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A B S T R A C T

Efficacy of drugs aimed at treating central nervous system (CNS) disorders rely partly on their ability to cross the
cerebral endothelium, also called the blood-brain barrier (BBB), which constitutes the main interface modulating
exchanges of compounds between the brain and blood. In this work, we used both, conventional pharmacoki-
netics (PK) approach and in situ brain perfusion technique to study the blood and brain PK of PKRinh, an
inhibitor of the double-stranded RNA-dependent protein kinase (PKR) activation, in mice. PKRinh showed a
supra dose-proportional blood exposure that was not observed in the brain, and a brain to blood AUC ratio of
unbound drug smaller than 1 at all tested doses. These data suggested the implication of an active efflux at the
BBB. Using in situ brain perfusion technique, we showed that PKRinh has a very high brain uptake clearance
which saturates with increasing concentrations. Fitting the data to a Michaelis-Menten equation revealed that
PKRinh transport through the BBB is composed of a passive unsaturable flux and an active saturable protein-
mediated efflux with a km of ≅ 3 μM. We were able to show that the ATP-binding cassette (ABC) transporter P-gp
(Abcb1), but not Bcrp (Abcg2), was involved in the brain to blood efflux of PKRinh. At the circulating PKRinh
concentrations of this study, the P-gp was not saturated, in accordance with the linear brain PKRinh PK. Finally,
PKRinh had high brain uptake clearance (14 μl/g/s) despite it is a good P-gp substrate (P-gp Efflux ratio≅ 3.6),
and reached similar values than the cerebral blood flow reference, diazepam, in P-gp saturation conditions. With
its very unique brain transport properties, PKRinh improves our knowledge about P-gp-mediated efflux across
the BBB for the development of new CNS directed drugs.
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1. Introduction

The double-stranded (ds) RNA-dependent protein kinase (PKR) be-
longs to a family of four serine-threonine protein kinases implicated in
the activation of the α subunit of the eukaryotic initiation factor 2
(eIF2α) (Colthurst et al., 1987; Kaufman, 1999). PKR can be activated
by viral dsRNA in virally infected cells or by the endogenous specific
PKR protein activator (PACT in humans, or RAX in rodents), in response
to diverse cellular stress signals in non-infected cells (Patel et al., 2000).
In the brain, PKR activation results in eIF2α phosphorylation, pro-
apoptotic and toxic effects on neurons (Chang et al., 2002) which is
why PKR is considered to be an upstream kinase in the stress-mediated
apoptosis pathway (Peel and Bredesen, 2003; Ruvolo, 2001). PKR and
phosphorylated PKR (pPKR) levels were found to be increased in the
cerebrospinal fluid (CSF) of Alzheimer's disease (AD) patients (Mouton-
Liger et al., 2012b) and were correlated with the rate of cognitive de-
cline in these patients (Dumurgier et al., 2013; Paquet et al., 2015).
Moreover, a mouse model lacking PKR (Abraham et al., 1999) has
shown enhanced learning abilities and long-term memory (LTM), in-
creased network excitability and enhanced late long-term potentiation
(L-TP) (Zhu et al., 2011). Finally, it has been shown that PKR mediates
Tau phosphorylation in response to amyloid beta (Aβ) exposure (Bose
et al., 2011) and increases the β-site APP cleaving enzyme 1 (BACE1)
mRNA translation (Ill-Raga et al., 2011; Mouton-Liger et al., 2012a;
O'Connor et al., 2008). All together, these findings strongly suggest that
PKR plays a significant role in neurodegenerative disorders (Chang
et al., 2002). Thus, PKR inhibition becomes a promising approach to
slow down neurodegeneration in several human diseases such as AD
(Zhu et al., 2011). PKRinh, a new chemical entity that selectively in-
hibits PKR activation was recently developed by Sanofi (Mouton-Liger
et al., 2015). PKRinh was previously shown to inhibit eIF2α phos-
phorylation, reduce neuronal loss and neurodegeneration and decrease
BACE1 synthesis leading to decreased Aβ production in thiamine-defi-
cient (TD) mice, a mouse model of neurodegeneration (Mouton-Liger
et al., 2015).

In order to reach their cerebral targets, drugs aimed at treating
central nervous system (CNS) disorders must efficiently cross the blood-
brain barrier (BBB) to reach the brain parenchyma. The BBB is com-
posed of a monolayer of brain capillary endothelial cells (BCECs) and
constitutes the main interface modulating exchanges of compounds
between the brain and the blood. The tight junctions located between
adjacent BCECs restrict diffusion of solutes via paracellular pathway. In
addition, several transporters expressed in BCECs participate in the
control of drug exchanges between brain and blood. These transporters
belong either to the solute carriers (SLC) family, which regulates solutes
cellular uptake and/or efflux (Abbott and Friedman, 2012) or to the
ABC (ATP-binding cassette) transporters family. The latter is pre-
dominantly located at the luminal side of the BCECs, and acts as efflux
transporters, thus restricting the brain entry of potentially toxic en-
dogenous and exogenous compounds (Abbott et al., 2010; Abbott,
2013). P-glycoprotein (P-gp; ABCB1) and the Breast Cancer Resistance
Protein (BCRP; ABCG2) are the main ABC transporters that carry-out a
vital neuroprotective and detoxifying function (Shawahna et al., 2011).
Although SLC transporters have relatively tight substrate specificity,
ABC transporters carry a broad spectrum of chemically unrelated
compounds, leading to limited brain distribution of many xenobiotics
(Abbott and Friedman, 2012). It has been shown that P-pg is re-
sponsible for the very poor brain penetration of large (> 400 Da) hy-
drophobic/amphiphilic drugs and that a number of drugs display a
highly increased brain penetration in P-gp knockout mice (Schinkel,
1999).

For CNS drug candidates, such as PKRinh, it is of greatest im-
portance to assess their ability to cross the BBB. But crossing the BBB is
not per se sufficient; the compound also has to reside in the brain long
enough to bind its target at efficient concentration to exert its phar-
macological activity. This is why being a substrate for efflux proteins is

usually predictive for poor brain exposure and lack of therapeutic ef-
ficacy. In this study, we first used a conventional pharmacokinetic ap-
proach to explore PKRinh blood and brain distribution in wild-type
(WT) mice. We then used the in situ brain perfusion technique to ex-
plore the mechanism(s) by which PKRinh crosses the BBB, and to de-
termine if transporter(s) is(are) involved. We found that despite being a
P-gp substrate at the mouse BBB, PKRinh shows greater brain uptake
than regular P-gp substrates which might favor its CNS activity.

2. Materials and methods

2.1. Drugs and chemicals

PKRinh physicochemical as well as absorption, distribution, meta-
bolism and elimination (ADME) properties were determined previously
(Sanofi internal data): molecular weight= 497 g/mol, cLogP= 5.1,
solubility at pH 7.4 < 1 μg/ml, blood to plasma ratio= 1.07, Caco-2
efflux ratio (measured at 20 μM and pH 6.5)= 2.99, human hepatocyte
intrinsic clearance (measured at 5 μM)=0.045ml/h/106 cells and
contribution of human CYP3A to the hepatic clearance=62%.
Unbound fractions of PKRinh in plasma (fu,plasma) and in brain homo-
genate (fu,brain) were measured in vitro by equilibrium dialysis method:
fu,plasma= 2.1 10−3, fu,brain = 2.1 10−4.

[14C]-sucrose (435.0 mCi/mmol) was purchased from Perkin Elmer,
France. Irbesartan was purchased from Sanofi, France. PKRinh and
PKRinh2 were manufactured by Sanofi, France. [3H]-PKRinh (25.2 Ci/
mmol) was manufactured by Sanofi, Germany. PSC833 (valspodar, used
as P-gp inhibitor) was purchased from Sigma (St Quentin, France).
Taurocholate, tetraethylammonium, digoxin and L-tryptophan were
purchased from Sigma. Diphenhydramine was purchased from Inresa,
France. All other chemicals were reagent grade commercial products.

2.2. Animals

C57BL/6 WT male mice were obtained from Charles River, France
for the pharmacokinetics (PK) study. C57BL/6 WT male and female
mice were obtained from Janvier, France for in situ brain perfusion. FVB
WT and triple knockout (TKO) for P-gp and Bcrp (Abcb1a−/

−/Abcb1b−/−/Abcg2−/−) male and female mice were bred in house
(Faculté de Pharmacie de Paris, France) from progenitors obtained from
the laboratory of Dr. Alfred H. Schinkel (The Netherlands Cancer
Institute, Amsterdam, The Netherlands). All mice were housed in an
environment maintained at 22 ± 2 °C with controlled humidity, a 12-
hour light/12-hour dark cycle and access to food and tap water ad li-
bitum. The acclimatization time before experimentation was at least
5 days. All experiments complied with the ethical rules of the European
directive (2010/63/EU) for experimentation with laboratory animals.
The PK study was performed in accordance with the standards of the
ILAR (Institute for laboratory animal research) Guide (2010) and Sanofi
Policy on Protection of Animals. The in situ brain perfusion experiments
were approved by the ethics review committee of Paris Descartes
University (study approval n° 12–181).

2.3. Pharmacokinetic study

PKRinh was prepared as a suspension of 1, 3 and 10mg/ml in 0.6%
methylcellulose/0.5% Tween 80, due to its poor solubility. The sus-
pensions were prepared on the day of the experiment and kept under
magnetic stirring during administration. PKRinh was administered as a
single or repeated (once a day for 4 days) oral doses (gavage) of 10, 30
or 100mg/kg, to 7–9weeks old C57BL/6 WT male mice. Animals were
individually weighed before dosing. Volumes to be administered were
calculated on the basis of their body weight.

2.3.1. Blood sampling
Blood samples were collected either via retro-orbital bleeding using
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50 μl heparinized capillary glass tubes or via cardiac puncture, at
terminal time points, using non-heparinized syringes and immediately
aliquoted into 50 μl heparinized capillary glass tubes. Both sampling
procedures were realized under isoflurane anesthesia. Each mouse was
maximally sampled twice for blood. Blood samples were collected at
0.25, 0.5, 1, 3, 5, 8 and 24 h following last drug administration on Day
1 and on Day 4. The number of mice per time point was 6 to 12 for each
dose level. Samples were stored at −80 °C until bioanalytical analysis.

2.3.2. Brain sampling
The brain was collected at sacrifice, immediately after cardiac

puncture, at 0.25, 0.5, 1, 3, 5, 8 and 24 h following last drug admin-
istration on Day 1 and on Day 4. The number of mice per time point was
3 to 8 for each dose. Brains were dissected on ice to isolate the cortex
from olfactory bulbs, cerebellum, thalamus, white matter and me-
ninges. Cortices were put into 1.5 ml Precellys® CK14 tubes, weighted
and frozen on carbo-isopentane. Samples were stored at −80 °C until
bioanalytical analysis.

2.4. Bioanalytical method

2.4.1. Sample preparation
Before analysis, blood and brain samples were thawed at room

temperature. Brain samples were diluted at 1/5th with water and
homogenized at 5000 rpm for 5 s using a Precellys®24 tissue homo-
genizer (Bertin Technologies) and the homogenate was then diluted at
half with blank mouse plasma. PKRinh was extracted from blood and
brain samples by protein precipitation followed by filtration on Ostro®
pass-through sample preparation plates (Waters). The internal standard
(IS) was PKRinh2 at 7.5 ng/ml in acetonitrile +1% formic acid for
blood samples and irbesartan at 1 ng/ml in acetonitrile +1% formic
acid for brain samples. Due to the irbesartan's signal instability in blood
matrix, PKRinh2, a structural analog to PKRinh, was chosen as IS for
blood analysis.

The calibration standards and quality control (QC) samples were
prepared from a PKRinh stock solution in acetonitrile/water (50/50)
diluted via a serial dilution with blank mouse blood or blank mouse
plasma for blood and brain assay respectively. For the brain assay,
blank mouse brain homogenate was added to the plasma standards and
QC samples in order to match the study samples matrix. Standards and
QC samples were prepared following the same precipitation-filtration
protocol and on the same day than the study samples. Standard curve
ranged from 1.00 ng/ml for the lower limit of quantification (LLOQ) to
2000 or 4000 ng/ml for the upper limit of quantification (ULOQ) for
blood and brain assay respectively. QC samples at three concentrations
levels; 3.00 ng/ml (low), 800 ng/ml (medium) and 1600 ng/ml (high)
for blood assay and at four concentrations levels; 5.00 ng/ml (low),
50.0 and 800 ng/ml (medium), 3200 ng/ml (high) for brain assay, were
analyzed in two replicates, one replicate at the beginning and one re-
plicate at the end of each sample run. The accuracy of the bioanalytical
method was determined on LLOQ samples and found to be 10.7%.

2.4.2. Instrumentation
A high-performance liquid chromatography coupled with tandem

mass spectrometry system (HPLC-MS/MS) was used for the measure-
ment of PKRinh concentrations in blood and brain samples. The HPLC
system was comprised of a SIL20AC autosampler, two LC20AD pumps,
a DGU-20A5 degassing unit and a CTO-ASvp column oven (Shimadzu
Scientific Instruments). The mass spectrometer consisted on an API
4000 triple quadrupole with a turbo spray source (Sciex Instruments)
operating in multiple reaction-monitoring (MRM) and positive polarity
mode for 4.5 min. The monitored transitions (m/z) were: 461.1→ 175.1
for PKRinh, 445→ 159 for PKRinh2 (IS for blood samples) and
429.3→ 207.3 for irbesartan (IS for brain samples). Due to the polarity
and high lipophilicity of PKRinh, a reversed-phase chromatography was
performed using a Xbridge C18 column (50×2.1mm, with a particle

size of 5 μm (Waters)) heated at 40 °C. The mobile phase consisted on a
solvent A (water +0.1% formic acid) and a solvent B (acetonitrile
+0.1% formic acid). PKRinh and IS were eluted using a gradient elu-
tion program of 20 to 80% B in 3.5min, a 0.5 min hold at 80% B, fol-
lowed by a return to 20% B for a 1min equilibration. The flow rate was
0.6 ml/min. A 10 μl aliquot of the prepared sample was injected onto
the HPLC column. The retention time was 2.05min for PKRinh,
1.62min for PKRinh2 and 2.03min for irbesartan. Analyst 1.6.2 soft-
ware was used for data acquisition and analysis.

2.5. In situ brain perfusion

Surgical procedure and perfusion technique: The transport of [3H]-
PKRinh into the brain of mice was measured using the in situ brain
perfusion method. This method allows a complete substitution of the
brain vasculature by an artificial perfusion fluid whose composition,
flow rate and perfusion time are fully controlled. Several BBB drug
transport parameters, such as the brain volume of distribution (Vd) and
the brain uptake clearance (Clup or Kin), can thus be measured
(Cattelotte et al., 2008; Dagenais et al., 2000; Takasato et al., 1984).
Briefly, the mice were weighted and anesthetized by intraperitoneal
injection of a ketamine-xylazine mixture (140 and 8mg/kg respec-
tively). The right common carotid artery was ligated on the heart side
and the right external carotid artery was ligated at the level of its bi-
furcation from the common artery. The right common carotid was then
catheterized with heparin-filled polyethylene tubing (0.3 mm
i.d.× 0.7mm o.d.). The syringe containing the perfusion fluid was
placed in an infusion pump (Harvard pump PHD 2000, Harvard Ap-
paratus, France) and connected to the catheter. Just before perfusion,
the thorax of the animal was opened and the heart was cut to ensure
that the entire brain blood is replaced by the perfusion fluid. Perfusion
was started immediately at a flow rate of 2.5 ml/min. Each mouse was
perfused with [3H]-PKRinh (0.3 μCi/ml) and [14C]-sucrose (0.1 μCi/ml)
as a vascular marker for 30 s–2min. The P-gp inhibitor (PSC833, 5 μM)
as well as the influx transporter's inhibitors (taurocholate 1mM, di-
goxin 50 μM, tetraethylammonium 10mM, diphenhydramine 10mM or
L-tryptophan 5mM) was added to the perfusion fluid when necessary.
The perfusion was terminated by decapitating the animal. The brain
was removed from the skull and dissected on ice. The right brain
hemisphere as well as aliquots of the perfusion fluid were placed in
tared glass vials and weighted. Brain samples were digested in 2ml of
solubilizer (Solvable®, PerkinElmer) for about 24 h. Brain and perfusion
fluid samples were mixed with 9ml of Ultima Gold XR® scintillation
cocktail (PerkinElmer). For all samples, 3H and 14C isotopes were
counted simultaneously in a liquid scintillation counter (Tri-Carb® 2810
TR, PerkinElmer).

Perfusion fluid: The perfusion fluid consisted of Krebs bicarbonate-
buffered physiological saline (in mM: 128 NaCl, 24 NaHCO3, 4.2 KCl,
2.4 NaH2PO4, 1.5 CaCl2, 0.9 MgSO4 and 9 D-glucose) warmed at 37 °C
and gassed with 95% O2 and 5% CO2 to obtain a pH of 7.4. [3H]-
PKRinh, [14C]-sucrose ± PKRinh (from 10 nM to 15 μM) and PSC833
(5 μM) were added to the perfusate at the appropriate concentration
depending on the experiment. Ethanol and/or DMSO did not exceed
0.5% of the perfusate.

Calculation of BBB transport parameters: Calculations were done as
previously described (Cattelotte et al., 2008; Dagenais et al., 2000;
Smith, 1996; Takasato et al., 1984). The brain vascular volume (Vvasc,
μl/g) was estimated from the volume of tissue distribution of [14C]-
sucrose, which is known for not crossing the BBB during short perfusion
time. Vvasc was calculated as follows:

=V Q
Cvasc

sucrose

sucrose (1)

where Qsucrose (dpm/g) is the amount of [14C]-sucrose in the right brain
hemisphere and Csucrose (dpm/μl) is the [14C]-sucrose concentration in
the perfusion fluid. Before further calculations, it was ensured that all
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mice had a Vvasc within the normal range (i.e. Vvasc < 20 μl/g)
(Cattelotte et al., 2008), indicating that the BBB was not altered during
the experiment. The apparent brain tissue distribution volume (Vd, μl/
g) of [3H]-PKRinh was calculated as follows:

=V Q
Cd

perf (2)

where Q (dpm/g) is the amount of [3H]-PKRinh in the right brain
parenchyma and Cperf (dpm/μl) is the [3H]-PKRinh concentration in the
perfusion fluid. In order to account for vascular contamination of the
brain hemisphere, Q was previously corrected by subtracting the [3H]-
PKRinh remaining in the vascular space from the total [3H]-PKRinh in
the tissue sample (Qtot, dpm/g):

= − ×Q Q V Ctot vasc perf (3)

The brain coefficient transport (Kin, µl/g/s), also called the brain
uptake clearance (Clup, μl/g/s), was calculated as follows:

=K V
Tin

d
(4)

where T is the perfusion time in seconds. This Kin parameter enabled us
to identify and characterize the different influx or efflux transporters
involved in the transport of PKRinh at the luminal side of the BBB. The
BBB transport parameters were estimated by plotting the drug uptake
clearance (Kin; μl/g/s) against total concentrations in perfusion fluid
using a sigmoid Emax model:

= +
×

+
E E E C

IC C0
max tot

γ

50
γ

tot
γ (5)

where Ctot is the total PKRinh concentration (unlabeled and radi-
olabeled PKRinh) in the perfusion fluid (μM), E represents the brain
coefficient transport (Kin, µl/g/s) of [3H]-PKRinh, E0 is the minimal
brain coefficient transport (Kinmin, μl/g/s) of [3H]-PKRinh, Emax is the
difference between the maximal and minimal brain coefficient trans-
port (Kinmax-Kinmin) of [3H]-PKRinh (μl/g/s), IC50 is the concentration
at which brain transport was half-maximally inhibited (μM) and γ is the
Hill coefficient.

The permeability-surface area product (PS, μl/g/s) was calculated
from Kin using the Crone-Renkin equation (CRE):

= − × −PS F ln (1 K /F)in (6)

where F represents the cerebral perfusate flow (μl/g/s). Because of the
structure of the CRE, the results tend to be more variable when the Kin

are close to F. The CRE implies that the upper limit of a compound's Kin

is the cerebral blood flow, that is, the Kin of diazepam which has been
previously estimated from 42.3 μl/g/s to 52 μl/g/s, depending on the
studies (Alata et al., 2015; Cattelotte et al., 2008). However, Summer-
field et al. have reported that 17 compounds had greater Kin than the
one of diazepam in rats. In particular sertraline (cLogP= 4.8,
fu,brain = 9 10−4), an antidepressant of the selective serotonin reuptake
inhibitor (SSRI) class, exhibit a Kin of 73.2 μl/g/s (Summerfield et al.,
2007). One hypothesis could be that a high brain tissue binding, i.e. low
fu,brain, may be acting as a drug sink, facilitating the brain penetration of
lipophilic drugs (cLogP>4). Thus, in this study, diazepam could not be
used as the flow marker for calculation of PS values via the CRE; the
flow component F was taken as the highest Kin measured (sertraline).
Similarly, Avdeef et al. have shown that the traditional CRE using
diazepam as flow marker fails to determine reliable PS values for li-
pophilic drugs (Avdeef and Sun, 2011). Finally, Dagenais et al. have
showed that amitriptyline, buspirone and chlorpromazine (LogP= 4.9,
2.7 and 5.4 respectively) have greater Kin than diazepam in WT mice
(Kin= 55.8, 54.2 and 50 μl/g/s respectively) (Dagenais et al., 2009).
They chose to set F= 71.6 μl/g/s to allow conversion of all of the
measured Kin to PS values (Dagenais et al., 2009). Since PKRinh had a
high cLogP (5.1) and very low fu,brain (2.1 10−4), and in order to be
consistent with previous published data on mouse in situ brain perfusion

of lipophilic drugs, we decided to set F= 71.6 μl/g/s for PS calcula-
tions.

The rate of drug uptake or “brain flux” (Jnet, μmol/g/s) was calcu-
lated as follows:

= ×J PS Cnet tot (7)

In case of a saturable transport, the brain flux takes the form of a
Michaelis-Menten equation which includes a non-saturable component
(passive transport) and a saturable component (active transport; influx
or efflux):

= × ±
×

+
J K C V C

K Cnet passive tot
max tot

m tot (8)

where Jnet is the net flux across the BBB (μmol/g/s), Vmax is the max-
imal velocity of transport (μmol/g/s), Km is the apparent Michaelis-
Menten transport parameter (μmol/μl) which represents the con-
centration at the half-maximal carrier velocity, and Kpassive is the un-
saturable flux component (μl/g/s) with Ctot being expressed in μmol/μl.
The data were then fitted using nonlinear regression analysis.

2.6. Data analysis

The blood and brain PK parameters (maximum concentration
(Cmax), time to reach maximum concentration (Tmax), terminal half-life
(t1/2) and the area under the concentration time curve between 0 and
24 h (AUCτ)) were estimated from mean concentrations at each time by
non-compartmental analysis using Phoenix WinNonlin® 6.4 software
(Pharsight). The t1/2 and AUCs were calculated using a linear trape-
zoidal linear interpolation method; Cmax and Tmax were observed va-
lues. The brain to plasma AUC ratios of unbound drug (Kpu,u,brain) were
calculated as follow:

=
×

×
Kp

AUC f
AUC fu,u,brain

τ,brain u,brain

τ,plasma u,plasma (9)

The AUCτ,blood were converted into AUCτ,plasma using the blood to
plasma ratio of PKRinh.

The dose ranging effect on blood and brain PK parameters was
determined by plotting blood and brain Cmax or AUCτ against dose and
performing a linear regression. Statistical difference with theoretical
dose-proportionality was estimated on slopes values.

In situ brain perfusion results (Vd and Kin) are presented either as
individual data or mean ± standard deviation (SD). The BBB transport
parameters (Emax, IC50, γ and E0) were estimated by fitting equation (5)
using Phoenix WinNonlin® 6.4 software. Results are expressed as esti-
mated data ± SD.

The passive and active transport parameters of PKRinh (Vm, Km and
Kpassive) were estimated by plotting brain flux (Jnet, μmol/s/g) against
total concentration using the carrier-mediated Michaelis-Menten
equation (Eq. 8) and performing a nonlinear regression with the
Phoenix WinNonlin® software. Results are expressed as estimated
data ± SD. The errors associated with the kinetic parameters are
asymptotic standard errors returned by a nonlinear regression routine
and are a measure of the certainty of the best-fit value.

The PKRinh efflux ratios (ER) were calculated as the ratio of Kin

measured with or without P-gp inhibitor (ERPSC833/Ctrl), or in TKO vs.
WT mice (ERTKO/WT) or with saturating vs. non-saturating perfusate
concentration (ERsaturating C/non saturating C).

2.7. Statistical analysis

When applicable, a t-test or a one- or two-way analysis of variance
(ANOVA) followed by a Bonferroni post-test was used to identify sig-
nificant differences. Analyses were performed on GraphPad Prism
software and statistical significance was set at p < 0.05.
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3. Results

3.1. Blood and brain pharmacokinetics

Time course of mean total blood and brain concentrations of PKRinh
after single (Day 1) and repeated (Day 4, τ=24 h) oral administration
at 10, 30 and 100mg/kg in C56BL/6 WT mice are shown in Fig. 1a) and
b) for blood and brain, respectively. The blood and brain PK parameters
(Cmax, Tmax t1/2, AUCτ and Kpu,u,brain) were estimated by a non-com-
partmental analysis as described in materials and methods, and are
shown in Table 1.

On Day 1, blood concentrations peaked rapidly with Cmax reached
1 h after dosing for all doses. Maximal PKRinh concentrations were
reached between 3 and 8 h after dosing, depending on the dose ad-
ministered. The sampling period was too short to capture the complete

elimination of PKRinh for the highest dose in blood, and for all doses in
brain. However, t1/2 could be determined in blood at 10 and 30mg/kg
and were found to be 3.1 and 4.0 h, respectively. These data are in good
agreement with previous studies conducted in mice for this compound
and for which t1/2 were found to be 3.9, 4.0 and 5.0 h at 10, 30 and
100mg/kg respectively (internal data, not shown). Therefore, the
steady state is predicted to be reached before the Day 4 of our study.

On day 4, blood concentrations also peaked rapidly with Cmax

reached 1 h after dosing at 10 and 30mg/kg, but there was a plateau
between 1 and 8 h at 100mg/kg, leading to a Cmax at 8 h for this higher
dose. Maximal PKRinh concentrations were reached 5 h after dosing at
10 and 30mg/kg. Because of the blood concentrations plateau at
100mg/kg, the brain Cmax was found to be earlier than the blood Cmax

at this higher dose. The observed accumulation ratios after 4 days of
repeated administrations of PKRinh were found to be close to 1 in blood

Fig. 1. Time course of PKRinh blood and brain concentrations.
Mean blood (a) and brain (b) concentration versus time profiles of PKRinh after single (Day 1) and repeated (Day 4, τ=24 h) oral administrations of 10 (○), 30 (Δ) and 100 (□) mg/kg in
C57BL/6 WT mice. Units are in ng/ml for blood and ng/g for brain. Data represent the mean ± SD of N=6 to 12 (blood) and N=3 to 8 (brain) mice for each time point on a semi-log
scale.
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and brain at 10 and 30mg/kg. However, there was an accumulation
over the 4 days treatment period at the highest dose tested, and this
accumulation was more extensive in blood than in brain (observed
accumulation ratio= 1.75 and 1.5 in blood and in brain, respectively),
which is in good agreement with the blood concentrations plateau
observed on Day 4 at 100mg/kg.

The brain to blood AUC ratios of unbound drug (Kpu,u,brain) were
found to be lower than 1 at all doses, suggesting an active efflux phe-
nomenon at the BBB. In accordance with Giudicelli and colleagues who
showed that no correction for residual blood in brain concentrations
was needed for drugs which total brain/blood concentration ratios
are> 0.1 (Giudicelli et al., 2004), we did not correct the total brain
concentrations from the intravascular contamination.

The steady state being reached on Day 4, we decided to focus on the
Day 4 data in order to explore the relative increase of AUCτ with dose.

3.2. Dose ranging effect on blood and brain pharmacokinetics

The relationship between doses and PKRinh AUCτ measured at
steady state (Day 4), are shown in Fig. 2a) and b) for blood and brain,
respectively. PKRinh blood AUCτ increased clearly in a supra dose-
proportional way. Indeed, the blood AUCτ ratio on Day 4 between 10
and 100mg/kg is 35 for a dose ratio of 10 (Table 1). It was not so clear
for the brain. Indeed, the brain AUCτ ratio on Day 4 between 10 and
100mg/kg is 15 for a dose ratio of 10 (Table 1). However, the slopes of
brain AUCτ linear regression versus dose and theoretical dose-pro-
portionality were not significantly different (p=0.077), showing that
PKRinh brain AUCτ increased dose-proportionally. It is noteworthy that
the decrease in Kpu,u,brain observed with dose is probably due to the
supra dose-proportionality of PKRinh blood PK.

Altogether these data suggest that the PKRinh blood PK is supra
dose-proportional, whereas the brain PK is dose-proportional. It can be
hypothesized that the blood supra dose-proportionality comes either
from a non-dose-proportional tissue distribution (others than brain), or
more likely from a saturation of an elimination process, but the elim-
ination mechanism of the molecule is not known yet.

3.3. Physical integrity of the BBB during transport studies

The Vvasc was measured in each mouse used in our in situ brain
perfusion studies, using [14C]-sucrose (Supplementary data, Fig. S1).
All the values were in the normal range (i.e. Vvasc < 20 μl/g)
(Cattelotte et al., 2008; Takasato et al., 1984). The integrity of the
vascular compartment was thus unaltered by the increasing con-
centrations of PKRinh in the perfusion fluid. These data suggest that
PKRinh (up to 15 μM) had no acute effect on the physical integrity of
the BBB during perfusion.

3.4. Effect of perfusion time on brain transport

We first measured the time-course of the brain volume of distribu-
tion (Vd, μl/g) of [3H]-PKRinh in C57BL/6 WT mice (Fig. 3). We ob-
served a linear increase of [3H]-PKRinh Vd as a function of the perfusion
time between 30 and 120 s (r2= 0.9975), suggesting that [3H]-PKRinh
transport rate remained unchanged over time. The perfusion time must
be chosen within the linear part of the distribution kinetics, ensuring
that the luminal membrane of the BBB is the only interface that affects
the distribution of the compound and that passive back flux is insig-
nificant (Cattelotte et al., 2008). The perfusion time must also be as
short as possible to ensure that the BBB keeps its physiological prop-
erties during the whole experiment. We selected a perfusion time of 60 s
for subsequent single time-points experiments.

3.5. Effect of PKRinh concentration on its brain transport

PKRinh brain transport, expressed as Kin, was measured with in-
creasing concentrations of PKRinh in the perfusate, up to the highest
concentration achievable in an aqueous solution (from 10 nM to
15 μM). The concentration-dependent brain transport of PKRinh is
shown in Fig. 4. The mean brain uptake of PKRinh observed at the
lowest dose (10 nM) was 13.8 ± 3.1 μl/g/s. PKRinh brain uptake then
increased rapidly with perfusate concentration and finally reached a
plateau at 4 μM with a Kin of 58.0 ± 5.0 μl/g/s at the highest dose
(15 μM). These results suggest that an active protein-mediated efflux is
involved in PKRinh transport through the BBB and that this mechanism
becomes eventually saturated with increasing perfusate PKRinh con-
centrations. The variation in PKRinh Kin with total perfusate con-
centrations fitted a sigmoid Emax equation with a Hill coefficient of
3.04 ± 0.93 and an IC50 value of 0.89 ± 0.08 μM. The minimum Kin

value (E0), estimated for lowest PKRinh concentrations, was
13.7 ± 1.49 μl/g/s and the maximum additive net Kin value (Emax),
estimated for highest PKRinh concentrations, was 39.8 ± 2.21 μl/g/s.
The concentration-dependent brain transport of [3H]-PKRinh can thus
be described as the following sigmoid Emax equation:

= +
×

+
K 13. 7 39. 8 C

0. 89 Cin
tot

3.04

3.04
tot

3.04

with Kin in μl/g/s and Ctot in μM. The efflux ratio (ER) between satur-
ating and non-saturating concentration was found to be 3.9.

3.6. Passive and carrier-mediated transport components at the BBB

In order to investigate the involvement of a protein-mediated efflux
of PKRinh at the BBB, the total PKRinh brain flux, expressed as the rate
of brain uptake, Jnet, was fitted to total perfusate concentrations (Ctot)
(Fig. 5, solid line). Jnet was calculated for each sample using the Crone-

Table 1
PKRinh blood and brain PK parameters.

Dose
(mg/kg)

Day 1 Day 4

Cmax

(ng/ml or ng/g)
Tmax

(h)
t1/2
(h)

AUCτ
(ng·h/ml or ng·h/g)

Cmax

(ng/ml or ng/g)
Tmax

(h)
AUCτ
(ng·h/ml or ng·h/g)

Observed
accumulation ratio (AUCτ,Day4/AUCτ,Day1)

Blood 10 292 1 3.1 2467 390 1 2522 1.02
30 1388 1 4.0 14,785 1711 1 18,139 1.23
100 4187 1 NA⁎ 50,384 4491 8 88,246 1.75

Brain 10 1620 8 22,828 1420 5 20,367 0.89
30 2718 3 40,386 2850 5 38,330 0.95
100 12,550 5 201,229 15,383 3 301,456 1.50

Kpu,u,brain 10 0.86
30 0.23
100 0.37

NA=not applicable.
⁎ t1/2 could not be calculated with good precision for this dose.
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Renkin equation (Eq. 7). This equation fitted the observed data very
well. The total brain flux increases slowly at low perfusate concentra-
tions and follows a linear increase after a certain perfusate concentra-
tions. This shape of the Jnet is typical of an active saturable process
mixed with a passive unsaturable flux. If a compound is supported by an
efflux transporter, the total brain flux versus perfusate concentration
can be modelled by an equation involving both a passive unsaturable
component and an active saturable component (=Michaelis-Menten
term) (Eq. 8). Performing the nonlinear regression of the data with this
equation gave the following parameters estimates: Kpassive (rate of the
passive unsaturable flux)= 148.5 ± 22.7 μl/g/s, Vmax (maximum ve-
locity of the efflux)= 0.40 10−3 ± 0.22 10−3 μmol/g/s and Km

(concentration at the half of the maximal transport velocity)= 3.04

10−6 ± 1.23 10−6 μmol/μl. Using Kpassive, we could draw the passive
unsaturable component (Fig. 5, dotted line) of PKRinh flux which cor-
responds to the passive free diffusion of PKRinh through the BBB. Fi-
nally, the active saturable flux of PKRinh (Fig. 5, dashed line) was
drawn by subtracting the passive unsaturated flux from the total flux
and corresponds to the carrier-mediated efflux of PKRinh. The total flux
of [3H]-PKRinh across the BBB can thus be described as the following
equation:

= × −
×

+

−

−
J 148.5 C 0.40 10 C

3.04 10 Cnet tot
3

tot
6

tot

with Jnet in μmol/g/s and Ctot in μmol/μl.

Fig. 2. PKRinh areas under the curves dose proportionality.
Relationship between doses and the areas under the curves (AUCτ)
measured at steady state (on Day 4), in the blood (a) and brain (b) of
C57BL/6 WT mice after repeated (τ=24 h) oral administrations of
PKRinh at 10, 30 and 100mg/kg. Values in parentheses represent the
increase of the AUCτ at 30 and 100mg/kg compared to 10mg/kg,
corresponding to a dose ratio of 3 and 10 respectively. Theoretical
dose-proportionality is shown as a dotted line. Blood AUCτ increase
clearly in a supra dose-proportional way with dose. In brain, the slope
of AUCτ linear regression versus dose was compared with theoretical
dose-proportionality. A t-test was used to identify significant differ-
ences (statistical significance was set at p < 0.05). The slopes were
not significantly different (p=0.077), showing that brain AUCτ in-
creases in a dose-proportional way with dose.

Fig. 3. Time course of PKRinh apparent brain distribution volume.
The apparent brain distribution volume, Vd (μl/g) of [3H]-PKRinh in C57BL/6 WT mouse
was determined by in situ brain perfusion for 30, 60, 90 and 120 s. The line indicates a
linear regression (y= 12.68x) with r2=0.9975. Data represent the means ± SD for 5
animals per time point.

Fig. 4. PKRinh concentration-dependent brain transport.
Observed [3H]-PKRinh brain transport coefficients (Kin, μl/g/s), following in situ brain
perfusion in C57BL/6 WT mice, were fitted to total concentrations in perfusion fluid (Ctot,
μM) using a Sigmoid Emax Model (Phoenix WinNonlin® software). The estimated para-
meters are: Emax= 39.8 ± 2.21 μl/g/s, IC50= 0.89 ± 0.08 μM, E0= 13.7 ± 1.49 μl/g/
s and Gamma=3.04 ± 0.93. The ratio between the Kin min (E0) and Kin max
(E0+Emax) is 3.9.
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3.7. Identification of PKRinh efflux transporter

In order to identify which transporter(s) is(are) implicated in the
saturable efflux of PKRinh at the BBB, we perfused PKRinh at a non-
saturating dose (10 nM) in FVB WT mice with and without PSC833, a
known P-gp inhibitor (Achira et al., 1999; Boesch et al., 1991) and in
FVB P-gp/Bcrp-deficient (=FVB TKO) mice. PSC833 was used at 5 μM,
a concentration that was shown to inhibit the entire P-gp function at the
mouse BBB (Cisternino et al., 2004). FVB TKO mice are mutant mice
lacking Abcb1a, Abcb1b (mouse P-gp genes) and Abcg2 (mouse Bcrp
gene), two of the main ABC transporters found at the BBB (Löscher and
Potschka, 2005), on FVB background (Wijnholds et al., 2000). Results
are shown on Fig. 6. We showed that the Kin of PKRinh in FVB WT mice
(14.2 ± 6.1 μl/g/s) was significantly different (p < 0.001) than both
Kin of PKRinh in FVB WT mice co-perfused with PSC833 and in FVB
TKO mice (51.6 ± 4.4 and 50.8 ± 6.9 μl/g/s respectively). It is no-
teworthy that Kin obtained in FVB WT mice co-perfused with PSC833
and in FVB TKO mice are not significantly different. Similarly, Kin ob-
tained in FVB TKO mice co-perfused or not with PSC833 are not sig-
nificantly different. The Kin of PKRinh in FVB TKO mice is similar to the
Kin obtained in C57BL/6 WT mice at a saturating concentration (15 μM,
Fig. 4) (14.2 and 13.7 μl/g/s respectively), suggesting no impact of the
mouse strain on PKRinh brain uptake. Moreover, in C57BL/6 WT mice,
the efflux ratio between saturating and non-saturating doses was 3.9
(Fig. 4), similarly to the efflux ratio of 3.6 between FVB TKO and WT
mice (Fig. 6). Taken together, these results suggest that PKRinh is
specifically effluxed by P-gp at the BBB.

3.8. Involvement of influx transporters in PKRinh brain uptake

In order to investigate if a potential carrier-mediated influx was
involved in the PKRinh brain uptake, we perfused PKRinh with

different substrates/inhibitors of the main influx transporters known, or
thought, to be expressed at the BBB. It has been described that, in case
of involvement of both, influx and efflux mechanisms in the BBB
transport of a molecule, the one can be hidden by the other (Chapy
et al., 2016). We studied the potential involvement of influx transpor-
ters in the absence of P-gp function, i.e. by perfusing PKRinh at P-gp
saturating concentration (15 μM) in C57BL/6 WT mice. Taurocholate
was used as an inhibitor of OAT3 (Cha et al., 2001; Sweet et al., 2002),
Oatp14 (Tohyama et al., 2004), Oatp1a1 (Jacquemin et al., 1994;
Kullak-Ublick et al., 1994) and Oatp1a4 (Slco1a4)(Ose et al., 2010;
Ronaldson et al., 2011; Ronaldson and Davis, 2013). Digoxin was used
as an Oatp1a4 inhibitor (Do et al., 2013; Ronaldson and Davis, 2013;
Zhang et al., 2016). It is known that digoxin is also a P-gp substrate
(Schinkel et al., 1996), but in our perfusion condition, P-gp was satu-
rated in order to investigate the involvement of Oatp1a4 only. Tetra-
ethylammonium (Bourdet et al., 2005; Dresser et al., 2000; Ming et al.,
2009; Zhang et al., 1998) and diphenhydramine (Müller et al., 2005;
Zolk et al., 2009) were used as OCT1 and OCT2 inhibitors, two organic
cation drugs transporting protein from the SLC22 family. It is note-
worthy that diphenhydramine is also a substrate of a new BBB drug/
proton-antiporter involved in the brain uptake of different cationic
drugs such as nicotine, tramadol, MDMA or cocaine (Chapy et al.,
2015a; Cisternino et al., 2013). L-tryptophan was used to inhibit LAT-1
(Yanagida et al., 2001), a large neutral amino acids transporter from the
LAT family. None of these inhibitors of BBB influx transporters did
modulate significantly the Kin of PKRinh (Fig. 7), in C57BL/6 WT mice.
These data suggest that none of SLC and LAT transporters investigated
are involved in the influx of PKRinh at the BBB.

4. Discussion

Drug delivery to the brain parenchyma represents a major obstacle

Fig. 5. Passive and carrier-mediated fluxes at the blood brain barrier.
Total [3H]-PKRinh flux (Jnet, nmol/g/s; solid line) was measured in
the mouse right hemisphere and fitted to total concentration in Krebs-
carbonate perfusion fluid (Ctot, μM). The dotted line represents the
passive diffusion of PKRinh through the BBB. The dashed line re-
presents the curve obtained by subtracting the passive flux from the
total flux and fitted to the carrier-mediated Michaelis-Menten equa-
tion by non-linear least squares regression. The estimated parameters
for PKRinh BBB transport are: Kpassive= 148.5 ± 22.7 μl/g/s,
Km=3.04 μM, Vmax=0.40 ∗ 10−3 ± 0.22 ∗ 10−3 μmol/g/s.

Fig. 6. P-gp mediated efflux at the blood brain barrier.
The brain transport coefficient (Kin, μl/g/s) of [3H]-PKRinh was
measured by in situ brain perfusion in FVB WT and P-gp/Bcrp-defi-
cient mice (=FVB TKO) with and without the P-gp inhibitor (PSC833,
5 μM). Each group of animals was perfused with [3H]-PKRinh at a
non-inhibiting concentration (10 nM) for 60 s. Data represent the
means ± SD for 5–6 animals per group. A two-way ANOVA followed
by a Boneferroni post-test was used to identify significant differences.
P-gp deficiency produced a 3.6-fold increase in the brain transport of
PKRinh (p < 0.001). P-gp inhibition by PSC833 produced a 3.6 fold
increase in the brain transport of PKRinh in FVB WT mice
(p < 0.001).
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to CNS drugs development since 98% of the new candidates do not
cross the BBB efficiently (Terasaki and Pardridge, 2000). PKRinh is a
new CNS drug candidate for which we combined both, conventional PK
approach and in situ brain perfusion technique to study the blood and
brain PK and transport across the BBB. Our data show that Kpu,u of
PKRinh is smaller than 1 at all doses, meaning the absence of equili-
brium between the unbound fraction of plasma (plasmau) and brain
extracellular fluid (bECF) which represents the unbound fraction of the
brain (Brainu). Hence, a small Kpu,u value can be interpreted as a re-
striction of the BBB drug uptake, due to the involvement of an efflux
transporter (Hammarlund-Udenaes et al., 1997; Tunblad et al., 2003;
Xie et al., 2000). However, the pharmacological effect of a CNS drug
such as PKRinh is not only dependent on its Brainu but also on its bound
brain fraction (Brainb), which includes both, its brain intracellular fluid
(bICF) distribution and drug binding to unspecific and specific brain
targets. This bound/unbound partition is of a great importance since a
high Brainb fraction resulted in a small Brainu fraction and thus in a
small Kpu,u, independently of the BBB transport mechanism, i.e. even if
there is no restriction of the drug brain uptake at the BBB level. In this
case, the equilibrium between total brain (i.e. bound and unbound) and
plasmau concentrations can be achieved, as we previously showed for
an AMPA modulator known as S18986, which is a lipophilic drug
having a high Kin (at around 20 μl/g/s) and a small Kpuu (=0.3). Our
data evidenced that S18986 was not effluxed at the BBB level and that
its small Kpu,u was due to its high Brainb with a ratio Brainb/plasmau
equal to 1 and a Brainb/Brainu ratio equal to 4.5 (Bourasset et al.,
2005). PKRinh is a compound having a very small unbound brain
fraction (2.1.10−4), so the bound fraction is equal to 0.99 and the
Brainb/Brainu ratio is at around 4700. These data show that, despite a
small Kpu,u, the total brain exposure of PKRinh is high enough to allow
a significant pharmacological effect which was observed in mice re-
ceiving 30mg/kg/24 h of PKRinh by oral gavage (Mouton-Liger et al.,
2015). Thus, the Kpu,u of PKRinh smaller than one might be due to its
high Brainb. However, it could also result from the involvement of an
efflux transporter at the BBB level. We tested this hypothesis by using
the in situ brain perfusion technique. Our results support this hypothesis
since we evidenced a saturation of the PKRinh brain uptake with in-
creasing PKRinh concentration, independently of any loss of the BBB
integrity. We thus determined the passive and active components of the
PKRinh flux through the BBB and found a Km at around 3 μM, which is
in the same range than Km of many P-pg substrates (Lin and Yamazaki,
2003; Makhey et al., 1998). Indeed, the Km of cyclosporine A, digoxin
and verapamil were determined, in vitro, at 3.8 μM, 58 μM and
4.4–31 μM, respectively (Fricker et al., 1996; Makhey et al., 1998;
Stephens et al., 2001). Similarly, the Km values of vinblastine and ca-
bazitaxel (TXD258), determined in vivo, were found at 71.3 μM and
13 μM, respectively (Cisternino et al., 2003a, 2003b). Taken as a whole,
the saturable uptake of PKRinh observed at the BBB level, its active
efflux with a Km value in the micro-molar range, as well as the high
expression of the P-gp at the luminal membrane of brain capillaries

endothelial cells strongly suggest that PKRinh could be a substrate of P-
gp at the BBB. In addition, this hypothesis is supported by the high
hydrophobicity of PKRinh (cLogP=5.1), its molecular weight at
around 500 Da, along with a high caco-2 efflux BA/AB ratio (~3)
(Ambudkar et al., 1999; Faassen et al., 2003; Karlsson et al., 1993;
Klopman et al., 1997; Schinkel, 1999; Schinkel and Jonker, 2003). Our
data obtained in TKO (mdr1a/1b/bcrp−/−) and WT mice, in the pre-
sence or absence of the P-gp inhibitor PSC833 (Cisternino et al., 2004),
confirmed the involvement of P-gp, but not Bcrp, in the PKRinh efflux
through the BBB. Indeed, its efflux ratio (ER) obtained in WT (FVB)
mice co-perfused with or without PSC833 (ERPSC833/Ctrl = 3.6) was
exactly the same than that obtained in TKO vs. WT (FVB) mice (ERTKO/

WT= 3.6) and was very close to that obtained in WT (C57BL/6) mice
perfused with or without saturating PKRinh concentration (ERsaturating

C/non saturating C= 3.9).
Thus, the question was to determine if the P-gp was or not saturated

at circulating PKRinh concentrations, which could increase the risk of
potential neurotoxic events and the occurrence of drug-drug interac-
tions with other P-gp substrates. It is noteworthy that only the unbound
fraction of a drug can be transported by the P-gp at the BBB. The higher
unbound blood concentration reached in our study is the Cmax of the
100mg/kg dose i.e. 9 ng/ml, far lower than the P-gp Km (=3.04 μM
~1510 ng/ml), suggesting that the P-gp at the BBB is not saturated by
the circulating unbound concentrations of PKRinh for doses ranging
from 10 to 100mg/kg. These data are in good accordance with the
dose-proportional brain PK of PKRinh that we found by traditional PK
approach.

Because of its efflux pump function, low substrate selectivity and
broad expression at the BBB, the P-gp is often involved in the restriction
of drug transport through the BBB. Thus, being a P-gp substrate is re-
sponsible for drugs to have a poor BBB rate transport (Ambudkar et al.,
1999; Cordon-Cardo et al., 1989; Schinkel, 1999; Thiebaut et al., 1987).
Indeed, among all the drugs which transport across the BBB has been
investigated by in situ brain perfusion in rodents, P-gp substrates have
extremely low Kin values in non-saturating conditions, except for ami-
tryptiline and sertraline which, despite being P-gp substrates, have a Kin

equal to 55.9 and 34.2–73.2 μl/g/s, respectively (Dagenais et al., 2009;
Summerfield et al., 2007). However, their in vivo efflux ratios
(ERmdr1a(−/−)/WT) are close to unity, (1.2 for amitriptyline (Dagenais
et al., 2009), 1.0 or 1.1 for sertraline (Dagenais et al., 2009; Kikuchi
et al., 2013)), showing that P-gp might not really restrict their BBB
diffusion. On the contrary, the Kin of many good P-gp substrates which
brain ER is higher than 2, such as vinblastine (ER=2.7: (Cisternino
et al., 2001), cabazitaxel (ER= 2.9: (Cisternino et al., 2003a)), but also
colchicine (ER=3.0: (Cisternino et al., 2001; Dagenais et al., 2000),
quinidine (ER≈ 6: (Obradovic et al., 2007a) or loperamide (ER≈ 5:
(Obradovic et al., 2007a)) were lower than 1 μl/g/s in rodents
(Cisternino et al., 2003b; Drion et al., 1996; Obradovic et al., 2007b).
We showed that PKRinh has a high brain uptake (Kin value in non-
saturating conditions≈ 14 μl/g/s). This level of Kin is usually observed

Fig. 7. Absence of active influx at the blood brain
barrier.
The brain transport coefficient (Kin, μl/g/s) of [3H]-
PKRinh was measured by in situ brain perfusion in
C57BL/6 WT, with or without influx transporters in-
hibitors: taurocholate (Oatp1a4, OAT3 and Oatp14
inhibitor), digoxin (Oatp1a4 inhibitor), tetra-
ethylammonium (OCT1 and OCT2 inhibitor), di-
phenhydramine (H+-antiporter inhibitor, OCT1 and
OCT2 inhibitor), L-tryptophan (LAT1 inhibitor). WT
mice were perfused with [3H]-PKRinh at a P-gp in-
hibiting concentration (15 μM) for 60 s. N=4–5 ani-
mals per group. A one-way ANOVA followed by a
Boneferroni's multiple comparison test was used to
identify significant differences.
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for molecules that have a high BBB permeability due to their physico-
chemical properties and/or to the involvement of BBB influx trans-
porters as observed, for instance, for cholesterol (Kin= 10.6 μl/g/s) (Do
et al., 2011), cocaine (Kin= 19 μl/g/s) (Chapy et al., 2015b) or nicotine
(Kin= 18 μl/g/s) (Cisternino et al., 2013). The case of PKRinh is of
particular interest since it has a high Kin although it is a good P-gp
substrate (ER≅ 4). Thus, in non-saturating conditions, PKRinh has a Kin

that is at least 14 times higher than all other known xenobiotics with
similar P-gp ER properties.

The high BBB permeability of PKRinh might be due either to its
physicochemical properties or to the involvement of an influx trans-
porter. Our data did not reveal the involvement of any of the influx
transporters tested (i.e. neither Oatp1a4, nor Oatp14, Oatp1a1, OCT1,
OCT2, OAT3, LAT1, H+-antiporter). But, we cannot exclude that an-
other influx transporter, not characterized yet, may be involved in the
PKRinh influx through the BBB. Nevertheless, our data suggest that the
high PKRinh Kin value may rather be attributed to its favorable physi-
cochemical properties (molecular weight < 500 g/mol and high lipo-
philicity). This hypothesis is supported by the PKRinh Kin values we
obtained at P-gp saturating concentration or when P-gp was lacking or
inhibited. Indeed, these values were found at around 51 μl/g/s, i.e. very
close to that of flow-dependent molecules such as buspirone
(Kin= 54.2 μl/g/s), chlorpromazine (Kin= 50 μl/g/s) (Dagenais et al.,
2009) or diazepam (Kin= 42.3 to 52 μl/g/s) (Alata et al., 2015;
Cattelotte et al., 2008), meaning that PKRinh becomes a flow-depen-
dent molecule when P-gp is non-functional.

In spite of the extensive research conducted on the P-gp since its
discovery in 1976, its functional and biochemical properties are not yet
fully understood, especially regarding the fact that such a vast number
of structurally unrelated compounds can be recognized by the same
transporter. Indeed, several hundred of P-gp substrates have been
identified, and the list is growing constantly (Löscher and Potschka,
2005; Schinkel and Jonker, 2003). CNS pharmacokinetic properties of
PKRinh enriched the knowledge in which high capacity P-gp substrate
could also exhibit CNS activity depending both on their passive BBB
rate and binding/distribution property to the brain tissue.

5. Conclusion

In conclusion, we showed that PKRinh brain accumulation was
linear between 10 and 100mg/kg, in spite of a non-linear systemic PK.
We evidenced that PKRinh brain transport was composed of a passive
flux through the BBB and an active protein-mediated efflux with a Km of
3 μM. Using P-gp/Bcrp deficient mice as well as P-gp inhibitor, we
showed that PKRinh was a P-gp substrate at the mouse BBB and that
this efflux was not saturated at circulating concentrations. Moreover,
the case of PKRinh is of particular interest because its Kin is high (14 μl/
g/s) despite being a good P-gp substrate (ER TKO/WT=3.6) and without
being carried in the brain by any of the characterized influx transporter.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ejps.2018.02.005.
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