 2014), likely accounts for the slower
distribution of desloratadine into lumbar CSF. Furthermore, the K yumbar cse decreased with
increasing P-gp activity, allowing discrimination of good P-gp substrates (paliperidone, risperidone,
verapamil, desloratadine, and quinidine) from the nonsubstrates (antipyrine, carbamazepine, and
lamotrigine) and weak substrates (ondansetron and E2074) of P-gp (Figure 2), which is consistent

with our previous observations for K, ise and Kp yu cisernal cse (Nagaya et al., 2016).

We then examined the effect of zosuquidar, a P-gp inhibitor, on the K,y umbar csr Using a
cocktail of antipyrine, ondansetron, desloratadine, and quinidine, to confirm that the Kp uy,jumbar csr 1S
indeed related to the P-gp activity. The reported plasma concentration threshold to increase the
brain-to-plasma total drug concentration ratio of P-gp substrates is 0.3-0.4 pg/mL in rats (Anderson
et al., 2006). Based on the single-dose pharmacokinetic profile of zosuquidar in cynomolgus monkey
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(Supplemental Figure 1), a 10 mg/kg intravenous bolus dose of zosuquidar was given twice during a
24-h period. This dosing regimen was projected to achieve a mean zosuquidar plasma concentration
of 0.83 pg/mL for 24 h, which was greater than the plasma concentration threshold in rats. Although
the observed C, piasma OF zosuquidar (0.4-5.9 nmol/L, Figure 4) over the 24-h observation period was
similar to or lower than the in vitro 1Csy values of zosuquidar against P-gp (3.5-5.4 nmol/L) (Figure
5), the K,y umbar cse Values of the P-gp substrates ondansetron, desloratadine, and quinidine were
increased by 1.3-, 1.7-, and 4.1-fold, respectively, being close to unity for ondansetron (1.1) and

quinidine (0.99) (Table 2 and Supplemental Table 2). The absence of change of the K, yy umbar csr Of

antipyrine (nonsubstrate) excluded the possibility of a non-selective effect of zosuquidar on the
barrier function. Thus, we contend that the zosuquidar dosing regimen presented in this study
adequately inhibited P-gp in the CNS, and that the Ky umbar csr i @ useful surrogate index for
quantitative assessment of P-gp in the barrier of CNS. It is also noteworthy that the K,y umbar csr
value of each test compound after the cocktail dosing (Table 2) was consistent with that determined
with antipyrine (Table 1), and antipyrine did not alter the CNS penetration of good P-gp substrates
(risperidone and paliperidone) in rats (data not shown). Therefore, it is unlikely that drug-drug

interactions via P-gp occurred in the CNS after the cocktail dosing.

The in vitro P-gp CERs of desloratadine and quinidine were comparable (12 and 13,
respectively) (Table 1), resulting in similar K yujumbar cse Values (Figure 2); nevertheless, the degree
of the increase of K,y umbar cse Dy zosuquidar was modest for desloratadine. We confirmed that the
ICs values of zosuquidar against human P-gp-mediated transport of desloratadine (3.5 nmol/L) and
quinidine (5.4 nmol/L) were similar in vitro (Figure 5), thereby excluding the possibility of
substrate-dependent inhibition, as reported for other transporters (Nozaki and Izumi, 2020). Given
that human and monkey P-gp show 96% amino acid sequence homology and are well correlated
with respect to their in vitro transport activities (Takeuchi et al., 2006; Kim et al., 2008), the 1Cs
values of zosuquidar for P-gp in the monkey is unlikely to show any remarkable substrate

dependence. There are two possibilities. In addition to P-gp, other transporter(s) could also mediate
18
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the active efflux of desloratadine from the CNS. However, breast cancer resistance protein (BCRP),
a well-characterized efflux transporter in the BBB, did not accept desloratadine (CER = 0.81) as a
substrate in human BCRP-expressing MDCKII cells (CER of PhIP as a positive control substrate,
14.78). Another possibility is that the lumbar Ccse might not reach the pseudosteady state by 24 h

because of the extremely low unbound fraction in the brain (Nagaya et al., 2014).

During co-treatment with zosuquidar and the test compound cocktail, convulsion occurred
in one of the three animals shortly after administration of the cocktail. Since convulsion did not recur
after the second dose of zosuquidar in the same animal, this suggests that one or more of the
compounds in the test cocktail were the cause of the convulsions. Of the compounds included in the
cocktail, quinidine and desloratadine are reported to elicit convulsions in humans (Kerr et al., 1971;

Cerminara et al., 2013) and zosuquidar increased the lumbar Ccse of these compounds.

Regional differences in the drug concentrations in the CNS are a potential concern when
using lumbar puncture to estimate Cyprain. Indeed, the AUC of lamivudine in lumbar CSF was 5.5
times that in ventricular CSF in rhesus monkeys (Blaney et al., 1995). Conversely, in children, the
CSF penetration of topotecan into the lumbar space was significantly lower than that into the
ventricular space (Baker et al., 1996). The reported exposure to thiotepa is equal between the lumbar
and ventricular CSF in rhesus monkeys (Strong et al., 1986). To provide more information in this
context, we compared the Ky, lumbar cse Values obtained in the present study with the K, ¢ (Figure
6A) and Ky u cisternal cse Values (Figure 6B) determined under steady-state conditions in cynomolgus
monkeys in our previous study (Nagaya et al., 2014). The Kpuy,isr and Kp yu cisternal cse Values of the
nonsubstrates and weak substrates of P-gp were within a factor of 3 of the corresponding
Kp,uuumbar csr Values. Therefore, the lumbar Ccsr can be used as a surrogate of Cyse for new chemical
entities (NCEs) with high passive permeability that are not/only weakly transported by P-gp. In
contrast, the Kp uyjumbar cse Values of the good substrates were more than triple the corresponding

Kpuuise values. Ky cisternal cse Originally tended to overestimate Ky ,se Of the good substrates
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(Nagaya et al., 2014), and collection of CSF from downstream of the flow (lumbar puncture) further
increased the gap by 2- to 3-fold (Table 1). Although such regional concentration differences can be
a limiting factor in the precise estimation of C prin, the lumbar Ccgr allowed discrimination of good
P-gp substrates from weak and nonsubstrates (Figure 2). Taking into consideration the easy
accessibility and lower burden to the experimental animals, lumbar Ccse can be used for compound
prioritization in the nonclinical stages. When investigators focus on good P-gp substrates and 3- to
5-fold overestimation given by lumbar Ccse is not acceptable, microdialysis or cisternal CSF

sampling will be a better option.

The reason for the increasing cerebral—cisternal-lumbar concentration gradient observed
for the good P-gp substrates is unknown. Whether choroid plexus epithelial cells, which show weak
P-gp expression but are on the side facing the CSF (Rao et al., 1999), are able to extrude P-gp
substrates into the ventricles remains unknown. Lumbar CSF is surrounded by the blood—arachnoid
barrier (BAB), with P-gp expression demonstrated on the dura side of the membrane in rats and pigs
(Yasuda et al., 2013; Uchida et al., 2020). If the expression of P-gp in the BAB is not as high as that
in the BBB, the penetration of P-gp substrates from the systemic circulation would gradually
increase from the ventricles to the spinal subarachnoid space. Further studies are needed to
determine the lumbar Ccse and Cs¢ of other P-gp substrates as data for use in a regression analysis

to examine the concentration gradient.

In conclusion, this study demonstrated the usefulness of lumbar Ccse as a quantitative
surrogate of Cis¢ for non-substrate, weak to good substrates of P-gp. Lumbar CSF may contain
>3-fold higher concentrations of good P-gp substrates than the ISF or cisternal CSF, but it was still
possible to discriminate between good P-gp substrates and weak substrates/nonsubstrates. These
findings will help lead optimization and drug candidate selection in the nonclinical phase of CNS

drug development.
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Figure Legends

Figure 1. Total plasma (black solid lines with closed circles), unbound plasma (gray solid line with
closed circles), and lumbar CSF (dotted line with open circles) concentration-time profiles of
antipyrine (1 mg/kg), carbamazepine (3 mg/kg), lamotrigine (3 mg/kg), ondansetron (3 mg/kg),

E2074 (1 mg/kg), paliperidone, risperidone (0.5 mg/kg), verapamil (3 mg/kg), desloratadine

(3 mg/kg), and quinidine (5 mg/kg) after single intravenous administration in cynomolgus monkey.
Paliperidone, an active metabolite of risperidone, was quantified after risperidone dosing. Blood and
lumbar CSF were serially collected at 2, 6, and 24 h postdose. Each point represents the mean + SD
of three animals, except for lumbar CSF concentration of risperidone at 24 h (n=1, below
quantification limit in the other two animals). Since antipyrine was administered concomitantly with

each of the test compounds, representative data are presented.

Figure 2. Relationship between in vitro human P-gp corrected efflux ratio (CER) and the
Kp,uulumbar cse IN cynomolgus monkey. Kp yuumbar csr 1S presented as the mean + SD of three animals.
The CER values (mean of triplicate or quadruplicate determinations) of test compounds except for
paliperidone were obtained from our previous study (Nagaya et al., 2014), and that of paliperidone
(1 umol/L) was determined in the present study as described under Materials and Methods. The test
compounds were classified into nonsubstrates (CER < 2; open circles), weak substrates (CER, 2 — 3;
gray circles), or good substrates of P-gp (CER > 3; closed circles) according to the previous study
(Nagaya et al., 2014). 1, antipyrine; 2, carbamazepine; 3, lamotrigine; 4, ondansetron; 5, E2074; 6,

risperidone; 7, verapamil; 8, paliperidone; 9, desloratadine; 10, quinidine.

Figure 3. Unbound plasma (solid line with circles) and CSF (dotted line with triangles)

concentration-time profiles of antipyrine, ondansetron, desloratadine, and quinidine in cynomolgus
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monkeys in the absence (open symbols) or presence (closed symbols) of concomitant intravenous
administration of zosuquidar at 10 mg/kg. Zosuquiar and a cocktail of the test compounds were
intravenously given to cynomolgus monkeys as described under Materials and Methods. Each point
represents the mean + SD of three animals, except for the followings: plasma and CSF concentration
of all test compounds at 2 h postdose in the presence of zosuquidar (mean of two animals due to
convulsion observed in one of the three animals) and plasma concentration of antipyrine at 24 h
postdose in the absence of zosuquidar (mean of two animals due to below quantification limit in one

of the three animals).

Figure 4. Total plasma (closed circles), unbound plasma (gray circles), and CSF (open circles)
concentration-time profiles of zosuquidar in cynomolgus monkey. The animal received two
intravenous bolus doses of zosuquidar (both 10 mg/kg): immediately (10 min) before dosing the test
compound cocktail and at 8 h later (indicated by arrows). Each point represents the mean = SD of
three animals, except for 2 h postdose (mean of two animals due to convulsion observed in one of

the three animals). The dashed and dotted lines show the simulated Cpjasma and C piasma 0f zosuquidar,

respectively, based on the 2-compartment model analysis (Supplemental Figure 1).

Figure 5. Inhibitory effect of zosuquidar (0-1 pmol/L) on human P-gp-mediated transport of

desloratadine (0.3 umol/L) and quinidine (0.3 umol/L). The data are shown as the percent of control

as described in Materials and Methods. Each point represents the mean + SD of triplicate samples.

Figure 6. Comparison of Kp uyjumbar cse OF test compounds with the Ky ise (A) and Ky u cisternal csr

(B) in cynomolgus monkey. The K uyise and Kp u cistenal cse Values are presented as the mean = SD
30
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of three to five animals. The solid line passing through the origin represents the line of unity + 3-fold
(dashed lines). According to the previous report (Nagaya et al., 2014), the test compounds are
classified into nonsubstrates (open circles: 1, antipyrine; 2, carbamazepine; 3, lamotrigine), weak
substrates (gray circles: 4, ondansetron; 5, E2074) or good substrates of P-gp (closed circles: 6,
risperidone; 7, verapamil; 8, paliperidone; 9, desloratadine; 10, quinidine) based on the in vitro CER

values.
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Tables

Table 1 K, ,, values of test compounds in cynomolgus monkeys.

The Kp uu,lumbar csre Values were compared with K u cisternal cse and Kp uu,1se Values that were previously determined.

20z ‘8T |1dy uo Ssfeuinor 184S Y e B9 euuno fipdse pwup wouy papeojumod

_ AUC (ng-h/mL)" Kpuu ratio

Test In vitro b ac ad R
compounds P-gp CER Unbound Lumbar CSE Kp.uuumbar csF” Kpuucisternal csF Kpuuise™ Lumbar CSF Lumbar CSF  Cisternal CSF*

plasma Cisternal CSF ISF ISF
Antipyrine 1.0°% 1730 + 699 1840 + 692 1.10£0.15 1.05 0.857 11 1.3 12
Carbamazepine 1.0° 1170 + 476 1560 + 606 1.34£0.10 1.19 1.27 1.2 1.1 0.94
Lamotrigine 1.1° 15990 + 1600 15700 + 943 0.990 + 0.066 0.875 0.678 11 15 13
Ondansetron 2.0° 665+ 118 570 £ 80 0.885 £ 0.259 0.481 0.483 1.8 1.8 1.0
E2074 2.2 244 + 38 255+41 1.05+0.11 0.733 0.480 14 2.2 15
Risperidone 3.9 143 +3.7 6.59 + 2.25 0.458 £0.074 0.133 0.126 34 3.6 11
Verapamil 5.4% 306 + 21 124 + 14 0.406 + 0.058 0.183 0.0789 2.2 5.1 2.3
Paliperidone 8.9° 356 + 166 73.7+15.1 0.226 + 0.061 0.0490 NT 4.6 NA NA
Desloratadine 12 409+3 79.7+£29 0.195 + 0.006 0.129 0.0609 15 3.2 2.1
Quinidine 13° 473 £ 66 132 + 28 0.278 £ 0.029 0.169 0.0658 1.6 4.2 2.6

CER = corrected efflux ratio, NA = not applicable, NT = not tested.

%(Nagaya et al., 2014).

®Mean + SD of three animals.
°Kp,uuycistema| cse Was the cisternal CSF-to-unbound plasma drug concentration ratio determined at steady state after intravenous infusion in cynomolgus

monkeys.

de,uu,ISF was the ISF-to-unbound plasma drug concentration ratio determined at steady state after intravenous infusion in cynomolgus monkeys.
*Mean of triplicate determinations.
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Table 2 Kp uujumbar cse Values of test compounds in the presence or absence of concomitant treatment with zosu&uidar in cynomolgus monkeys

[oX
3
Test Unbound plasma AUC* CSF AUC® Ko fgitumbar cs Kp.uu lumbar csr Fatio
compounds Zosuquidar (-)°  Zosuquidar (+)° Zosuquidar (-)°  Zosuquidar (+)° Zosuguidar (-ﬁ Zosuquidar (+)° Zosuquidar (+)/(-)
o 2870 3080 g 1.07
Antipyrine 2980 £ 1180 (3120, 2650) 3110 + 1130 (3290, 2870) 105+0.04 - (1.05, 1.08) 10
508 653 9 1.08
Ondansetron 586 + 180 (752, 484) 493 + 110 (728, 578) 0861+0.0%2  (g68,1.19) L3
>
. 587 163 0.250
Desloratadine 515 + 39 (619, 692) 77.0+85 (164, 163) 0.151 + o.ozes% (0,264, 0.235) 1.7
o 363 412 & 0.987
Quinidine 483 + 181 (515, 332) 114 + 39 (472, 351) 0.239 + 0.011;3 (0,916, 1.06) 4.1
4Unit, ng-h/mL. 2
®Mean + SD of three animals. N
“Mean of two animals with individual values in the parenthesis. E
&
8
N
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Figure 1
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Figure 2

Kp,uu,lumbar CSF
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Figure 3
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Figure 4

Downloaded from dmd.aspetjournals.org at ASPET Journals on April 18, 2024

o o
. .
[]
[} | o
] N
[]
]
! ©
[] 7 -—
[}
[
! N
\ 1
'
4
V4
——mm,  Seeees. . <00
[ N
s. Q0+
s A -
' . N
4 @ O
p) .
[TITTRD B T T T T T TT A T TN
o o o o - 1‘0
o o L o
o -
et

(qw/Bu) uonesuasuon

Time (h)


http://dmd.aspetjournals.org/

Figure 5
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