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restricted by P-glycoprotein, a multi-drug efflux pump, and the tight junctions of
brain capillary endothelial cells. CsA inhibited the function and expression of P-
glycoprotein (Kochi et al., 1999) and increased the permeability of brain endothelial
cells (Dohgu et al., 2000), suggesting that CsA could pass through the blood-brain
barrier (BBB) due to the impaired function. In the present study, to test whether
CsA induces neurotoxicity by passing through the damaged BBB and/or the recon-
stituted BBB with an incomplete function after an ischemic insult, we examined the
effect of CsA on minimal electroshock-induced convulsions in mice treated with a
transient middle cerebral artery occlusion (MCAOQ) for a short period (2 h).

MATERIALS AND METHODS

Male ddY mice weighing 25-35 g (Kyudo, Kumamoto, Japan) were housed in
a room at a temperature of 22 + 2°C under a 12-h light/dark schedule (lights on
at 7:00 hours) and given water and food ad libitum. All the procedures involving
experimental animals adhered to the law (No. 105) and notification (No. 6) of the
Japanese Government, and were approved by the Laboratory Animal Care and Use
Committee of Fukuoka University.

The pharmaceutical formulation of CsA (Sandimmun® injection, 250 mg/S mL/
ampule, Novartis Pharma, Tokyo, Japan) was used after a dilution with saline.
The vehicle solution for CsA consisted of 13% polyoxyethylene castor oil (Cre-
mophor EL®, Sigma, St. Louis, MO, USA), 7% ethanol, and 80% saline (the
same mixture as the vehicle for Sandimmun® injection). A reagent for histolog-
ical examination, 2,3,5-triphenyltetrazolium chloride (TTC), was purchased from
Sigma.

Anesthesia was induced by 2% halothane (Flosen, Takeda, Osaka, Japan) and
maintained with 1% halothane. Focal cerebral ischemia was induced by occlusion of
the middle cerebral artery using the intraluminal filament technique (Mishima et al.,
2003). After a midline neck incision, the left common and external carotid arteries
were isolated and ligated. An 8-0 nylon monofilament (Ethilon, Johinson & Johinson,
Tokyo, Japan) coated with silicon resin (Xantopren, Heleus Dental Material, Osaka,
Japan) was introduced through a small incision into the common carotid artery and
was advanced to a position 9 mm distal from the carotid bifurcation for occlusion
of the middle cerebral artery. Two hours after MCAOQO, animals were re-anesthetized
with halothane, and reperfusion was established by withdrawal of the filament. The
sham-operated mice were subjected to the procedure mentioned above without
MCAO. At the end of the experiment, mice were decapitated under anesthesia with
pentobarbital Na (40 mg/kg, i.p., Nembutal, Dainippon, Osaka, Japan) and brains
were removed. Coronal sections were cut 2-mm thick and incubated in physiological
saline containing 2% TTC at 37°C for 15 min for histological examination of the
MCAO-induced brain damage.

Effect of CsA or vehicle on the minimal electroshock-induced convulsions
was examined at 1, 3, 7 and 14 days after the sham-operation or MCAO. CsA
(10 and 30 mg/kg) or vehicle was administered i.p. in a volume of 0.1 mL/10 g
body weight. Sixty minutes after the injection, each mouse was subjected to the
minimal electroshock (10 mA, at a frequency of 60 Hz, applied for 0.2 s) using
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external corneal electrodes connected to an electroshock convulsive stimulator unit
(MK-800, Muromachi Kikai, Tokyo, Japan) and placed individually in an acrylic
cage (18 x 28 x 34 cm). The observations were made during a 2-min period with a
camcorder (VL-DC1, Sharp, Tokyo, Japan) and stored on digital video tape. The
durations of clonic and tonic-clonic convulsions were measured with a video player
by two observers blinded to the pretreatment with CsA or vehicle. The minimal
electroshock-induced convulsions were defined as positive when they lasted for
more than 2 s. Only one of 12 normal mice showed convulsions for 1 s.

Statistical analysis was performed using Fisher’s exact probability test. A value
of P < 0.05 was considered significant.

RESULTS

Histological observations with TTC staining indicated that MCAO for 2 h pro-
duced a small infarcted region in the caudate putamen of the cerebral hemisphere
with a relatively mild insult (an irregular pallor) at 1 day after the operation (Fig. 1).
The size and intensity of infarction gradually increased in the cuadate putamen and
cerebral cotex at 3-7 days, reaching a maximum at 14 days. Minimal electroshock
did not induce convulsions in sham mice treated with vehicle. When CsA (10 or 30
mg/kg) was given, convulsions were induced by electroshock in 20-30% of sham
mice at 1-14 days post-surgery (Fig. 2A). In MCAO mice treated with vehicle,
electroshock-induced convulsion was observed in 1 of 8 mice at 1 day, but not at
3-14 days post-surgery (Fig. 2B). In MCAO mice, CsA (10 mg/kg) moderately in-
creased the incidence of convulsions to 67% over the level in sham mice (20-30%)
at 1 day but not at 3-14 days after operation (Fig. 2). CsA (30 mg/kg) markedly
increased the incidence of convulsions to 90-100% at 1-7 days, but this increase was
not observed at 14 days after the operation in MCAO mice (Fig. 2B).

DISCUSSION

Treatment with MCAO is employed to make an animal model of transient focal
‘cerebral ischemia (Brown et al., 1995; Sydsertf et al., 2002). In the present study, a
short (2 h) MCAO produced small to mid-sized infarcted regions with increasing
post-operative days in the caudate putamen and cerebral cortex, when compared
with the usual MCAO method (4 h) (Mishima et al., 2003) (Fig. 1).

A high dose of CsA (30 mg/kg) markedly aggravated the electroshock-induced
convulsions in MCAO mice. This action appeared at an early stage (1-7 days) but
not late stage (14 days) post-MCAO. An ischemic event has been known to cause
disruption of the BBB (Cipolla et al., 2004). Nishigaya et al. demonstrated using
an immunochistological staining of endothelial barrier antigen that impairment and
restoration of the brain endothelial barrier occurred in the post-ischemic period of
1-7 days and 14-28 days, respectively, in rats with MCAO for 2 h. Taken together
with this evidence, the present findings suggest that CsA probably penetrates the
brain through the impaired BBB at an early stage following ischemic insults and
consequently has an adverse central action. The reconstituted BBB at a late-stage
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sham

1 day after

3 days after

7 days after

14 days after

Fig. 1. Representative photographs showing coronal
sections of the caudate putamen and cerebral cortex
stained with 2% 2,3,5-triphenyltetrazolium chloride
at 1, 3, 7 and 14 days after a transient middle cere-
bral artery occlusion for 2 h and at 7 days after sham
operation (Sham).

post-MCAOQO may limit the delivery of CsA. Our previous findings in vitro demon-
strated that CsA impairs brain endothelial barrier function by accelerating NO
production in brain endothelial and astroglial cells (Ikesue ef al., 2000; Dohgu et al.,
2000; Yamauchi et al., 2005). This action of CsA may be effective against the damaged
BBB and/or the reconstituted BBB with an incomplete function at an early stage fol-
lowing the pathological insult. CsA is known to induce convulsions as a result of an
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Fig. 2. Effect of cyclosporin A (CsA) on minimal electroshock-induced con-
vulsions in sham-operated mice (Sham) (A) and in mice with a transient middle
cerebral artery occlusion for 2 h (MCAO) (B). Values are expressed as the in-
cidence (%) of convulsions in mice injected with vehicle or CsA 1 h before
the test. The number of mice used in each treatment is indicated in parenthe-
ses, " P < 0.01 and *** P < 0.001; significant difference from each corresponding
group treated with vehicle. )

interaction between NO and the y-aminobutyric acid system in the hippocampus
(Shuto et al., 1999; Fujisaki et al., 2002). This may be interpreted as a possible mech-
anism for the adverse central action of CsA after penetration of the brain. The
possibility that MCAO influences these neuronal systems and increases the suscep-
tibility to the deleterious effect of CsA on convulsions could not be excluded.

There is experimental evidence that CsA atlow doses produces neuroprotective
effects when given 30 min before or several minutes to 3 h after brain ischemia
(Kuroda et al., 1999; Yoshimoto et al.,1999). In these studies, CsA prevented neuronal
cell death including necrosis and apoptosis and decreased the infarct volumes in the
brain. The different dosing schedule and doses of CsA are probably responsible for
the discrepancy in the results,

In light of these findings, the possibility that CsA increases the risk of convulsions

in patients with cerebral infarction and/or at an early stage following focal cerebral
ischemia would have to be considered.
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ABSTRACT

The purpose of this study was to investigate the carrier-medi-
ated elimination of cephalosporins from the cerebrospinal fluid
(CSF) via the choroid plexus. Cefaclor and cefalexin are struc-
tural analogs with similar lipophilicity, differing by only one
functional group (cefaclor, -Cl; cephalexin, -CH,), and they are
substrates of rat peptide transporter PEPT2 with similar trans-
port activities. However, cefaclor was cleared from the CSF
more rapidly than cefalexin after intracerebroventricular admin-
istration (the elimination rate constants were 0.11 and 0.050
min~—*, respectively). The elimination of cefaclor from the CSF
was Inhibited by benzylpenicillin, but not by glycylsarcosine
(GlySar), whereas GlySar, but not benzylpenicillin, had an in-
hibitory effect on the elimination of cefalexin from the CSF. The
uptake of cefaclor by the freshly isolated rat choroid plexus was
saturable, with a K,,, value of 250 uM, and the uptake clearance

corresponding to saturable components accounts for the major
part of the in vivo clearance from the CSF (17 versus 26 pl/min,
respectively). The uptake of cefaclor by the choroid plexus was
inhibited by benzylpenicillin, but not by GlySar. However, the
inhibitory effect of benzylpenicillin was weaker than expecied
from its own K, value, and furthermore, organic anion trans-
porter (Oat)3 substrates (cimetidine or p-aminohippurate) had
no effect. These results suggest that cefaclor and cefalexin are
eliminated from the CSF by different transporters, and rapid
elimination of cefaclor from the CSF is accounted for by a
benzylpenicillin-sensitive mechanism distinct from Oat3. A
slight modification of a single chemical group of cephalosporins
can greatly affect the contribution of the transporters involved,
and their duration in the CSF.

The B-lactam antibiotics display a broad spectrum of anti-
bacterial activity with a relatively low risk of allergic and
toxic reactions, and cephalosporin antibiotics are preseribed
widely throughout the world for the treatment of various
infections, including bacterial meningitis (Dancer, 2001). De-
spite the availability of effective antimicrobial therapy, the
morbidity and mortality associated with bacterial meningitis
still remain significantly high, especially in developing coun-
tries (Tunkel and Scheld, 1997). As in other body sites, the
bactericidal activity of cephalosporins in cerebrospinal fluid
(CSF) predominantly depends on the length of time during
which their concentrations exceed the minimum bactericidal
concentrations of the infecting organisms. After intravenous
administration, despite the similarity in their structures,
various pB-lactam antibiotics exhibit a noticeable difference in
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cation, Culture, Sports, Science and Technology.
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their distribution, which cannot be explained by their phys-
icochemical properties.

Two major factors are known to determine the pharmaco-
kinetics of B-lactam antibiotics in the CSF. One is their
ability to cross the barriers of the central nervous system,
which may be influenced by molecular size, their degree of
plasma protein binding, and ionization (Levin, 1980; Spector,
1987). Another factor is their rate of efflux from the CSF via
an active transport system in the choroid plexus, a leaf-like,
highly vascularized organ that protrudes into the ventricles
and is comprised of fenestrated capillaries surrounded by a
tightly joined monolayer of epithelial cells (Spector, 1990;
Suzuki et al., 1997). Quantitative studies of the distribution
of B-lactam antibiotics in the CSF, using cefodizime (Nohjoh
et al., 1989) and imipenem (Suzuki et al., 1989b) in compar-
ison with benzylpenicillin, have also indicated that the CSF
concentration of B-lactam antibiotics is greatly affected by
their active elimination via the choroid plexus.

Recent progress in molecular cloning of transporter genes
has identified the transporters involved in the elimination of

ABBREVIATIONS: CSF, cerebrospinal fluid; OAT/Oat, organic anion transporter; PEPT, peptide transporter; GlySar, glycylsarcosine; HPLC,

high-performance liquid chromatography.
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drugs from the CSF, namely, organic anion transporters
(Qat3/Sle22a8 (Nagata et al,, 2002) and Oatplab/Sicola
(Kusuhara et al., 2003)] and a peptide transporter (PEPT2/
Slc15a2) (Novotny et al., 2000). Both Oat3 and Qatpla5 are
characterized by their broad substrate specificity: Oat3 ac-
cepts amphipathic and hydrophilic organic anions as well as
H, receptor antagonists as substrates (Kusuhara et al., 1999;
Nagata et al.,, 2002, 2004a,b), whereas Qatpla5 accepts am-
phipathic organic anions as substrates. Kinetic studies using
Oat3 substrates and inhibitors suggest that Oat3 plays a
major role in the uptake of hydrophilic organic anions such as
benzylpenicillin, p-aminohippurate, and 2,4-dichlorophe-
noxyacetate (Nagata et al., 2002, 2004b) as well as cationic
drugs; H, receptor antagonists (Nagata et al., 2004a) via the
isolated rat choroid plexus; but not an amphipathic organic
anion, estradiol 178 glucuronide, the uptake of which is
mainly accounted for by Oatpla5 (Kusuhara et al., 2003).
PEPT2 has been reported to recognize various di- and tri-
peptides as well as peptide-mimetic drugs, including some
B-lactam antibiotics, that contain an a-amino group in their
structures, such as cefadroxil and cefalexin (Ganapathy et
al.,, 1995; Daniel and Kottra, 2004; Smith et al., 2004). Using
PEPT2 knockout mice, cefadroxil uptake by the freshly iso-
lated choroid plexus has been shown to be mainly mediated
by PEPT2 and partly by Oat3 (Ocheltree et al., 2004). There-
fore, Oat3 and PEPT?2 play important roles in regulating the
CSF concentration of B-lactam antibiotics.

We found that after intracerebroventricular administra-
tion, cefalexin and cefaclor were eliminated from the CSF
with different rate constants, even though they are struc-
tural analogs with similar lipophilicity (their apparent isobu-
tylalcohol-buffer partition coefficients at pH 7.3 are 0.129
and 0.08 for cefaclor and cefalexin, respectively; Suzuki et al.,
1987), differing by only one functional group (cefaclor, —-CI;
cephalexin, -CHj) (Fig. 1). The present study is aimed at
characterizing the transport mechanisms accounting for the
difference in the efflux rates of cefalexin and cefaclor. An
inhibition study was carried out using benzylpenicillin and
GlySar and showed that their inhibitory effect differed for
the elimination of cefalexin and cefaclor, suggesting that
different pathways were involved in the elimination of cefa-
lexin and cefaclor from the CSF,

Materials and Methods

Materials. [**C]Mannitol (56.0 mCi/mmol) was purchased from
Amersham Biosciences UK, Ltd. (Little Chalfont, Buckinghamshire,
UK), and [PH]GlySar (4 Ci/mmol) was purchased from Moravek
Biochemicals (Brea, CA). Unlabeled benzylpenicillin and cefalexin
were purchased from Wako Pure Chemicals (Osaka, Japan), and

cefaclor

COCH

ey

NH s
N
CQOOH
Fig. 1. Chemical structures of cefaclor and cephalexin.

cefalexin

other cephalosporins were obtained from Sigma-Aldrich (St. Louis,
MO). All other chemicals and reagents were of analytical grade and
were readily available from commercial sources. All cell culture
media and reagents were purchased from Invitrogen (Carlsbad, CA),
except for fetal bovine serum, which was obtained from Sigma-
Aldrich.

Animals. Male Sprague-Dawley rats, weighing 220 to 240 g, were
obtained from Japan SLC (Shizuoka, Japan), and experiments were
carried out according to the guidelines provided by the Institutional
Animal Care Committee (Graduate School of Pharmaceutical Sci-
ences, University of Tokyo, Tokyo, Japan).

Construction of the LLC-PK1 Cell Line Stably Expressing
Rat PEPT2 (PEPT2-LLC). Full-length PEPT2 ¢cDNA was isolated
from rat kidney mRNA and, after ligation into T vector (Promega,
Madison, WI), was subcloned into pcDNAS.1 vector (Invitrogen) us-
ing Notl, Spel, and Xbal. The construct was introduced into LLC-
PK1 cells by Lipofect AMINE (Invitrogen) according to the manufac-
turer’s protocol, and stably transfected cells were selected by adding
G418 sulfate (Invitrogen) to the culture medium. Five weeks after
transfection, different clones were seeded on 12-well culture plates,
and the transport activity was tested for positive clones.

Cell Culture. LLC-PK1 cells expressing rat Oat3 (0Qat3-LLC)
have been established previously (Sugivama et al., 2001). Oat3- and
newly established PEPT2-LLC were cultured on culture dishes in
M199 (Invitrogen) supplemented with 10% fetal bovine serum, 100
U/ml penicillin, 100 pg/ml streptomyein, and 400 pg/ml G418 sulfate
at 37°C with 5% CO, and 95% humidity. LLC-PK1 cells between
passages 5 and 22 were used.

Transport Studies in ¢DNA-Transfected LLC-PK1 Cells.
Cells were seeded in 12-well plates at a density of 1.2 X 10° cells/well
for the transport studies. Twenty-four hours before beginning the
assay, the cell culture medium was replaced with that containing 5
mM sodium butyrate to induce the expression of Oat3 and PEPT2.

Transport studies were carried out as described previously (Na-
gata et al,, 2002). After cells were washed twice and preincubated
with Krebs-Henseleit buffer at 37°C for 15 min, uptake was initiated
by adding medium containing 1 xM unlabeled benzylpenicillin or
GlySar in addition to 0.1 uCi of [*Hlbenzylpenicillin or [?H)GlySar.
The Krebs-Henseleit buffer consisted of 118 mM NaCl, 23.8 mM
NaHCOjy, 4.83 mM KCl, 0.96 mM KH,PO,, 1.20 mM MgS0,, 12.5
mM HEPES, 5 mM glucose, and 1.53 mM CaCl,, adjusted to pH 7.4.
The uptake was terminated at designated time points by washing
the cells twice with 1 ml of ice-cold Krebs-Henseleit buffer after
removal of the incubation buffer. The cells were kept in 500 ul of 0.2
N NaOH overnight to allow lysis. After adding 100 ul of 1 N HCI,
aliquots (400 ul) were transferred to scintillation vials containing 2
ml of seintillation fluid. The radioactivity associated with the cells
and an aliguot of the incubation medium was determined using a
liquid scintillation spectrophotometer (Amersham Biosciences, Inc.,
Piscataway, NJ) after the addition of scintillation fluid (Nacalai
Tesque, Kyoto, Japan). Then, 50 ul of cell lysate was used to deter-
mine the protein concentration in each sample by the method of
Lowry with bovine serum albumin as a standard.

Ligand uptake was given as the cell-to-medium concentration
ratio determined as the amount of ligand accumulated in the cells
divided by the medium concentration. Specific uptake was obtained
by subtracting the uptake by vector-transfected cells from the uptake
by ¢DNA-transfected cells. Inhibition studies were carried out by
adding the desired concentrations of unlabeled inhibitors to the
incubation medium.

Kinetic parameters were obtained using the following equation:

U= Vi X SIK, + S) (1)

where v is the uptake velocity of the substrate (picomoles per minute
per milligram of protein), S is the substrate concentration in the
medium (in micromolar), K,, is the Michaelis-Menten constant (in
micromolar), and V,,,, is the maximum uptake rate (picomoles per
minute per milligram of protein).
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Inhibition constants (K; values) of a series of compounds were
obtained by examining their inhibitory effects on the Oat3- and
PEPT2-mediated uptake. The substrate concentration was below the
K, values; thus, the inhibition constants can be obtained from the
following equation, irrespective to the nature of the inhibition.

CL., = CL/(1 + I/K)) (2)

where CL is the uptake clearance, I is the concentration of inhibitor
(in micromolar), and the subscript (+1) represents the value in the
presence of inhibitor. Fitting was performed by the nonlinear least-
squares method using a MULTI program (Yamaoka et al., 1981), and
the Damping Gauss Newton Method algorithm was used for fitting.

Liquid Chromatography-Mass Spectrometry Analysis. The
cellular accumulation of cefalexin and cefaclor by the cells and the
medium concentration (45-55 uM) were quantified using liquid chro-
matography-mass spectrometry. Cefalexin and cefaclor in cell lysate
were analyzed by liquid chromatography/mass spectrometry, The
HPLC system consisted of a Separation Module (Waters 2695; Wa-
ters, Tokyo, Japan) connected to a Micromass ZQ with a ZSpray
system (Waters). The system was controlled by version 3.5 of the
Masslynx software. Chromatography was performed on a Capeell
Pak C18 column (3 um, 75 X 4.5 mm i.d.; Shiseido, Tokyo, Japan)
protected by the same material, A gradient was applied using water
(A) and acetonitrile (B), each containing 0.05% formic acid. The
gradient conditions were as follows: initiate gradient with 100% A,
ramp over 4 min to 30% A and 70% B, ramp over 1 min to 20% A and
80% B, hold for 0.5 min, and ramp over 0.1 min to 100% A to
re-equilibrate the system. The total run time was 10 min. The com-
pounds were eluted at a flow rate of 0.8 ml/min and allowed to pass
into the electrospray source. The Micromass ZQ was operated in the
atmospheric pressure chemical ionization-mass spectrometry posi-
tive ion mode with a corona cwrrent of 0.3 pA, cone voltage of 20 V,
extractor voltage of 2.30 V, RF lens voltage of 0.3 V, source temper-
ature of 100°C, cone temperature of 20°C, and desolvation tempera-
ture of 350°C. High-purity nitrogen gas was used as the desolvation
gas at 300 mU/min, and the cone gas flow was 50 ml/min.

Intracerebroventricular Administration. The efflux of
[*H]GlySar after intracerebroventricular administration was stud-
ied using the method described previously in detail (Suzuki et al.,
1989b; Ogawa et al., 1994). Rats were anesthetized with ketamine
(60 mg/rat) and xylazine (0.984 mg/rat), and their heads were fixed
in a stereotaxic apparatus. A hole was drilled in the skull, 1.5 mm to
the left and 0.5 mm posterior to the bregma, into which a needle was
fixed as a cannula for injection. An intracerebroventricular dose of
[*H)GlySar (20 nCi/rat) and [*C)mannitol (0.4 nCifrat), dissolved in
10 wl of artificial CSF, was administered to the left lateral ventricle.
The prepared artificial CSF consisted of 122 mM NaCl, 25 mM
NaHCOj;, 10 mM glucose, 3 mM KCl, 1.4 mM CaCl,, 1.2 mM MgSQ,,
0.4 mM K,HPO,, and 10 mM HEPES, adjusted to pH 7.3. For
inhibition studies, unlabeled inhibitors of desired concentrations
were administered simultaneously. At designated times, 50 to 100 ul
of CSF was withdrawn by cisternal puncture and centrifuged to
remove any contaminating blood. The remaining radicactivity in the
CSF specimens was determined using a liquid scintillation spectro-
photometer after the addition of scintillation fluid, and the elimina-
tion rate was calculated. Intracerebroventricular administration of
cefaclor or cefalexin (1.25 ug/rat) and [**Clmannitol (0.4 nCi/rat) was
performed using the same method. The CSF specimens were sub-
Jjected to HPLC analysis for quantification of cefalexin and cefaclor;
and for [*Hlmannitol, the radioactivities associated with the CSF
specimens were determined in a liquid seintillation spectrophotom-
eter after addition of scintillation fluid. The elimination clearance
from the CSF was determined by multiplying the elimination rate
constant by the volume of CSF. In the present study, 250 ul was used
as the volume of CSF (Cserr and Berman, 1978).

Transport Studies Using Isolated Rat Choroid Plexus. The
uptake of [*H)GlySar by rat choroid plexus was examined using the
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method described previously (Nagata et al, 2002). The choroid
plexus was isolated from the lateral ventricles of SD rats and incu-
bated at 37°C for 1 min in 500 pl of artificial CSF, consisting of 122
mM NaCl, 25 mM NaHCO;, 10 mM glucose, 3 mM KCI, 1.4 mM
CaCl,, 1.2 mM MgSO,, 0.4 mM K,HPO,, and 10 mM HEPES, equil-
ibrated with 95% O,/5% CO,, and adjusted to pH 7.4. Incubation
medium containing ligands, with or without inhibitors, was added to
initiate uptake and at designated time points, the choroid plexus was
washed three times in ice-cold artificial CSF to terminate the up-
take. The tissue-to-medium concentration ratios of ligands were
calculated with [**Clurea as a cell water space marker. The *H and
14C activity of the specimens was determined in a liquid scintillation
spectrophotometer. The uptake of cefaclor by rat choroid plexus was
examined as described above, and the samples were analyzed by
HPLC. The uptake of cefaclor by the isolated rat choroid plexus was
determined at different substrate concentrations ranging from 10
1M to 10 mM, and the effects of benzylpenicillin, GlySar, cimetidine,
and p-aminohippurate were investigated at designated concentra-
tions.

HPLC Assay. Concentrations of cefalexin and cefaclor in CSF and
in the choroid plexus were analyzed by HPLC. The HPLC system
included a pump (L-6200 intelligent pump; Hitachi, Ibaraki, Japan),
a YMC-Pack Pro C18 column (5 pm, 250 X 4.6 mm; YMC, Tokyo,
Japan) protected by the same material, a column oven (L-7300;
Hitachi) set at 40°C, and a UV detector (L-4200 UV-VIS detector;
Hitachi) operated at 260 nm. The system was controlled by an
L-7200 autosampler (Hitachi). The mobile phase consisted of 0.01 M
acetic acid, pH 4.7/methanol/2-propanol (80:20:1). The compounds
were eluted at a flow rate of 1.0 ml/min.

Statistical Analysis. Statistical analysis of the effect of inhibi-
tors on the uptake of cefaclor by the freshly isolated rat choroid
plexus was performed by one-way analysis of variance followed by
Fisher’s t test to identify significant differences.

Results

Uptake of GlySar, Cefalexin, and Cefaclor by PEPT2-
LLC. Transfection of rat PEPT2 cDNA increased the uptake
of GlySar, a typical substrate of PEPT2 (Fig. 2A). The con-
centration dependence of the uptake of GlySar by PEPT2 was
determined after a 3-min incubation. Nonlinear regression
analysis yielded K, and V., values of 172 = 21 uM and
2340 = 240 pmol/min/mg protein, respectively (Fig. 2B).

Figure 2C shows the time profiles of the uptake of cefaclor
and cefalexin by PEPT2. As for GlySar, the uptake of cefaclor
and cefalexin was significantly greater in PEPT2-LLC than
in vector-LLC. The K; values of cefaclor for GlySar uptake by
PEPT2 were determined to be 171 * 27 uM (Fig. 2D).

Effect of Cefaclor, Cefadroxil, and Cefalexin on Ben-
zylpenicillin Uptake by Oat3-LLC. The uptake of ben-
zylpenicillin by Oat3- and vector-LLC for 5 min was 27.5 *
2.1 and 5.32 * 0.30 pl/mg protein, respectively. The uptake of
cefaclor was determined in Oat3- and vector-LLC. It was
found that they were comparable, and no specific uptake of
cefaclor was detected by Oat3 (data not shown). The inhibi-
tory effect of cefaclor, cephalexin, and cefadroxil on the up-
take of benzylpenicillin by Oat3-LLC for 5 min was examined
(Fig. 38). Cefaclor showed moderate potency, whereas cefa-
lexin and cefadroxil showed weak potency. The K; values of
cefaclor, cephalexin, and cefadroxil were determined to be
105 £ 24, 677 = 143, and 1060 = 210 uM, respectively.

Elimination of GlySar, Cefalexin, and Cefaclor from
CSF after Intracerebroventricular Administration.
Figure 4 shows the CSF concentration of GlySar, cephalexin,
or cefaclor and mannitol after intracerebroventricular ad-
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ministration as a function of time. GlySar was eliminated
from the CSF with a greater rate constant than mannitol, a
reference compound for CSF turnover and diffusion into the
brain interstitial space through the ependyma surface, with
a rate constant of 0.073 min~?, The elimination clearance of
GlySar from the CSF (18 pl/min) was 2.5-fold greater than
that of mannitol (7.23 = 2.49 ul/min). The elimination of
GlySar was saturated at the concentration examined (3 mM),
whereas simultaneous injection of benzylpenicillin had no
effect at a concentration sufficiently high to saturate its own
elimination (Ogawa et al., 1994) (Fig. 5A).

Cefalexin was eliminated from the CSF with a rate con-
stant of 0.0504 + 0.0228 min~! after intracerebroventricular
administration (Fig. 4B), whereas cefaclor was more rapidly

eliminated from the CSF with an elimination rate constant of
0.105 * 0.002 min~* (Fig. 4C). The elimination clearances of
cefalexin and cefaclor were 13.0 = 5.7 and 26.3 *= 0.5 ul/min,
respectively. The elimination of both cephalosporins from the
CSF was saturable, suggesting the involvement of a trans-
porter (Fig. 5). Furthermore, the elimination of cefalexin was
inhibited by GlySar, but it was not significantly affected by
benzylpenieillin (Fig. 5B). Conversely, the elimination of ce-
faclor was inhibited by benzylpenicillin, but not by GlySar
(Fig. 5C).

Uptake of Cefaclor by Isolated Rat Choroid Plexus.
The uptake of cefaclor by freshly isclated rat choroid plexus
was determined (Fig. 6A). The accumulation of cefaclor in the
choroid plexus increased linearly for up to 5 min of incuba-
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time (min) The efflux mechanisms in the choroid plexus have been

v (pmol/min/ul tissue) shown to be an important factor governing the CSF concen-

tration of B-lactam antibiotics and their therapeutic efficacy
in bacterial meningitis. Regarding the efflux transport of
B-lactam antibiotics from the CSF, Oat3 has been suggested
to be responsible for the elimination of benzylpenicillin from
the CSF and partly of the cephalosporin cefadroxil (Nagata et
al.,, 2002; Ocheltree et al., 2004), whereas PEPT2 has been
suggested to play a role in the elimination of cephalosporins
with an a-amino group (Smith et al., 2004). In the present

Fig. 6. Time profile and Eadie-Hofstee plot of cefaclor uptake by rat
isolated choroid plexus. The uptake of 20 uM cefaclor was examined in
the presence or absence of unlabeled cefaclor. The concentration depen-
dence was determined after a 5-min incubation. The solid line represents
the fitted line that was converted to the v/s versus v form (Eadie-Hofstee
plot). The details of the fitting are described under Materials and Meth-
ods. Each point represents the mean = S.E. of quadruple determinations.

tion; therefore, further studies were carried out at 5 min.

Kinetic analyses based on Akaike’s information criteria re-
vealed that the K, and V,,,,,,, values for cefaclor uptake by rat
isolated choreoid plexus were 251 * 31 uM and 722 + 62
pmol/min/ul tissue, respectively, and the clearance corre-
sponding to the nonsaturable component was 0.0242 =+
0.0099 plmin/pl tissue (Fig. 6B). Inhibition studies were

study, the elimination profiles of the analogs cefalexin and
cefaclor from the CSF were compared after intracerebroven-
tricular administration, and the uptake of cefaclor by the
freshly isolated rat choroid plexus was characterized. Trans-
port studies using the PEPT2-cDNA transfectant showed
that both cefaclor and cefalexin are substrates of PEPT2 with

1
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the mean = S.E. of quadruple determinations. #+, p < 0.01; #, p < 0.05.

similar transport activities (Fig. 2). For Oat3, although the
cephalosporins had a moderate or weak inhibitory effect (Fig.
3), no specific uptake of cefaclor by Qat3 could be detected
(data not shown).

After intracerebroventricular administration, the elimina-
tion rates of cefalexin and cefaclor from the CSF were differ-
ent. The elimination clearance of cefaclor from the CSF was
2-fold greater than that of cefalexin. Taking into consider-
ation the clearance by nonspecific elimination pathways,
such as a convective flow associated with CSF turnover and
diffusion into the brain parenchyma across the ependyma
surface, there was a 3-fold difference in the efflux clearance
across the choroid plexus between cefaclor and cefalexin. To
characterize the efflux transport, an in vivo inhibition study
was carried out using benzylpenicillin and GlySar as inhib-
itors. It was found that there was a clear difference in the
inhibition potencies of these inhibitors for the elimination of
cefalexin and cefaclor from the CSF (Fig. 5), suggesting a
difference in the contribution of the transporters responsible,
despite their analogous chemical structures.

Furthermore, the uptake of cefaclor by isolated rat choroid
plexus was characterized. Time-dependent and saturable up-
take of cefaclor was observed in the freshly isolated rat cho-
roid plexus (Fig. 6). Taking the water space of the rat choroid
plexus (6 wl/rat) into consideration (Ogawa et al., 1994), it
would be expected that the uptake clearance corresponding
to the saturable fraction would account for the major part of
the elimination clearance from the CSF (17 versus 26 pul/min/
rat, respectively). Consistent with the in vivo observation
(Fig. 5), benzylpenicillin had a significant effect on the up-
take of cefaclor by the freshly isolated rat choroid plexus,
whereas GlySar had no significant effect (Fig. 7). The uptake
of benzylpenicillin by the isolated rat choroid plexus has been
shown to be carrier-mediated (Suzuki et al., 1987; Nagata et
al., 2002). However, its inhibition of the uptake of cefaclor
was lower than expected from its own K, value [58 uM
(Suzuki et al,, 1987), 111 uM (Nagata et al., 2002)] (Fig. 7).
Furthermore, p-aminohippurate and cimetidine had no effect
(Fig. 7), even at a concentration sufficient to inhibit ben-
zylpenicillin uptake in the choroid plexus (Nagata et al.,
2002). These kinetic results suggest that benzylpenicillin and

cefaclor do not share the same uptake mechanism at the
choroid plexus.

Considering the previous result obtained using another
analog, cefadroxil (Ocheltree et al., 2004), PEPT2 is one of
the candidate transporters responsible for the uptake of ce-
falexin by the choroid plexus. Inhibition of its elimination
from the CSF by GlySar supports this hypothesis. In contrast
to these analogs, the absence of inhibitory effect of GlySar on
the elimination of cefaclor suggests a minimal contribution
from PEPT2. Instead, a benzylpenicillin-sensitive trans-
porter, distinct from the classical transporter responsible for
benzylpenicillin uptake in the choroid plexus, accounts for
the uptake of cefaclor by the choroid plexus and the rapid
elimination of cefaclor from the CSF.

The present study demonstrates that even a minor modi-
fication of a single chemical group can dramatically alter the
CSF retention time. Changing the methyl group of cefalexin
to chloride alters the contribution of the responsible trans-
porters, resulting in a marked increase in the elimination
clearance across the choroid plexus. As discussed by Ochel-
tree et al. (2004), several cephalosporins without an a-amino
group can achieve clinically adequate CSF concentrations for
the treatment of bacterial meningitis. These clinical obser-
vations suggest that the a-amino group is also required for
substrate recognition by the benzylpenicillin-sensitive trans-
porter. This should be investigated further in future studies
to establish a rational strategy for chemical modification to
regulate the CSF concentrations of cephalosporins.

In addition to the CSF, it has been found that the brain
parenchyma is the target of p-lactam antibiotics to prevent
glutamate neurotoxicity through induction of glutamate
transporters (Rothstein et al., 2005). The delivery of B-lactam
antibiotics to the brain will become more important in future
as far as increasing their therapeutic efficacy is concerned.
There is another barrier, the blood-brain barrier, formed by a
tight monolayer of brain capillary endothelial cells, in the
central nervous system that prevents the passage of drugs
into the central nervous system from the circulating blood. It
has been suggested that the uptake of benzylpenicillin and
cefodizime by the brain from the blood is mediated by a
transporter (Suzuki et al., 1989a; Matsushita et al., 1991).
However, benzylpenicillin has been suggested to undergo
efflux across the blood-brain barrier, presumably by Oat3
(Kikuchi et al., 2003). Since the concentration of cefodizime
in the extracellular fluid of the brain is less than the unbound
plasma concentration (Matsushita et al., 1991), it could be
that the efflux system for cefodizime is located in the blood-
brain barrier. Further studies are necessary to investigate
these transport mechanisms and the structure-activity rela-
tionships of cephalosporins governing their transport across
the blood-brain barrier.

In conclusion, despite their very similar chemical struc-
tures, the elimination clearances of cefalexin and cefaclor
from the CSF are markedly different. The results of the
present study suggest that this distinction is accounted for by
a difference in the contribution of the transporter responsi-
ble. A benzylpenicillin-sensitive transporter distinct from
Oat3 accounts for the rapid elimination of cefaclor from the
CSF, whereas a GlySar-sensitive transporter, presumably
PEPTZ2, accounts for the elimination of cefalexin.
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ABSTRACT

P-glycoprotein (P-gp) is a major efflux transporter contributing
to the efflux of a range of xenobiotic compounds at the blood-
brain barrier (BBB). In the present study, we evaluated the P-ap
function at the BBB using positron emission tomography (PET)
in nonhuman primates. Serial brain PET scans were obtained in
three rhesus monkeys after intravenous administration of
[''CJverapamil under control and P-gp inhibition conditions
((PSC833 ([3'-keto-Me-Bmt'}-[Val®]-cyclosporin) 20 mg/kg/2
h]). The parent [''Clverapamil and its metabolites in plasma
were determined by HPLC with a positron detector. The initial

brain uptake clearance calculated from the integration plot was
used for the guantitative analysis. After intravenous administra-
tion, [''Cjverapamil was taken up rapidly into the brain (time to
reach the peak, 0.58 min). The blood level of [''Clverapamil
decreased rapidly, and it underwent metabolism with time. The
inhibition of P-gp by PSC833 increased the brain uptake of
[""C]verapamil 4.61-fold (0.141 versus 0.651 ml/g brain/min,
p < 0.05). These results suggest that PET measurement with
["'C)verapamil can be used for the evaluation of P-gp function
at the BBB in the living brain.

The blood-brain barrier (BBB), formed by brain-capillary
endothelial cells, is a functional barrier responsible for re-
stricting the entry of compounds from the circulating blood to
the brain parenchyma cells (Reese and Karnovsky, 1967).
The highly developed tight junctions between the adjacent
brain cerebral endothelial cells are an anatomical feature of
the BBB that minimizes the nonspecific penetration of com-
pounds via paracellular route (Pardridge, 1988). In addition
to this physical barrier, metabolic enzymes and active efflux
transporters on this barrier also play important roles in BBB
function. P-glycoprotein (P-gp), a 170-kDa membrane protein
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that is responsible for the multidrug resistance of tumor
cells, is a major efflux transporter contributing to the efflux
of a range of xenobiotic compounds in the circulating blood at
the BBB (Schinkel et al., 1994; Tamai and Tsuji, 2000; Kusu-
hara and Sugiyama, 2001; Hirrlinger et al., 2002). Interest-
ingly, P-gp may also be involved in the efflux of B-amyloid
and has been suspected to play a role in Alzheimer’s disease
(Lam et al.,, 2001; Vogelgesang et al., 2002). In addition, a
drug-drug interaction involving P-gp inhibition at the BBB
has also been suggested (Sadeque at al., 2000). In a clinical
study, when loperamide was administered with quinidine, a
known P-gp inhibitor, respiratory depression by loperamide
was induced (Sadeque at al., 2000). It is speculated that this is
caused by modulation of the P-gp-mediated efflux by quinidine.
Furthermore, a genetic polymorphism' (C3435T) of P-gp has
been reported to be associated with drug resistance in patients
with epilepsy (Siddiqui et al.,, 2003), although a controversial
result was reported recently (Tan et al.,, 2004). Such a genetic
polymorphism may be associated with interindividual differ-
ences in drug concentration in the central nervous system.

ABBREVIATIONS: BBB, blood-brain barrier; ANOVA, analysis of variance; AUC, area under the curve; Cpgy maximal concentration; HPLC,
high-pressure liquid chromatography; MRI, magnetic resonance image; PET, positron emission tomography; P-gp, P-glycoprotein; PSC833,

13‘~keto-Me-Bmt’]-[Val"’]-cyclosporin; Tonax: time to reach the Coax.
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These clinical reports prompted a growing interest in the quan-
titative evaluation of P-gp function in living human brain.
Recently, in vivo evaluation of P-gp function was proposed
using an imaging method with [*'Clcolchicine, [*'Clecarve-
dilol, [*®F]paclitaxel, and ['’Clverapamil (Elsinga et al,
2004). Hendrikse et al. (1998) demonstrated in rodents that
the brain uptake of the P-gp substrate [*'Clverapamil was
increased after pretreatment with cyclosporin A, a P-gp inhib-
itor, and they showed that that the distribution volume, esti-
mated by Logan plot, was increased by pretreatment with cy-
closporin A (Bart et al., 2003; Elsinga et al., 2004). As for human
studies, Sasongko et al. (2005) demonstrated that the ratio of
the area under the curve (AUC) of the brain concentration to
that of blood concentration was increased in the presence of
cyclosporin A, and Kortekaas et al. (2005) reported that the
distribution volume of [**Clverapamil in the midbrain was in-
creased in Parkinson’s disease patients compared with controls.
In the present study, the P-gp function at the BBB was evalu-
ated in rhesus monkeys by PET using [*'Clverapamil, with or
without a potent P-gp inhibitor PSC833. PSC833 treatment
caused a significant increase in the brain uptake clearance of
[1C]verapamil, which was determined using integration plot
analysis using initial brain and blood concentration data.

Materials and Methods

Chemicals. The P-gp inhibitor PSC833 (Valspodar) was kindly
supplied by Novartis (Basel, Switzerland) and was dissolved in In-
tralipid (Lo et al., 2001) (oil in water emulsion droplet; Otsuka
Pharmaceutical, Tokyo, Japan). ['’C]Verapamil was synthesized
from norverapamil (Eisai Co. Ltd., Tokyo, Japan) as described pre-
viously (Wegman et al., 2002) and diluted with approximately 2 to 3
ml 0.9% saline containing 0.75% polyoxyethylenemonosorbitan
oleate and 1% ascorbic acid. The specific radioactivity of [''Clvera-
pamil used in all experiments ranged from 28.3 to 79.7 GBg/umol
(47.6 = 17.3 GBg/pmol, mean * S.D., radiochemical purity is over
95%).

Animals. Three young male rhesus monkeys (Macaca mulatta)
weighing approximately 6.0 to 6.7 kg were used. The monkeys were
maintained and handled in accordance with recommendations by the
United States National Institutes of Health and our own guidelines
(National Institute of Radiological Sciences, Chiba, Japan). The
study was approved by the Animal Ethics Committee of the National
Institute of Radiological Sciences. A magnetic resonance image
(MRI) of each monkey brain was obtained beforehand.

PET Scan. All PET scans were performed using a high-resolution
SHR-7700 PET camera (Hamamatsu Photonics, Shizuoka, Japan)
designed for laboratory animals, which provides 31 transaxial slices
3.6 mm (center-to-center) apart, a 33.1-cm field of view, and spatial
resolution of 2.6 mm full width at half-maximum (Watanabe et al.,
1997). Monkeys were trained beforehand as being immobilized with
the head fixation device to ensure accuracy of repositioning through-
out the session (Obayashi et al., 2001). The infusion of PSC833 (20
mg/kg/2 h), a P-gp modulator, or vehicle alone to each monkey was
started 1 h before the intravenous administration of |'*Clverapamil
and maintained during the experiment. After administration of
[**Clverapamil, 0.9% saline was flushed into the catheter line to
prevent adsorption or retention of verapamil. Arterial blood sam-
pling (~0.5-1.5 ml) was performed via an indwelling arterial port
from the saphenous artery at 10 s, 20 s, 30 s, 455, 1 min, 1.5 min, 3
min, 4.5 min, 6 min, 8 min, 10 min, 15 min, 20 min, 30 min, 45 min,
and 60 min after administration, and the radioactivity in the blood
was counted in a well-type y-scintillation counter. Radioactivity was
corrected for decay. After transmission scans for attenuation correc-
tion for 30 min, a dynamic emission scan in enhanced 2D mode was

performed for 60 min (10 X 125,30 X 65,1 X5 min, 2 % 5 min, and
5 % 8 min; a total of 36 frames). [*'C]Verapamil was administered
via the saphenous vein as a single bolus at the start of the emission
scan. The injected doses of [*!C]verapamil were 65.8 = 11.5 MBa/kg
(mean *+ S.D.). The PET scans were separated by at least 4-week
intervals and randomized for each monkey.

Metabolite Analysis. Arterial blood samples were collected at 1,
3, 6, 10, 15, 30, and 60 min after administration of [*'Clverapamil.
Plasma was obtained by centrifugation and deproteinized with 2
volumes of acetonitrile. The supernatant was analyzed for radioac-
tive components using a high-pressure liquid chromatography
(HPLC) system (PU-610A series; GL Sciences, Torrance, CA) with a
coupled Nal(T]) positron detector (Takei et al., 2001) to measure
[}CJverapamil metabolites. Isocratic elution was performed with a
reversed-phase semipreparative j-Bondpak C18 column (7.8 x 300
mm i.d.; Waters, Milford, MA). The mobile phase consisted of a
mixture of acetonitrile and 0.1 M ammonium acetate (70:30 v/v). The
flow rate was 5 mUmin, and the injected sample size was 1.0 ml. The
elute was monitored by ultraviolet absorbance at 254 nm and cou-
pled Nal(Tl) positron detection. The percentage of parent radioactiv-
ity was determined from the activity of the parent verapamil with
respect to the '*C radioactivity in the chromatogram.

PET Data Analysis. All emission scan images were recon-
structed with a 4.0-mm Hann filter, and regions of interest were
placed on the whole cerebrum using PET Analyzer (in-house soft-
ware, National Institute of Radiological Sciences; Maeda et al.,
2001), and MRI information on each monkey. The summation images
of [**Clverapamil from 0 to 5 min were coregistered on the magnetic
resonance images by means of statistical parametric mapping (SPM
2; Welcome Department of Cognitive Neurology, London, UK), and
then the volume images were processed with Virtual Place TM (AZE
Ltd. Tokyo, Japan). The decay-corrected ''C radioactivity was nor-
malized to the injected dose (% dose). The maximal *'C radioactivity
in the cerebrum (Cpax cerer) and the time to reach the Cpx ceren
(T max_ceres) Were obtained from the time-11C radioactivity data. The
AUC was calculated for brain and blood, and it was calculated using
data from 0 to 4.5 min after administration to minimize the bias by
metabolites.

Integration Plot, The initial brain uptake was measured over a
short period (~1-4.5 min) using integration plot method. The uptake
rate of [*'Clverapamil can be described by the following equation,

AUC- ¢

Cr,hlnnd

Xr.cmb

= CLup'-ﬁiu: X # VE (l)

C.‘,Iaiom‘l

where CLypuake 15 the brain uptake clearance based on the blood *'C
radioactivity, X, ceres is the amount of *'C radioactivity in the cere-
brum at time ¢, and C, .04 18 the blood concentration calculated from
11C radioactivity. AUCq.,, represents the area under the blood con-
centration curve from 0 to t, and Vg represents the initial distribu-
tion volume in the brain at time 0. Vi was obtained from the y-
intercept of the integration plot and includes the distribution volume
in blood residing within the brain as well as the initial distribution
volume of [*!C)verapamil in the brain rapidly equilibrating with that
in blood. Therefore, the CL, ke value can be obtained from the
initial slope of a plot of X, curet/Crp1o0a Versus AUC,_/C, yieour deSiE-
nated as the integration plot (Kim et al., 1988).

Inhibition of P-gp Function. The effect of PSC833, a P-gp
modulator, was evaluated based on the normalized time-activity curves
of brain and blood for the three monkeys, with and without PSC833
administration, PSC833 was infused at a dose of 20 mg/kg/2 h starting
1 h before intravenous administration of |"'CJverapamil and main-
tained until the end of the experiment (Song et al., 1999; Rodriguez et
al., 2004). In a control experiment, drug vehicle was infused in the same
manner. Differences were considered statistically significant when p <
0.05 using a one-sided paired ¢ test, with the exception of the time
course results in which two-way analysis of variance was used.
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Fig. 1. A typical MRI and a color-coded PET image after administration of [**Clverapamil, Horizontal slices
corresponding summation of PET images (B and C, up to 5 min) of the cex
image is also shown to assist intuitive understanding (D and E). B and D

obtained after PSC833 administration.

Results

The Distribution of [*'C]Verapamil in the Brain. A
control PET image (Fig. 1B) accompanied by a corresponding
morphological MRI (Fig. 1A) showed the uptake of **C radio-
activity in the monkey brain. Higher uptake of **C radioac-
tivity was observed in the brain after PSC833 treatment (Fig.
1C, PSC833-treated). Brain uptake was also clearly identified
from PET/MRI-coregistered images (Fig. 1, D and E). The time-
activity curves in the cerebrum are shown in Fig. 2. The "'C
radioactivity in the cerebrum peaked at 0.58 min after intrave-
nous administration of [*'*Clverapamil and remained almost
constant at this level up to 60 min. Only limited amount of 11C
radioactivity (0.0105 * 0.0006% dose/g brain, C,ax cerein
mean + S.D.) was transported into the cerebrum.

Treatment with PSC833 significantly increased the ''C
radioactivity uptake in the cerebrum (two-way ANOVA, p <
0.05). The cerebrum AUC (AUC ) of the PSC833 treatment
group was significantly greater than that of the control group
(1.96-fold) (Table 1; p < 0.05). The C i seraty OF the PSC833
treatment group was also significantly higher than that of the
control group (1.57-fold) (Table 1, p < 0.05). The Tpax_ceren WS
not changed by treatment with PSC833 (Table 1).

Blood Profile and Metabolism of [''C]Verapamil. The
time-11C radioactivity in the blood is shown in Fig. 3. The 25
radioactivity in the blood fell quickly up to 3 min and then
remained constant or slightly increased. Treatment with
PSC833 did not affect the blood "'C radioactivity profile (two-
way ANOVA). The blood AUC (AUC,,.q) of the PSC833 treat-
ment group was similar to that of the control group (Table 1).

A chromatogram of the HPLC analysis of [*'C]verapamil,

of the brain MRI scans (A) and

-ebral 17C radioactivity uptake in one animal. The reconstructed MRI-PET
represent the control state, and C and E are the P-gp inhibition conditions

with or without treatment with PSC833, is shown in Fig. 4A.
The retention time of verapamil was approximately 7 to 8
min. The fraction of intact verapamil decreased with time
(Fig. 4B). At 10 min after administration, on average, approx-
imately 26% of the radioactivity in plasma was the metabo-
lite of ['*C]verapamil in the control group and intact vera-
pamil represented approximately 50% of the radioactivity in
the plasma of the control group 30 min after administration

0‘1 0.30
'E' - Control -
£ 0'10!"'.6_"“9 e B
e“ D - 1 a 3 a &
-E- ])—] s _JJ- - )_ 1}7
E 0.01 1§ T : L*] I
g A
&

0.003 -+ .

20 30 40 50 60

Time {(min)

Fig. 2. The ’C radioactivity time curves in cerebrum. The inset shows
the detail curves in the early time period (mean = S.D, n = 3). The
treatment with PSCB33 clearly increases the ''C radioactivity in the
cerebrum (two-way ANOVA, p < 0.05).
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TABLE 1

Pharmacokinetic parameters of [*'Clverapamil after intravenous administration, with or without PSC833 (20 mgkg/2 h)

"The AUCma and AUC,, ., were ealculated from 0 to 4.5 min after the administration using data shown in Figs. 2 and 3. CLyp ek, and Vg were obtained from Figure 5. The
values represent mean = S.D. (n = 3). Data in parentheses indicate values from individual animals.

Pharmacokinetic Parameler

Control

+ PSC833 Treatment

AUC,, 04 (% dose X min/ml)
AUC,.,.,, (% dose X min/g)

Coux_cerens (% doselg)

0.0567 % 0.0145
(0.0461, 0.0733, 0.0507)
0.0365 * 0.0039
(0.0407, 0.0359, 0.0328)
0.0105 = 0.0006
(0.0104, 0.00989, 0.0112)

0.0535 = 0.0331
(0.0418, 0.0279, 0.0909)
0.0713 = 0.0169*
(0.0795, 0.0519, 0.0827)
0.0166 = 0.0033"*
(0.0185, 0.0128, 0.0192)

T ynx_coren (min) 0.58 * 0.44 0.59 = 0.29
(1.08, 0.42, 0.25) (0.92, 0.42, 0.42)
CL,,,,‘,,,..E (mV/g/min) 0.141 = 0.043 0.651 + 0.333*
(0,185, 0.139, 0.100) (0.937, 0.731, 0.285)
Vy (ml/g) 0.243 + 0,130 0.436 =+ 0.279

(0.286, 0.0971, 0.346)

(0.402, 0.731, 0.176)

* A statistically significant difference was observed (f test, P < 0.05).

(Fig. 4B). Treatment with PSC833 slightly increased the
metabolite fraction in plasma (Fig. 4B; two-way ANOVA, p <
0.05). The inset in Fig. 3 shows the time-activity curves of
intact [*!Clverapamil in plasma. The plasma radioactivity
profile of intact [*!Clverapamil was not affected by treatment
with PSC833 (two-way ANOVA).

The Brain Uptake Clearance of ['*C]Verapamil and
Effect of PSC833. Integration plots of the control and
PSC833 treatment studies of the three monkeys are shown in
Fig. 5, A through C. The integration plots were linear over a
short period, which varied from 1 min to 4.5 min, depending
on the subject and with or without PSC833 treatment. Dur-
ing this period, the metabolite of [**Clverapamil accounted
for less than 12.5% **C radioactivity. The initial brain uptake
of the control group was 0.141 ml/g/min (0.141 = 0.043,
mean = S.D.), and this was increased after PSC833 treat-
ment (0.651 = 0.333 ml/g brain/min, mean = S.D., p < 0.05).
The Vg was not changed by PSC833 treatment (Table 1). The
AUC, ., /AUC, ,eq Tatio of ''C radioactivity was increased
2.31-fold in the presence of PSC833.

Discussion

In this study, we evaluated the P-gp function at the BBB in
vivo using PET with [*!Clverapamil. Recently, the use of
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Fig. 3. The [!Clradioactivity and intact (inset) [**Clverapamil activity-
time curves in cerebrum and blood. The time-'*C radiocactivity and intact
[!C]verapamil activity curves in blood are similar for both the control
and PSCB833 treatment groups (mean * S.D.,, n = 8).

imaging techniques, such as single photon emission-com-
puted tomography and PET using [**C]eolchicine, [**C]carve-
dilol, [**F]paclitaxel, and [**Culcomplexes and [**Galcom-
plexes and [®®*™Tclcomplexes, has been suggested for the
noninvasive evaluation of P-gp function in vivo (Elsinga et
al., 2004). Among these compounds, [*'C]verapamil is a well
characterized PET ligand for evaluating P-gp function at the
BBB (Hendrikse et al., 1998, 1999), and verapamil can be
easily labeled with '!C using commercially available nor-
verapamil (Wegman et al., 2002).

After intravenous administration of [**Clverapamil, it was
rapidly distributed in the brain over a short period and then
was eliminated slowly (Fig. 2). Apparently, the *’C radioac-
tivity reached a distributional pseudoequilibrium within a
short period (Fig. 8). This is similar to earlier results obtained
in rats (Hendrikse et al., 1999). The uptake of *'C radioactivity
into the cerebrum increased after PSC833 treatment (Figs. 1
and 2). PSC833 treatment increased the AUC..., and
Crnax_ceres Of 1'C radioactivity compared with the values
obtained in the control group (Table 1). These data indicate
that the efflux transport by P-gp affects the initial brain
uptake and that the inhibition of P-gp-mediated transport
increases the brain uptake of P-gp substrates (Kusuhara et
al., 1997; Dagenais et al., 2000) and supports recent hu-
man brain PET study using ['’Clverapamil, which was
published during the revision process of this manuseript
(Sasongko et al., 2005).

The blood concentration-time profile of the ''C radioactiv-
ity was biphasie, exhibiting a rapid reduction within minutes
followed by an increase in the *'C radioactivity (Fig. 3). The
increase at later time points was more marked in the
PSC833-treated group than in the control group. The Ho
radioactivity in the blood specimens includes unchanged
[M'Clverapamil and its metabolites (Fig. 4A). Approximately
75% of the 11C radioactivity was unchanged [*'Clverapamil
during the initial 10 min, and the fraction of the unchanged
form in the blood specimens rapidly decreased (Fig. 4B). This
observation is consistent with the previous reports of vera-
pamil metabolism in humans (Kroemer et al., 1993; von
Richter et al., 2000; von Richter et al,, 2001) and monkeys
(Link, 2003), whereas low levels of the metabolite of
[1'C]verapamil during PET studies have been reported in
rodents (Hendrikse et al., 1998, 1999), Because the increase at
later time points was not observed in the blood concentration-
time profile of unchanged [*'Clverapamil (Fig. 3, inset), it is
likely that the increase is due to the accumulation of metabo-
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lites in the blood from the peripheral tissues. Since PSC833 is
known to be a fairly specific P-gp inhibitor with a low degree of
metabolic inhibition (Kawahara et al., 2000) and metabolites of
verapamil are also substrates of P-gp with a range of specifici-
ties (Pauli-Magnus et al., 2000), PSC833 treatment may cause
a delay in the elimination of metabolized verapamil, resulting
in marked plasma accumulation of metabolites.

Because we could not separate metabolites from parent
verapamil in brain, there is a possibility that different par-
ent/metabolite ratio might exist in the brain compared with
blood. To deal with this extensive metabolism of [*'Clvera-
pamil, we used the initial PET data (~0—4.5min) to avoid
any bias from metabolites. Integration plot analysis has been
used to obtain a tissue-specific uptake clearance. The initial
PET scan data (from 0 to ~1-4.5 min, depending on the
subjects) was enough to calculate the initial uptake clear-
ance, during which no extensive metabolism of verapamil
was observed (Fig. 4). Figure 5 shows the integration plot of
the blood versus tissue time-activity curves in three monkeys
(Fig. 5). The CLypake calculated from the slope of the inte-

L T R R ministration. The pavent fraction of vera-
pamil in plasma fell rapidly with time. At 10
min after administration, on average, approx-
imately 75% of the radioactivity in plasma
was due to the parent verapamil in the control
group and the parent verapamil represented
approximately 50% of the radioactivity in the
plasma of the control group 30 min after ad-
ministration (mean = 8.D., n = 3).

gration plot increased after treatment with PSC833. This
indicates the modulation of P-gp function at the BEB by
PSCR833 (Table 1) (Kusuhara et al., 1997; Song et al., 1999).
The initial brain uptake clearance of [*'C]verapamil is a
sensitive parameter for P-gp function at the BBB. However,
the magnitude of the increase observed in PSC833-treated
monkeys was not as high as that observed in P-gp knockout
mice. This may be explained by incomplete inhibition of P-gp
activity by PSC833, variable brain concentration of PSC833
in monkey, and, partly, a species difference in P-gp expres-
sion and/or intrinsic efflux transport activity. In fact, PSC833
treatment does not fully inhibit P-gp function at the BBB in
mice (Kusuhara et al., 1997). Interestingly, recent human
(*!C]verapamil PET study in the presence of cyclosporin A
showed a similar degree of increase in the brain distribution
of verapamil by P-gp inhibition. In this study, the AUC ..t/
AUG,,00q ratio of 1'C radioactivity was increased 1.88-fold in
the presence of cyclosporin A, which was consistent with the
present study (2.31-fold) (Sasongko et al., 2005). This sup-
ports the belief that the species difference in the role of P-gp
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Fig. 5. Integration plot of the brain uptake of |"'C]verapamil for the three
monkeys (A, B, and C). The initial brain uptake of the control group was
increased after treatment with PSC833 (f test, p < 0.05, n = 3). The Vg
was not changed by PSC833 treatment.

at the BEB may not be very significant between humans and
monkeys and suggests the feasibility of a PET study using
monkeys to provide information on the human BBB. Unlike
the slope, the y-intercept of the plot was insensitive to the
PSC833 treatment (Table 1). The y-intercept represents the
initial distribution volume, including the vascular space and
rapid adsorption/binding to the vascular surface, which can
achieve rapid equilibrium with the blood compartment. Be-
cause the initial distribution volume is greater than the
vascular space in the brain, estimated to be 35ul/g brain in
15 adult rhesus monkeys (Eichling et al., 1975), it seems that
the adsorption/binding of [*'C]verapamil to the vascular sur-
face occurs within a short period. The use of integration plot
analysis helps in the quantitative investigation of P-gp func-

tion at the BBB without any interference from the rapid and
extensive metabolism of [’ Clverapamil, which makes it in-
appropriate to use common graphical methods that need data
obtained from long-term sampling (Logan, 2003).

In conclusion, we have been able to evaluate P-gp function
at the BBB in nonhuman primates, using [*'Clverapamil as
a PET ligand and integration plot method. P-gp at the BBB
has attracted much interest from a clinical point of view; i.e.,
drug-drug interactions and the effects of genetic polymor-
phisms. Therefore, in future, PET studies using [*!Cvera-
pamil will be a powerful tool for evaluating P-gp function at
the BBB in a noninvasive manner.
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P-glycoprotein in the blood-brain barrier (BBB) has been found
to be associated with several types of neurologic damage. ''C-
Verapamil has been used for in vivo imaging of P-glycoprotein
function in the BBB by PET, but metabolites in plasma compli-
cate the quantitative analysis of human studies. In this study,
we validated the quantification methods of 'C-verapamil trans-
fer from plasma to the brain in humans. Methods: The transfer
rate constant from plasma to the brain, Ky, was estimated by
nonlinear least squares (NLS) with a 2-input compartment model,
including the permeation of the main metabolite in plasma at the
BBB, and with a 1-input compartment model using only 15-min
data that contained little metabolite in plasma. K; was also esti-
mated by graphical analysis of an integration plot that uses only
early-time data, before the appearance of metabolites, and the
estimated K, was compared with that obtained by the NLS
method. In the simulation study, the reliability of parameter esti-
mates in the graphical analysis method was investigated for
various values of rate constants, time ranges of parameter
estimations, and noise levels. Results: ''"C-Verapamil in plasma
gradually converted to its metabolites, and about 45% of the
radioactivity in the plasma specimen was associated with 11C-
verapamil metabolites at 30 min after injection. Although K;
estimated from graphical analysis was slightly smaller than that
by NLS, there was strong correlation among the K; values
obtained by these 3 methods. In the simulation study, for graph-
ical analysis, the differences between the true and mean of K, es-
timates became larger and the coefficient of variation (COV) of K4
estimates became smaller as the end time of linear regression
became later. The COV of graphical analysis was almost equal
to that of NLS with the 1-input compartment model. Conclusion:
The transfer of 1'C-verapamil from plasma to the brain was able
to be quantitatively estimated by graphical analysis because this
method can provide K, from the data of the initial few minutes
without considering the effect of the metabolites in plasma.
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P-g]ycapmtcin (P-gp) is found at cell membranes of
various organs, and functions as an efflux pump hampering
the invasion of toxic compounds into the cells (/). P-gp
is also expressed at the blood-brain barrier (BBB), a func-
tional barrier between blood and brain interstitial space
formed by a continuous endothelial lining of cerebral capil-
laries, and plays indispensable roles as one of the barrier
functions in BBB (5-8). In addition to its pharmacologic
importance, P-gp in BBB was recently found to be asso-
ciated with several neurologic disorders (9,70).
11C-Verapamil has been used for in vivo neuroimaging of
the brain by PET, representing a potent tool for imaging the
function of P-gp (11-14). Some investigators analyzed the
kinetics of ''C-verapamil by the distribution volume (DV)
estimated from the graphical analysis developed by Logan
et al. (/5) in rodents, reporting that the DV was increased by
the pretreatment of cyclosporin A (CsA), a P-gp inhibitor
(16,17). In a human study, Sasongko et al. demonstrated that
the ratio of the area under the curve of brain to that of blood
was increased in the presence of CsA (/8), and Kortekaas
et al. reported that the uptake of ''C-verapamil as evaluated
by the DV with the graphical analysis of Logan et al. was
elevated in the midbrain of Parkinson’s disease patients as
compared with control subjects (/9). On the other hand, Lee
et al. evaluated the transfer of ''C-verapamil from blood to
brain with the graphical analysis using early-time data, the
so-called integration plot, in rhesus monkeys with or without
treatment of a P-gp inhibitor, PSC833, demonstrating that the
brain uptake of ''C-verapamil was increased after the
PSCR33 treatment (20). Moreover, Muzi et al. estimated
the rate constant of ''C-verapamil transfer to the brain, K,
with 1- and 2-tissue compartment models in healthy
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volunteers, reporting that K, increased in the presence of the
P-gp inhibitor CsA (2J). This means that the initial brain
uptake of 'C-verapamil can be an indicator of the P-gp
activity at the BBB. However, Sasongko et al. reported that
the plasma radioactivity of verapamil was approximately
35%, that of the main metabolite D-617 was 20% at 45 min,
and that D-617 and several other minor metabolites might
contribute to the image (/8). Although these metabolites in
plasma complicale the quantitative analysis, validation of
these kinetic analysis methods for ''C-verapamil has not
been sufficiently confirined in humans.

Inthis study, we evaluated the quantitative analysis methods
to estimate the transfer of ''C-verapamil from plasma to the
brain in healthy volunteers, and the reliability of the estimated
parameters was investigated by computer simulation.

MATERIALS AND METHODS

Subjects

Ten subjects (age range, 20-31 y; mean age *= SD, 23.8 33 y)
participated in this study. All volunteers were free of any somatic,
neurologic, or psychiatric disorders, and they had no history of
current or previous drug abuse. This study was approved by the
Ethics and Radiation Safety Committees of the National Institute of
Radiological Sciences, Chiba, Japan, and written informed consent
was obtained from each subject.

Radioligand

11C-Verapamil was synthesized from norverapamil (Eisai Co.
Lid.) as described previously (22).

PET

PET scans were performed using an ECAT EXACT 47 scanner
(CTVSiemens), which provides 47 planes and a 16.2-cm axial field
of view. A transmission scan with a 3-rod source of $8Ge-%8Ga was
followed by a dynamic 60-minscan (15sx8,30s%x4,60sx2,120s
» 1,240 s x 4, 360 s x 6) with a bolus injection of 629.0-856.9 MBgq
(mean * SD, 746.3 * 58.2 MBq) of !!'C-verapamil. The specific
radioactivities were 31.0-99.3 GBg/pumol (mean * SD,48.1 = 20.6
GBag/jumol) at the time of injection. The PET data were acquired in
2-dimensional mode and the data were reconstructed by filtered
backprojection using a ramp filter with a cutoff frequency of 0.5.

MRI was performed with a Gyroscan NT seanner (1.5 T)
(Phillips Medical Systems) to obtain T1-weighted images of the
brain.

The PET images were coregistered to MR images, and regions
of interest (ROIs) were defined over the frontal, temporal, parietal,
and occipital cortices, and the cerebellum with a template-based
method as described by Yasuno et al. (23).

Arterial Blood Sampling

To obtain the arterial input function, an automated blood
sampling system was used during the first 5 min of each PET
measurement (24). The concentration of radioactivity in arterial
blood was measured every second. At the same time, arterial
blood samples were taken manually and their radicactive concen-
trations were measured 26 times during the scan. Each manually
taken blood sample was centrifuged 1o obtain plasma and blood
cell fractions, and the concentration of radioactivity in the plasma
was measured. Radioactivity between PET and blood was cali-
brated with a cylinder phantom and '®F solution. Plasma metab-
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oliles were analyzed as follows: For the plasma fractions at 2. 4, 7.
12, 19, 29, 42, and 59 min after injection, acetonitrile was added
and then centrifuged. The supernatant was analyzed for radioac-
tive components using a high-performance liquid chromatography
system (PU-6]0A series; GL Sciences) with a coupled bismuth
germanate positron detector (25) to measure plasma ''C-verapamil
metabolites. Isocratic elution was performed with a reversed-phase
semipreparative Waters pwBondpak Cig column (7.8 mm [inner
diameter] x 300 mm). The mobile phase consisted of a mixture of
acetonitrile and 0.1 mol/L ammonium acetate (70:30, v/v). The
percentage of parent radioactivity was determined from the activ-
ity of the parent verapamil with respect 10 the total activity in the
chromatogram.

Data Analysis

2-Input Compartment Meodel. The rate constants between
plasma and tissue were estimated both for unmetabolized ''C-
verapamil and for the main metabolite with a 2-input, 2-tissue
compartment model including transfer of the metabolite from
plasma to brain (Fig. 1) (26,27). K; describes the rate constant for
transfer of ''C-verapamil from plasma to brain, k, describes the
rate constant for transfer of ''C-verapamil from brain to plasma,
and K, and k,™ represent the transfer of the main metabolite be-
tween plasma and brain. The fraction of unchanged '!'C-verapamil
in the total plasma radioactivity was fitted by a 2-exponential
expression (28), f = a x exp(-bt) + (1 - a) x exp(-ct), where f is
the fraction of unchanged ''C-verapamil, and &, b, and c are the
estimated parameters. A plasma curve of unchanged ''C-verapamil
used as input function C, was generated by the product of the
plasma activity and the fraction curves of unchanged !'C-verapamil.
Meanwhile, the fraction of the main metabolite in total plasma
radioactivity was fitted by f' = 1 - {2’ x exp(-b't) + (I — a") x
exp(—'t)}, where f’ is the fraction of the main metabolite, and a’,
b, and c¢' are the estimated parameters. A plasma curve of the
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FIGURE 1. The 2-input, 2-tissue compartment model includ-
ing transfer of metabolite in plasma to tissue.

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 47 « No. 9 « September 2006



