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The aim of the present study was to investigate if flumazenil
blood–brain barrier transport and binding to the benzodiazepine
site on the g-aminobutyric acid A (GABAA) receptor complex is
altered in an experimental model of epilepsy and subsequently
to study if changes in P-glycoprotein (P-gp)–mediated efflux of
flumazenil at the blood–brain barrier may confound interpreta-
tion of 11C-flumazenil PET in epilepsy. Methods: The transport
of flumazenil across the blood–brain barrier and the binding to
the benzodiazepine site on the GABAA receptors in 5 different
brain regions was studied and compared between controls and
kainate-treated rats, a model of temporal lobe epilepsy, with
and without tariquidar pretreatment. In total, 29 rats underwent
2 consecutive 11C-flumazenil PET scans, each one lasting
30 min. The tracer was mixed with different amounts of isoto-
pically unmodified flumazenil (4, 20, 100, or 400 mg) to cover
a wide range of receptor occupancies during the scan. Before
the second scan, the rats were pretreated with a 3 or 15 mg/kg
dose of the P-gp inhibitor tariquidar. The second scan was then
obtained according to the same protocol as the first scan.
Results: GABAA receptor density, Bmax, was estimated as 44 6
2 ng�mL21 in the hippocampus and as 33 6 2 ng�mL21 in the
cerebellum, with intermediate values in the occipital cortex, pari-
etal cortex, and caudate putamen. Bmax was decreased by 12% in
kainate-treated rats, compared with controls. The radiotracer
equilibrium dissociation constant, KD, was similar in both rat
groups and all brain regions and was estimated as 5.9 6 0.9
ng�mL21. There was no difference in flumazenil transport across
the blood–brain barrier between control and kainate-treated rats,
and the effect of tariquidar treatment was similar in both rat
groups. Tariquidar treatment also decreased flumazenil transport
out of the brain by 73%, increased the volume of distribution in the
brain by 24%, and did not influence Bmax or KD, compared with
baseline. Conclusion: Bmax was decreased in kainate-treated
rats, compared with controls, but no alteration in the blood–
brain barrier transport of flumazenil was observed. P-gp inhibi-
tion by tariquidar treatment increased brain concentrations of
flumazenil in both groups, but Bmax estimates were not influ-

enced, suggesting that 11C-flumazenil scanning is not con-
founded by alterations in P-gp function.
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There is overwhelming evidence from preclinical and
clinical studies that g-aminobutyric acid (GABA), the chief
inhibitory neurotransmitter in the mammalian central ner-
vous system, has an important role in epilepsy. Drugs that
antagonize GABAA receptor activation invariably cause
seizures (1,2), and several efficacious antiepileptic drugs
act by enhancing GABAA-mediated inhibition (3–6).

GABAA receptor properties and binding of ligands
(drugs) to the benzodiazepine site on the receptor can be
studied in vivo using PET and 11C-labeled flumazenil. 11C-
flumazenil binds to the benzodiazepine site on the GABAA

receptor complex. The binding kinetics of 11C-flumazenil to
GABAA receptors are dependent on receptor density (Bmax)
and affinity of flumazenil for the receptor (KD). The de-
creased efficacy of GABAergic drugs observed in people
with drug-resistant epilepsy could be attributed to altera-
tions in Bmax or altered substrate binding affinity KD. Evi-
dence suggesting that flumazenil is a P-glycoprotein (P-gp)
substrate has recently emerged (7). It has been hypothe-
sized that P-gp function is upregulated in epilepsy and,
further, that an upregulation in P-gp could alter transport
of 11C-flumazenil into the brain and binding to GABAA

receptors in epilepsy. Increased P-gp action may also, at
least in part, be responsible for pharmacoresistance by
impairing drug access to the brain in people with severe
epilepsy (8,9). Thus, the present study aimed at investigat-
ing the hypothesis that GABAA receptor or P-gp function is
altered in epilepsy.

The kainate model in rats displays several features of
temporal lobe epilepsy, the form of epilepsy that is most
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frequently associated with pharmacoresistance; therefore,
this model was chosen for the present study. The objectives
were to compare flumazenil brain pharmacokinetics—that
is, transport across the blood–brain barrier and binding
within the brain—between control rats and kainate-treated
rats, to assess whether flumazenil pharmacokinetics can be
modulated by the P-gp inhibitor tariquidar, and to deter-
mine whether this modulation differs between control and
kainate-treated animals.

MATERIALS AND METHODS

Animals
Thirty-two adult male Sprague–Dawley rats (Harlan), weigh-

ing 200–224 g on arrival, were housed in groups of 5–6 per cage.
They were kept at a constant temperature of 21�C and kept on
a 12-h light–dark cycle, in which lights were switched on at
8 AM. Animals had unrestricted access to food (Teklad Global
16% Protein Rodent Diet; Harlan) and water. Animal procedures
were performed in accordance with Dutch laws on animal exper-
imentation. All experiments were approved by the Ethics Com-
mittee for Animal Experiments of Leiden University (approval
nos. UDEC08179 and UDEC09194). After approximately 1 wk
of habituation, 17 rats were treated with kainic acid until full-
blown seizures were observed (10). An initial dose of 10 mg�kg21

(2 mL�kg21) was administered by intraperitoneal injection, fol-
lowed by 5 mg�kg21 (1 mL�kg21) every 30–60 min until the
animal had stage IV seizures according to the scale of Racine
et al. (11) or when a total amount of 30 mg�kg21 of kainic acid had
been reached. All animals developed status epilepticus within
20 min after the last injection. Rats usually experienced seizures
for 6–12 h, with the most intense and frequent seizures occurring
during the first 2 h. Rats underwent PET at 7 (n 5 12) or 2 (n 5 3)
days after kainate treatment. Control animals (n 5 14) underwent
PET after at least 1 wk of habituation. Two animals died as a con-
sequence of the kainate treatment, and 1 control rat died during
surgery before the PET experiments.

Radiochemistry
11C-flumazenil was synthesized as previously described (12),

yielding 3–8 GBq formulated in 10 mL of buffered saline (7.1 mM
NaH2PO4) containing 10% ethanol. Specific activity was 172 6
58 (mean 6 SD) GBq�mmol21 at the end of synthesis. Radio-
chemical purity was greater than 99%, and no chemical impu-
rities were observed as assessed by radio–high-performance
liquid chromatography or ultraviolet high-performance liquid
chromatography.

PET Experiments
Anesthesia was induced by intraperitoneal injection of a

60 mg�kg21 dose of ketamine (Ketalar; Parke-Davis) and a
0.4 mg�kg21 dose of medetomidine (Domitor; Pfizer), followed
60 min later by an infusion into the tail vein of a 10 mg�kg21�h21

dosage of ketamine and a 0.1 mg�kg21�h21 dosage of medetomi-
dine. If an animal displayed a foot withdrawal reflex during an-
esthetic agent infusion, the infusion rate was increased by 30%
until no reflex was observed. The femoral vein was cannulated
for 11C-flumazenil administration and the femoral artery for
blood sampling. After cannulation, animals were positioned in
the PET scanner. Animals were scanned in pairs using a high-
resolution research tomograph comprising a double lutetium

oxyorthosilicate–lutetium yttrium orthosilicate layer (CTI/Siemens)
(13). First, for attenuation and scatter correction, a transmission
scan was acquired using a 740-MBq 2-dimensional fan-collimated
137Cs (662-keV) moving point source (14). Next, a dynamic emis-
sion scan was acquired immediately after the administration of
approximately 25 MBq of 11C-flumazenil to each animal. The
exact radioactivity doses are displayed in Table 1. Data were
acquired in list mode and rebinned into the following frame se-
quence: 6 · 10, 2 · 30, 3 · 60, 2 · 150, 2 · 300, and 1 · 600 s.
After corrections for decay, dead time, scatter, and randoms,
scans were reconstructed using an iterative 3-dimensional or-
dered-subsets weighted least-squares method (15). Point-source
resolution varied across the field of view from approximately 2.3
to 3.2 mm in full width at half maximum in the transaxial di-
rection and from 2.5 to 3.4 mm in full width at half maximum in
the axial direction (13).

Each rat underwent 2 consecutive PET scans of 30 min. Before
each scan, the tracer was mixed with a dose of isotopically un-
modified (unlabeled) flumazenil (;4, 20, 100, or 400 mg) to
achieve different receptor occupancies. The exact doses adminis-
tered, which also depended on the amount of flumazenil in the
tracer solution, were calculated and used for modeling (Table 1).
Each rat was assigned 1 flumazenil dose—that is, both scans in
1 rat were obtained with the same amount of unlabeled flumazenil,
enabling each rat to act as its own control for tariquidar treatment.
Tariquidar, 3 (n5 6) or 15 (n5 23) mg�kg21, was administered as
an infusion over 10 min, starting 20 min before the second scan.
The tariquidar doses were based on studies showing that 15 mg/kg
results in complete inhibition of P-gp and 3 mg/kg is close to the
median effective dose (16). The lower dose of 3 mg/kg can also be
used in humans and could potentially allow for the translation of
results between preclinical and clinical studies. Eight arterial
blood samples of 0.1 mL were obtained in both kainate and con-
trol rats during each scan. The blood samples were immediately
diluted with 0.5 mL of 0.42% NaF in water at 0�C to inhibit
esterase activity, thus preventing flumazenil metabolism in the
blood sample, and stored at 280�C until analysis.

Flumazenil Analysis in Blood Samples
Flumazenil concentrations in blood were analyzed using

a previously published method comprising high-performance
liquid chromatography coupled to tandem mass spectrometry
(17). This analysis was performed in the same laboratory and
with the same equipment (i.e., using identical conditions) as
described in 2 previous reports (17,18). The limit of quantifica-
tion was 0.5 ng�mL21. Linear calibration curves were obtained
in the range of 0.5–1,000 ng�mL21.

Data Analysis
PET image data were analyzed using the freely available

software package Amide 0.9 (19). An MRI-based rat brain atlas
was used to define 5 regions of interest (ROIs) on the PET images.
In short, the MRI atlas was aligned visually on a summation image
of time frames from 30 to 270 s obtained from the tariquidar-
treated rats. The following ROIs were selected: hippocampus,
occipital cortex, parietal cortex, caudate putamen, and cerebellum
(Fig. 1). These ROIs were then projected onto all frames from both
scans, resulting in time–activity curves for each scan. The activity
concentrations in the brain ROIs were converted to concentrations
of flumazenil using:
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CbrT 5 CbrT;Act=SA; Eq. 1

where SA (Bq�ng21) is specific activity, CbrT (ng�mL21) the un-
labeled flumazenil concentration, and CbrT,Act (Bq�mL21) the mea-
sured radioactivity concentration in an ROI. SA was calculated
from the injected amount of radioactivity (ActDose [Bq]) and the
total dose of unlabeled flumazenil (FMZDose [ng]) administered.

Data—that is, (unlabeled) flumazenil concentrations in blood
and the 5 selected brain regions—were analyzed by mixed-effects
modeling in NONMEM VI (GloboMax LLC). The subroutine
ADVAN 6 and first-order conditional estimation with interaction
were used throughout the modeling procedure. Model selection
was based on the difference in the objective function values
(OFV) between 2 nested models. The difference in OFV between
2 nested models is approximately x2 distributed. Hence, a differ-
ence of 3.84, 6.63, 7.88, and 10.83 points in the OFV is significant
at a P value of 0.05, 0.01, 0.005, and 0.001, respectively (df 5 1).
A previous study (18) has verified that the full saturation approach
used in the present study performs as well as the more established
steady-state approach described by Lassen et al. (20), which
requires at least 2 PET scans in each individual for separate esti-
mates of Bmax and KD. A schematic representation of the pharma-
cokinetic model, consisting of 1 central plasma compartment, 1
peripheral tissue compartment, and 2 brain compartments, is
shown in Figure 2. On administration into the central plasma
compartment, flumazenil is distributed to peripheral tissue and
brain-free compartments. In the brain, flumazenil can subse-
quently bind to GABAA receptors, which are represented by the
second brain compartment. The brain concentration profile, as
measured using PET, represents the total concentration in both

brain compartments (CbrT). With this model, volumes of distribu-
tion in plasma, tissue, and brain compartments (V1, V2, and Vbr);
body clearance (CL); intercompartmental clearance (Q, Qin, and
Qout); and specific binding to the benzodiazepine site on the
GABAA receptors (Bmax, kon, and koff) can all be estimated using
the following equations:

d
�
Cpl

�

dt
· V1 5 Rinf 2 ðCL 1 Q 1 QinÞ

· Cpl 1 Qout · CbrF 1 Q · Cper; Eq. 2

FIGURE 1. ROIs outlined on 11C-flumazenil PET images: coronal

(left) and axial (right) sections of rat brain. 1 5 hippocampus; 2 5
cerebellum; 3 5 occipital cortex; 4 5 parietal cortex; 5 5 caudate

putamen.

TABLE 1
Data from First and Second PET Scans for Studied Rats

FMZ dose (mg)

Characteristic 4 20 100 400 All doses (mg)

No. of animals (n)*
Controls 5 4 3 2 14

Kainate 5 6 2 2 15
Weight (g)

Controls 279 6 19 269 6 10 285 6 22 268 6 4 276 6 16

Kainate 293 6 32 293 6 51 281 6 19 322 6 21 295 6 38

Scan radioactivity (MBq)
First
Controls 26 6 3 23 6 8 28 6 3 19 6 1 25 6 5
Kainate 27 6 6 27 6 5 22 6 3 23 6 2 26 6 5

Second
Controls 23 6 7 18 6 2 24 6 7 19 6 3 21 6 5

Kainate 23 6 6 24 6 9 28 6 3 29 6 5 25 6 7
Flumazenil dose (mg)

First scan
Controls 3.5 6 0.1 17 6 1 84 6 2 395 6 81 NA

Kainate 3.5 6 0.3 18 6 1 79 6 2 422 6 15 NA

Second scan
Controls 3.9 6 0.2 18 6 1 88 6 3 424 6 47 NA

Kainate 3.9 6 0.2 19 6 1 90 6 3 459 6 0 NA

*In addition to 29 rats displayed in table, 1 control rat died during surgery and 2 rats died as consequence of kainate treatment.

Values are displayed as average 6 SD or n.
NA 5 not applicable.
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d
�
Cper

�

dt
· V2 5 Q · Cpl 2 Q · Cper; Eq. 3

d
�
CbrF

�

dt
· Vbr 5 Qin · Cpl 2 Qout · CbrF 2 kon

· ðBmax 2 CbrBÞ · CbrF 1 koff · CbrB; Eq. 4

d
�
CbrB

�

dt
5 kon · ðBmax 2 CbrBÞ · CbrF 2 koff · CbrB; Eq. 5

where Cpl 5
Apl

V1
, Cper 5

Aper

V2
, and CbrF 5 AbrF

Vbr
:

Rinf is the zero-order administration rate (ng�min21), calculated
from the amount of injected flumazenil and the duration of the
injection. CL is the total body clearance (mL�min21), Q the inter-
compartmental clearance (mL�min21) between plasma and periph-
eral tissue, Qin the intercompartmental clearance (mL�min21)
across the blood–brain barrier into the brain, and Qout the inter-
compartmental clearance (mL�min21) across the blood–brain bar-
rier out of the brain. Cpl is the flumazenil concentration (ng�mL21)
in plasma, and Cper is the concentration in peripheral tissue. CbrF is
the free and nonspecifically bound flumazenil concentration
(ng�mL21) in the brain, and CbrB is the GABAA receptor–bound
concentration (ng�mL21) in the brain. Apl is the amount of fluma-
zenil (ng) in plasma, Aper (ng) the amount in peripheral tissue,
and AbrF (ng) the free-plus-nonspecifically bound flumazenil in the
brain. kon is the receptor association rate constant (mL�min21�ng21),
koff the receptor dissociation rate constant (min21), and Bmax

(ng�ml21) the total concentration of receptors. V1, V2, and Vbr are
pharmacokinetic volumes (mL) of distribution, which are used to
scale amounts to concentrations.

KD (ng�mL21) is calculated as the ratio between koff and kon:

KD 5
koff
kon

: Eq. 6

Residual errors were included for plasma and brain and were
assumed to be proportional to the concentrations in plasma and
brain, respectively.

Inclusion of interanimal variability, described by an exponential-
variance model, was investigated for all structural model parameters:

ui 5 upop · expðhiÞ; Eq. 7

where ui is the parameter in the ith animal, upop the average
population estimate of the parameter, and hi the interanimal var-
iability, which is assumed to be normally distributed around zero
with an SD v. Equation 7 provides a means to distinguish the
parameter value for the ith animal from the population value pre-
dicted from the regression model. Interanimal variability was kept
in the model if the OFV was decreased by more than 6.63 units,
corresponding to a significant improvement of the model fit at the
P value of less than 0.01.

Incorporation of kainate and tariquidar treatments as categoric
covariates (Eq. 8) was investigated, whereas animal weight was con-
sidered as a continuous covariate for all model parameters (Eq. 9):

ui 5 upop · expðhjÞ · uCOVARIATE ð1 or 0Þ
covar ; Eq. 8

ui 5 upop · WT=300 · ucovar; Eq. 9

where ucovar describes the effect of weight, kainate treatment, or
tariquidar treatment on the population parameter estimate upop. In
Equation 8, kainate and tariquidar treatment were assigned the
value of 1, whereas no treatment was assigned the value of 0.
The ucovar estimate therefore represents the fractional change be-
tween treated and untreated groups. In Equation 9, WT is the
animal weight in grams, and the effect of the covariate was de-
scribed relative to the typical animal weight of 300 g. Final equa-
tions for all model parameters are given in Table 2.

A stepwise forward-inclusion and backward-elimination strategy
was used to develop the covariate model. In the forward-inclusion
step, a covariate was included if it resulted in an OFV reduction of
more than 3.83 units (P , 0.05). In the backward-elimination step,
the covariate was kept in the model only if the OFV increased by
more than 6.68 (P , 0.01) units when it was excluded.

In addition to OFV reductions, parameter uncertainty and
different types of goodness-of-fit plots were used to assess the
model performance throughout the modeling procedure. The
software Xpose 4 implemented in R 2.7.1 (The R foundation for
Statistical Computing) was used for visual inspection of model
performance (21). All brain areas were included in the analysis—
that is, each region was assigned a region-specific Bmax parameter.
The model was also run separately for each brain region to study
whether regional differences existed in any model parameters
other than Bmax. The final model was then rerun separately using
data from animals administered only 3 or 15 mg�kg21 of tariquidar
and separately using data from animals studied at 2 and 7 d after
kainate treatment to investigate further the effect of tariquidar

FIGURE 2. Pharmacokinetic model including effects of covari-

ates: kainate and tariquidar treatment. CL is total-body clear-

ance, Q is clearance between plasma and peripheral tissue, Qin

is clearance into brain, and Qout is clearance out of brain. Cpl is

flumazenil concentration in plasma and Cper in peripheral tissue.

CbrF is free-plus-nonspecific as well as cerebral blood flumazenil

concentration, and CbrB is GABAA receptor–bound flumazenil con-
centration, both in brain. Pharmacokinetic volumes of distribution

are denoted by V1 in plasma, V2 in peripheral tissue, and Vbr in brain.

kon is receptor association rate constant, koff receptor dissociation
rate constant, and Bmax total concentration of receptors.
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dose and time after kainate treatment. To investigate whether the
effect of tariquidar was different in kainate-treated and control
animals, the model was also fitted separately to these 2 groups.
Finally, to investigate whether Bmax estimates were affected by
P-gp function, pre- and posttariquidar scans were analyzed sepa-
rately, and Bmax estimates were compared. Parameter estimates are
reported as average 6 SE.

RESULTS

11C-flumazenil pharmacokinetics in plasma and 5 differ-
ent brain regions were studied in control and kainate-trea-
ted rats, a model for temporal lobe epilepsy, before and
after tariquidar administration. Flumazenil concentrations
over time in the hippocampus of control and kainate-treated
rats are shown in Figure 3, displayed for the groups dosed
with the lowest cold flumazenil dose, because control and
kainate rats received the same amount of flumazenil in both
scans (3.5 mg in scan 1 and 3.9 mg in scan 2; Table 1). In all
dose groups, flumazenil concentrations were lower in kai-
nate-treated than in control rats.

Receptor Density and Affinity

The estimates of all model parameters are shown in Table 3,
and goodness-of-fit plots are shown in Figure 4. KD was
estimated as 5.9 6 0.9 ng�mL21 and was not affected by
any of the covariates studied. The time–activity profiles
showed that flumazenil binding was most prominent in

the hippocampus, whereas the cerebellum displayed the
lowest binding. The hippocampus Bmax was estimated as
44 6 2 and cerebellum Bmax as 33 6 2 ng�mL21. Receptor
densities in the occipital cortex, parietal cortex, and caudate
putamen were intermediate, compared with those in the hip-
pocampus and cerebellum, and are shown in Table 3. In line
with the lower flumazenil brain concentrations in kainate-trea-
ted animals, kainate treatment was found to be a significant
covariate for Bmax, producing a 12% decrease in the number
of GABAA receptors available for flumazenil binding. Tari-
quidar treatment was not found to be a significant covariate
for Bmax, and Bmax estimates were similar when data from
pre- and posttariquidar scans were analyzed separately (Table
4).

Regional Differences

The final model was also fitted to each region separately
to investigate whether the effect of kainate treatment was of
the same magnitude in different regions or whether there
were differences in parameter values between regions. A
small regional difference in the kainate-induced reduction
in Bmax was found (Table 4). Bmax decreased by 12% in the
cerebellum, whereas the effect of kainate treatment was
larger in other regions, producing a decrease of 15% in
the hippocampus, 20% in the occipital cortex, 26% in the
parietal cortex, and 16% in the caudate putamen. To inves-
tigate this regional difference further, the model was fitted
with region-specific covariates for the kainate effect, but
this led to an OFV reduction of less than 6.64 units, sug-
gesting that the model as a whole did not improve. There
were no differences in any of the other model parameters
when regions were fitted separately (Table 4).

Effect of Tariquidar and Kainate Treatment on
Flumazenil Pharmacokinetics

The effect of tariquidar treatment on transport across the
blood–brain barrier was best described by a model in which

FIGURE 3. Flumazenil concentrations in hippocampus in control

(diamonds) and kainate (triangles) animals that were dosed with

approximately 4 mg of flumazenil (3.5 mg in scan 1 and 3.9 mg in
scan 2). Open and closed symbols represent scans before and after

tariquidar treatment. Error bars indicate SD. Flumazenil concentra-

tions were lower in kainate-treated rats than in controls, both before

and after tariquidar treatment.

TABLE 2
Final Parameter Equations Describing Pharmacokinetic

Model

Model Equation

Plasma V1 5 u1 · expðh1Þ
V2 5 u2 · uTARIQUIDAR3

CL 5 u4u
TARIQUIDAR
5 · expðh2Þ

Q 5 u6

Brain Qin 5 u7 � expðh3Þ

Qout 5 Qinu
ð1 2 TARIQUIDARÞ
8 · expðh4Þ

VBr 5 u9u
TARIQUIDAR
10 expðh5Þ

koff 5 u11 � expðh6Þ
KD 5 u12 � expðh7Þ
Bmax hippocampus 5 u13 � uKAINATE18

Bmax cerebellum 5 u14 � uKAINATE18

Bmax caudate putamen 5 u15 � uKAINATE18

Bmax occipital cortex 5 u16 � uKAINATE18

Bmax parietal cortex 5 u17 � uKAINATE18

Covariates KAINATE and TARIQUIDAR were set to 1 for treated

animals and to 0 for nontreated animals. All u and h were esti-
mated in optimization of model. Interanimal variability, described

by exponential variance model—that is, exp(h)—was investigated

for all structural model parameters but kept in model only if model

was significantly improved by inclusion.
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Qin equals Qout after tariquidar treatment. Qout decreased
by 73% after tariquidar treatment. The post hoc individual
estimates showed that kainate-treated rats had a somewhat
lower Qin than control rats. To study this observation fur-
ther, the model was fitted to control and kainate rats sepa-
rately and, in line with the post hoc estimates, Qin was
estimated as 61 6 21 mL�min21 in control rats and 23 6
13 mL�min21 in kainate-treated rats. In addition, the sepa-
ration of control and kainate-treated rats showed that al-
though interanimal variability for Qin was absent in the
control group, Qin was the parameter with the highest inter-
animal variability in the kainate-treated group (Table 3).
Adding a covariate on Qin for kainate treatment resulted
in a drop in OFV of only 2 units—that is, a nonsignificant
improvement of the model. Separate analysis showed that
the tariquidar effect on Qout was the same in control and
kainate-treated rats (Table 3). Tariquidar treatment also in-
creased Vbr by 24% and affected plasma pharmacokinetics:
CL decreased by 16% and V2 increased by 23%, as shown
in Table 3.

Six animals were administered a 3 mg�kg21 dose of tar-
iquidar, whereas all others received 15 mg�kg21. The model
was fitted to these 2 groups separately, and although the
sparse data in the 3 mg�kg21 group did not allow for an
estimation of SEs (in NONMEM), there was no difference
between these 2 groups (data not shown). In addition, the
post hoc model parameter estimates did not suggest any
difference between animals treated with 3 and 15 mg�kg21

doses of tariquidar. The model was also fitted excluding
data from the 3 animals that were scanned 2 d after kainate
treatment, but this did not change parameter estimates. Post
hoc estimates obtained with the final model and all data
showed that animals scanned 2 d after kainate treatment
tended to have a somewhat reduced CL of 24 mL�min21,
compared with 38 mL�min21 in animals scanned 7 d after
kainate treatment.

Interanimal variation was observed for most of the
parameters (Table 3). The separate model fits in control and
kainate-treated animals showed that, in general, interanimal
variability was much larger in the kainate-treated group.

TABLE 3
Parameter Value Estimates for All Rats Analyzed Simultaneously and Specifically for Control and Kainate-Treated Groups

Fixed effects All Controls Kainate-treated group

Bmax (ng�mL21)
Hippocampus 44 6 2 43 6 2 39 6 2
Cerebellum 33 6 2 32 6 2 29 6 2

Caudate putamen 40 6 2 40 6 2 35 6 2

Occipital cortex 40 6 2 38 6 2 34 6 2

Parietal cortex 39 6 2 39 6 2 34 6 2
KD (ng�mL21) 5.9 6 0.9 6.3 6 1.1 5.6 6 0.8

V1 (mL) 51 6 4 63 6 7 46 6 5

V2 (mL) 122 6 6 143 6 9 115 6 10
CL (mL� min21) 37 6 5 66 6 10 31 6 5

Q (mL� min21) 19 6 1 20 6 1 19 6 2

Vbr (mL) 8.5 6 2.7 5.2 6 2.5 7.2 6 3.3

Qin/Qout (mL� min21) 37 6 14 61 6 21 23 6 13
koff (min21) 0.23 6 0.06 0.16 6 0.02 0.42 6 0.17

Covariates
Kainate (Bmax) 0.88 6 0.05 NA NA

Tariquidar 0.84 6 0.05 0.74 6 0.06 0.84 6 0.05

CL
V2 1.23 6 0.06 1.14 6 0.05 1.23 6 0.10

Qout 1.73 6 0.06 1.75 6 0.07 1.73 6 0.10

Vbr 1.24 6 0.10 1.48 6 0.14 1.26 6 0.12

Interanimal variability (h-shrinkage)
V1 0.05 6 0.02 (23) 0.02 6 0.01 (28) 0.04 6 0.02 (17)
CL 0.15 6 0.05 (16) 0.03 6 0.02 (17) 0.13 6 0.05 (1)

Qin 1.04 6 0.38 (15) ,0.01 2.48 6 0.75 (5)

Qout 0.03 6 0.01 (24) 0.05 6 0.02 (42) 0.05 6 0.03 (12)

Vbr 0.54 6 0.22 (25) 0.06 6 0.03 (19) 1.25 6 0.51 (12)
koff 0.77 6 0.57 (37) ,0.01 1.29 6 0.77 (32)

KD 0.16 6 0.06 (34) 0.08 6 0.04 (46) 0.21 6 0.09 (19)

Residual errors
Blood 0.46 6 0.03 0.37 6 0.03 0.54 6 0.05
Brain 0.12 6 0.01 0.07 6 0.004 0.14 6 0.02

Values are presented as average 6 SE. Data in parentheses are percentages. Covariates are expressed as fractional change.
NA 5 not applicable.
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DISCUSSION

The objective of this study was to investigate if
flumazenil blood–brain barrier transport and binding to
the benzodiazepine site on the GABAA receptors is altered
in kainate-treated rats, compared with controls, and whether
changes in P-gp function may confound interpretation of
11C-flumazenil PET. Results suggested that receptor den-
sity, Bmax, was lower in kainate-treated animals than in

controls. This result is in line with previous preclinical
and clinical studies using 11C-flumazenil (17,22) and sug-
gests a reduction in GABAA receptor binding capacity in
the epileptic brain, compared with the naïve brain. A pre-
vious study in kindled rats, another rat model for temporal
lobe epilepsy (23,24), showed that Bmax was reduced by
36%, compared with controls (17). In the present study,
a reduction of 12% was found. It is likely that Bmax was
reduced more in the kindled rats, because they were
scanned between 14 and 28 d after they had experienced
6 stage V seizures. Thus, the reduction in Bmax may be
progressive, and it would be of interest to investigate Bmax

as a function of time after status epilepticus. The present
study showed that Bmax is different in different brain
regions and also suggested that the decrease in Bmax after
kainate treatment might be region-dependent, with a lower
reduction in the cerebellum, a brain region that is not in-
volved in generating epileptic activity. The model assumes
that flumazenil transport into the brain, as well as the as-
sociation and dissociation rate with the receptors, is similar
in all brain regions. This assumption was supported by
fitting of the model to each region separately, where no
other regional differences in parameter estimates were
shown. Hence, the decreased efficacy of GABAergic drugs
observed in epilepsy is most likely caused by a lower
number of GABAA receptors rather than an alteration in
binding affinity (KD) to the receptors.

The estimated Bmax for the hippocampus of 44 ng�mL21

(corresponding to 146 pmol mg21 of brain tissue, assuming
that 1 cm3 of brain tissue contains 100 mg of protein) is
similar to a previously reported Bmax estimate of 45
ng�mL21 using the same PET protocol and pharmacoki-
netic model (18). Liefaard et al. reported somewhat lower
Bmax estimates of 25 and 19 ng�mL21 in control and kin-
dled rats, respectively (17,25). Their findings may be due to
different ROI definitions (because Liefaard et al. did not
coregister PET images with an MRI-based brain template)
or use of different rat strains (Wistar vs. Sprague–Dawley)
and experimental set-up. The Bmax estimates were also in
line with previously published in vitro estimates assuming
that 1 cm3 of brain tissue contains 100 mg of protein: 4.4
ng�mL21 in living rat cortex slices (26), 3.3 ng�mL21 in rat
cortex homogenates (27), and 54.5 ng�mL21 in rat brain
homogenates (28). The KD estimate, 5.9 6 0.9 ng�mL21,
obtained in the present study is also in line with previously
published studies (17,18,25–28). On the basis of time–ac-
tivity data obtained in a previous study when 11C-flumaze-
nil was administered without the addition of unlabeled
flumazenil (18), the doses used in the present study resulted
in approximate occupancy levels of 30%–40% for 4-mg,
60%–70% for 20-mg, 70%–80% for 100-mg, and around
90% for 400-mg dose groups.

Tariquidar treatment decreased the Qout of flumazenil by
73%, confirming initial in vivo reports that flumazenil is
a P-gp substrate in rodents (7). Tariquidar also increased
Vbr by 24%. Increased Vbr after tariquidar treatment has

FIGURE 4. Observed (y-axis) vs. predicted (x-axis) concentrations

are shown in plasma (A), hippocampus (B), and cerebellum (C) using

final model. All dots represent individual data points, thin black lines

are identity lines, and red lines show average observation. Model
describes 11C-flumazenil concentrations, and both population and

individual predictions are randomly distributed around line of iden-

tity. Inclusion of interanimal variation improved model because

spread of residuals around line of identity was smaller (5improved
fit) in plots showing individual predictions (right) than in those show-

ing population predictions (left).
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also been reported in other pharmacokinetic studies for
both flumazenil and other P-gp substrates (17,29–31). The
Vbr estimate can be compared with the physical brain vol-
ume, which, for a rat, is about 2 g (i.e., 2 mL). If the volume
estimate is larger than the actual brain volume, it means that
the substance is unevenly distributed in hydrophilic and
lipophilic parts of the brain (32,33). The increase in Vbr

suggests that tariquidar selectively enhances uptake of flu-
mazenil in deeper (lipophilic) parts of the brain.

Both clinical and preclinical studies have reported
small, but significant, regional differences in increasing
concentrations of the P-gp substrate radiotracer (R)-11C-
verapamil after P-gp inhibition (16,34,35). In contrast,
effects of tariquidar on Qout and Vbr were similar in all
brain regions studied in the present study (Table 4). Ve-
rapamil, however, is a much stronger P-gp substrate than
flumazenil, showing a more than 1,000% increase in brain
concentrations after P-gp inhibition with a 15 mg�kg21

dose of tariquidar (29,36), and it is possible that regional
differences between flumazenil brain concentrations at
baseline and after P-gp inhibition are too small to be
detected. The present study also showed that the effects
of tariquidar were similar for kainate-treated animals and
controls (Table 2). Effects of tariquidar on the plasma
parameters CL and V2 are more likely due to P-gp expres-
sion in other tissues than to the blood–brain barrier,
restricting flumazenil peripheral distribution.

As different studies have reported maximum P-gp
expression at different time points after kainate-induced
status epilepticus (29,37,38), 3 animals were scanned 2
rather than 7 d after kainate treatment. In addition, it
has also been proposed that differences in P-gp function-
ality are clearer after submaximum P-gp inhibition using 3
mg�kg21 of tariquidar rather than using a 15 mg�kg21 dose
that completely inhibits P-gp (34). Thus, time after kai-
nate treatment (2 or 7 d) and tariquidar dose (3 or 15
mg�kg21) were initially included as possible covariates,
but these did not improve the model. Further, post hoc
individual estimates were investigated, and this approach
did not reveal any trend between time after kainate treat-
ment or tariquidar dose and any of the model parameters,
except that CL was somewhat decreased in animals
scanned at 2 d after kainate treatment, compared with
animals scanned at 7 d.

At the time of the PET study, kainate will be completely
eliminated from the animals and will therefore not interfere
with the pharmacokinetics of flumazenil. Anesthesia, on the
other hand, may influence the brain pharmacokinetics of
flumazenil. The anesthetic drugs used in the present study
(ketamine and medetomidine) were chosen because they, in
contrast to isoflurane, do not directly interfere with the
GABAA receptor complex (39,40). Nevertheless, transla-
tion of preclinical results performed under anesthesia to
the clinical situation should always be done with caution.

In the clinic, 11C-flumazenil is used to assess GABAergic
function in epilepsy and to determine focus localization
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before resective surgery. Studies have shown that P-gp is
upregulated in epilepsy (8,9,41,42), and hence 11C-fluma-
zenil brain concentrations might be lowered because of
both impaired GABAergic function and increased P-gp me-
diated efflux out of the brain. The present study showed that
effects of tariquidar treatment, which induces an alteration
in P-gp function, were similar in kainate-treated animals and
controls. Even if P-gp is upregulated more in human epi-
lepsy, effects on cerebral 11C-flumazenil concentrations are
likely to be small, because complete P-gp inhibition in the
present study resulted in only a 73% decrease in Qout, which
was partly counteracted by an increase in Vbr. To investigate
further the risk of erroneous interpretation with respect to
GABAergic function in epilepsy, the model was run sepa-
rately for pre- and posttariquidar scans. Bmax estimates were
only slightly increased for posttariquidar, compared with
pretariquidar, data (Table 4), suggesting that Bmax estimates
are not affected much by alterations in P-gp function.
The present study also demonstrated that there was much

more interanimal variability in the disease model (kainate
group) than in control rats (Table 3). The use of a population
approach, which is not standard in the PET community, is
well suited to handle this type of data, because it allows for
the estimation of both structural model parameters and var-
iability within the population.

CONCLUSION

The present study showed that Bmax for the GABAA

ligand flumazenil was reduced in kainate-treated rats, com-
pared with controls. Bmax, and possibly the kainate-induced
reduction in Bmax, were region-specific, with the hippocam-
pus showing the highest Bmax and the cerebellum the low-
est, as well as the smallest decrease after kainate treatment.
P-gp inhibition reduced Qout by 73%, suggesting that flu-
mazenil is a weak P-gp substrate in rats. It is unlikely,
however, that Bmax estimates are affected by alterations in
P-gp functionality.
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