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1 Using a rat model which allows serial blood sampling and concurrent brain microdialysis
sampling, we have investigated the temporal kinetic inter-relationship of levetiracetam in serum and
brain extracellular ¯uid (frontal cortex and hippocampus) following systemic administration of
levetiracetam, a new antiepileptic drug. Concurrent extracellular amino acid concentrations were
also determined.

2 After administration (40 or 80 mg kg71), levetiracetam rapidly appeared in both serum (Tmax,
0.4 ± 0.7 h) and extracellular ¯uid (Tmax, 2.0 ± 2.5 h) and concentrations rose linearly and dose-
dependently, suggesting that transport across the blood-brain barrier is rapid and not rate-limiting.
The serum free fraction (free/total serum concentration ratio; mean+s.e.mean range 0.93 ± 1.05) was
independent of concentration and con®rms that levetiracetam is not bound to blood proteins.

3 The kinetic pro®les for the hippocampus and frontal cortex were indistinguishable suggesting
that levetiracetam distribution in the brain is not brain region speci®c. However, t1/2 values were
signi®cantly larger than those for serum (mean range, 3.0 ± 3.3 h vs 2.1 ± 2.3 h) and concentrations
did not attain equilibrium with respect to serum.

4 Levetiracetam (80 mg kg71) was associated with a signi®cant reduction in taurine in the
hippocampus and frontal cortex. Other amino acids were una�ected by levetiracetam.

5 Levetiracetam readily and rapidly enters the brain without regional speci®city. Its prolonged
e�ux from and slow equilibration within the brain may explain, in part, its long duration of action.
The concurrent changes in taurine may contribute to its mechanism of action.
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Introduction

Epilepsy is one of the most common serious neurological
disorders, a�ecting about 1% of the world population at any
one time. The life-time chance of developing epilepsy is 3 ±

5% (Sander & Shorvon, 1987). Even though globally, since
1989, nine new antiepileptic drugs have been licensed for
clinical use (Patsalos, 1999), they have had little impact on

the prognosis of refractory epilepsy and therefore there is still
a need for new antiepileptic drugs with improved risk/bene®t
ratios (Marson & Chadwick, 2001) and with simple

pharmacokinetics to aid clinical use (Patsalos, 2000).
Levetiracetam (KeppraTM, ucb L059, (S)-a-ethyl-2-oxo-

pyrrolidine acetamide) is a novel drug which not only

possesses potent anticonvulsant properties (Doheny et al.,
1997; Gower et al., 1992; 1995; Loscher & Honack, 1993;
Margineanu & Wulfert, 1997; Loscher et al., 1998) but also
exhibits antiepileptogenic e�ects (Gower et al., 1992; Loscher

et al., 1998). In addition, levetiracetam displays a highly
favourable therapeutic index in that adverse e�ects in rodents
are minimal with mild sedation and muscle relaxation

occurring at doses 50 to 100 fold higher than those associated
with seizure protection (Gower et al., 1992; Klitgaard et al.,
1998). In man, levetiracetam has been observed to possess

signi®cant e�cacy, good tolerability and a desirable thera-
peutic index (Kasteleijn-Nolst et al., 1996; Sharief et al., 1996;
Betts et al., 2000; Cereghino et al., 2000; Ben-Menachem &

Falter, 2000; Shorvon et al., 2000; Grant & Shorvon, 2000)
and it has recently been licensed for use as adjunctive therapy
in patients with intractable partial epilepsy.

Levetiracetam exhibits a broad spectrum of action in that
it is e�ective in a variety of animal seizure models including
audiogenic, chemoconvulsive (including systemically adminis-

tered bicuculline and picrotoxin and centrally administered
N-methyl-D-aspartate and tetanus toxin) and kindled (penty-
lenetetrazole and amygdala) seizures (Birnstiel et al., 1997;
Gower et al., 1992; 1995; Loscher et al., 1993; 1996; 1998;

Noyer et al., 1995; Margineanu & Wulfert, 1995; 1997;
Doheny et al., 1997). These data suggest that levetiracetam
may be e�ective against absence, generalized and partial

seizures. However, the exact mechanism of action of
levetiracetam, which appears to be mediated by levetiracetam
itself and not by one of its metabolites and is stereospeci®c

British Journal of Pharmacology (2001) 133, 867 ± 874 ã 2001 Nature Publishing Group All rights reserved 0007 ± 1188/01 $15.00

www.nature.com/bjp

*Author for correspondence; E-mail: P.Patsalos@ion.ucl.ac.uk



(only the S-enantiomer has anticonvulsant activity; Gower &
Matagne, 1994), is unknown. The drug has no signi®cant
a�nity for known g-aminobutyric acid (GABA), benzodia-

zepine or various excitatory amino acid related receptors
(Noyer et al., 1995) and does not interact directly with the
benzodiazepine-GABA ionophore (Gower et al., 1992). An
action via a speci®c binding site con®ned to brain synaptic

plasma membranes has been proposed (Noyer et al., 1995).
Although levetiracetam has been reported to signi®cantly
decrease spontaneous substantia nigra pars reticulata neuro-

nal activity, which is dependent on strong GABAergic input
from the striatum (Loscher et al., 1996), a signi®cant
anticonvulsant action via an action on GABA is considered

to be unlikely (Margineanu & Wulfurt, 1997; Sills et al.,
1997).
In man, levetiracetam exhibits simple straightforward

linear pharmacokinetic characteristics with rapid absorption
following oral ingestion resulting in peak plasma concentra-
tions within 20 min and an elimination half-life of 6 ± 8 h
(Patsalos, 2000). Such linear dose-dependent pharmacokinetic

characteristics have recently been con®rmed in a freely
behaving rat model which allows the study of the temporal
kinetic inter-relationship of drugs in blood and cerebrospinal

¯uid (CSF; Doheny et al., 1999). Levetiracetam was observed
to rapidly and readily enter the CSF compartment, however,
its e�ux from CSF (mean t1/2 range, 4.4 ± 4.9 h) was

signi®cantly slower than that suggested by serum concentra-
tions (mean t1/2 range, 1.8 ± 2.8 h). As concentrations of
numerous antiepileptic drugs in CSF have been shown to be

good indices of their concentrations at central sites of action
and that the CSF is kinetically indistinguishable from their
central sites of action (Danhof & Levy, 1984; Dingemanse et
al., 1987; Klockowski & Levy, 1988; Sokomba et al., 1988),

we have investigated the pharmacokinetics of levetiracetam in
the extracellular ¯uid of the frontal cortex and hippocampus
of the freely behaving rat using the technique of intracerebral

microdialysis. The purpose of this study was to determine the
brain extracellular pharmacokinetics of levetiracetam and to
ascertain whether or not levetiracetam exhibits brain region

speci®city in its pharmacokinetics. Furthermore, we have
systematically determined the concurrent extracellular con-
centration pro®le of various amino acid neurotransmitters in
the hippocampus and frontal cortex in order to further

investigate the possible mechanism of action of levetiracetam.
The usefulness of the microdialysis technique in pharmaco-
kinetic studies and monitoring of extracellular events

considered to re¯ect pharmacologically relevant synaptic
events, is well established (Abercombie et al., 1988; Delgado
et al., 1984; Hutson & Curzon, 1989; Rocha et al., 1999;

Patsalos et al., 1995; Stahle, 1993; Stahle et al., 1991; Steele et
al., 1991; Stenken et al., 1993; Walker et al., 1996; 2000;
Wang & Welty, 1996).

Methods

Animals

Male Sprague-Dawley rats (B&K Universal Ltd., Hull, U.K.)

weighing 300 ± 350 g (age range 5 ± 6 months) were used.
They were housed in groups of four for 7 ± 14 days prior to
surgery under a 12-h light/dark cycle (light on 0600 h) with

free access to water and a normal laboratory diet (SDS R
and M number 1 expanded. Scienti®c Dietary Services,
Witham, Essex, U.K.).

Surgical procedures, microdialysate and blood sampling

Experimental procedures were licensed under the Animals

(Scienti®c Procedures) Act 1986, and performed in accor-
dance with Home O�ce guidelines (U.K.). Rats were
anaesthetized with halothane and microdialysis probes

stereotaxically implanted in the hippocampus (from bregma
5.3 mm posterior, 4.5 mm lateral, 7.5 mm ventral) and
frontal cortex (from bregma 3.0 mm anterior, 2.5 mm lateral,

5.0 mm ventral) as previously described (Walker et al., 1996).
The co-ordinates used were according to the atlas of Paxinos
& Watson (1986). In addition, a catheter was implanted in

the right internal jugular vein for blood samplings as
previously described (Patsalos et al., 1992). Post-surgery,
animals were housed individually in contiguous perspex
cages.

Two days later when the animals were fully recovered from
the surgical procedure, the microdialysis probes and the
jugular vein catheter were checked for patency. Arti®cial

CSF, composition (mmol): NaCl 125, KCl 2.5, MgCl2 1.18,
CaCl2 1.26 was perfused through the probes at a rate of
2 ml min71. Two baseline samples of blood (100 ml) at 30 min

intervals and three baseline dialysate samples (40 ml) at
20 min intervals were collected during a 1 h period. The rats
were then randomly assigned to three groups and adminis-

tered, by intraperitoneal injection at 0900 ± 1000 h, with 40 or
80 mg kg71 levetiracetam (UCB Pharmaceutical Sector,
Chemin du Foriest, Belgium) or isotonic saline. Levetirace-
tam was constituted in isotonic saline at a concentration of

20 mg ml71. Blood samples (100 ml) were withdrawn at
20 min intervals for the ®rst hour and then at 30 min
intervals for a further 7 h. The catheter was ¯ushed with

100 ml 100 u ml71 heparinized saline after each sampling so
as to maintain patency and prevent hypovolaemia. For the
levetiracetam treated animals, microdialysate samples were

collected at 15 min intervals (30 ml) for the ®rst 2 h and then
at 30 min intervals (60 ml) for a further 6 h. For the isotonic
saline treated animals (controls) microdialysate samples were
collected at 20 min intervals for the ®rst 4 h and then at

30 min intervals for a further 4 h. Blood and microdialysate
samples were collected in 0.5 ml polyethylene tubes (Tre�
Labs, Degershein, Switzerland). Sera were separated from

whole blood by centrifugation (model 2K15, Sigma, U.K.) at
10,0006g for 5 min. After transferring sera into new tubes,
sera and microdialysate samples were stored at 7708C until

analysed for levetiracetam or amino acid content.

Levetiracetam analysis

The concentration of levetiracetam in sera (total and free
non-protein-bound) and microdialysates was determined by
high performance liquid chromatography (HPLC) as pre-

viously described (Ratnaraj et al., 1996). All solvents were of
HPLC grade (Paterson Scienti®c, Luton, U.K.) and reagents
were of `analar' grade (BDH-Merck, Poole, U.K.). The

HPLC system comprised a Spectra-Physics spectra system
pump P4000, an autosampler (AS3000), a UV2000 detector
and a chromjet integrator (Spectra-Physics, Maidenhead,
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U.K.). Chromatograms were run at 358C on a steel cartridge
column (25064 mm I.D.) with precolumn (464 mm I.D.)
packed with LiChrospher 60 RP-select B, 5 mm (Merck,

Poole, U.K.). A mobile phase of acetonitrile/50 mmol
phosphate bu�er (pH 5.6, 10/90) with a ¯ow rate of
0.7 ml min71 and at 1000 p.s.i. was used. The mobile phase
was ®ltered through a 0.45 mm Millipore ®lter (Amicon,

Stonehouse, U.K.) prior to use. The column eluent was
monitored at 220 nm with a sensitivity range of 1.0 a.u.f.s
and a chart speed of 0.25 cm min71.

Sera and microdialysates were prepared for analysis of
levetiracetam concentrations as follows: Into a 1.5 ml
microcentrifuge tube (Sarstedt Ltd, Leicester, U.K.), 25 ml
of sera, 10 ml microdialysate or standard, 10 ml 5 M sodium
hydroxide solution, 500 ml dichloromethane and 25 ml of the
working internal standard (50 mmol; a,2,2-dimethyl-5-oxo-1-

pyrrolidine acetamide; UCB SA Pharma Sector, Chemin du
Foriest, Belgium) were added. After mixing the contents for
1 min using a Vibrax electronic shaker (Sartorius-IKA,
Epsom, U.K.), the mixture was centrifuged for 5 min at

11,0006g and the upper aqueous layer discarded. The
solvent extract was then transferred to a clean microcen-
trifuge tube and evaporated to dryness at 508C using a Gyro

Vap centrifugal evaporator (Howe, Banbury, U.K.). The
residue was then reconstituted in 50 ml of mobile phase and
10 mL were injected into the HPLC system.

Free non-protein bound serum levetiracetam
concentration

The procedure used for the determination of the free non-
protein-bound serum levetiracetam concentrations was essen-
tially the same as for total concentrations except that samples

were ®rst ®ltered through an Amicon Centrifree Microparti-
tion System (Amicon, Stonehouse, U.K.) using a Sorvall RC-
5B refrigerated centrifuge (Du Pont, Stevenage, U.K.) set at

258C. Fifteen ml samples of resultant ultra®ltrate were then
processed as described above.

Microdialysis probes

Concentric microdialysis probes, constructed from Filtral 12
dialysis membrane (4 mm long, 200 mm diameter; Hospal,

Rugby, U.K.) as previously described, were used (Walker et
al., 1996). Prior to use the in vitro recovery of each probe was
determined. This was achieved by placing the probe into a

40 mmol solution of levetiracetam constituted in arti®cial
CSF, composition (mmol): NaCl 125, KCl 2.5, MgCl2 1.18,
and CaCl2 1.26 and then perfusing the probes with arti®cial

CSF at 2 ml min71. Forty ml samples were collected every
20 min for 80 min and these samples, along with a sample of
the 40 mmol levetiracetam solution, were stored at 7708C
until analysis for levetiracetam content.

Amino acid analysis

Amino acid concentrations in microdialysates of frontal
cortex and hippocampus after levetiracetam administration
(80 mg kg71, i.p.) were determined by HPLC using pre-

column derivatization and ¯uorescence detection after binary
gradient liquid chromatographic separation. The method is
based on that previously described by Godel et al. (1992).

The highest purity amino acids and O-phthalaldehyde and 3-
mercaptopropionic acid were used (Sigma, U.K.). All other
chemicals were of analytical grade. Five ml of dialysate were

used for pre-column derivatization of amino acids by means
of an O-phthaldialdehyde/3-mercaptopropionic acid reaction.
Derivatization was conducted using an autoinjector, and the
dialysate/reagent mixture was injected onto the HPLC system

via a valve ®tted with a 2 ml sample loop. The HPLC system
consisted of two high pressure pumps with a gradient
controller and mixing chamber (Micro-Tech Scienti®c,

Sunnyvale, U.S.A.). Separation of amino acids was achieved
using an AminoQuant column and guard cartridge (Hewlett
Packard, Cheshire, U.K.) placed inside a column oven

operating at 408C, using a linear gradient (5 to 100% elution
mobile phase B in 18 min). Mobile phases A and B were
prepared exactly as described in the AminoQuant method

(Godel et al., 1992). The detector was a Gilson model 122
¯uorometer (Gilson, Middleton, U.S.A.) ®tted with a 5 ml
¯ow cell, and was operated with excitation and emission
wavelengths of 340 and 450 nm respectively. Calibration of

the system was achieved using aqueous working standards
prepared by dilution of an amino acid standard mixture
(Hewlett Packard, Waldbronn, Germany) following the

additions of L-asparagine, L-glutamine, citrulline, L-taurine,
GABA, norvaline (internal standard) and L-tryptophan.
Calibration curves were constructed to cover the range

0.005 to 200 mmol of amino acid. The within-batch and
between-batch coe�cient of variation varied between 3.9 and
5.8% and 4.6 and 7.9%, respectively, for the various amino

acids measured.
Microdialysate amino acids measured include: alanine,

arginine, aspartic acid, asparagine, citrulline, GABA, gluta-
mate, glutamine, glycine, isoleucine, leucine, lycine, methio-

nine, phenylanine, serine, taurine, threonine, tryptophan,
tyrosine and valine.

Pharmacokinetic analysis

Levetiracetam concentration versus time pro®les for both

sera and microdialysate were analysed according to a one
compartment model. The parameters computed (using a Dell
486D/16 computer) were: area under the concentration versus
time curve (AUC) and apparent elimination half-life (t1/2).

The AUC from 0 to 8 h (AUC0±8) was calculated by the
trapezoid rule. Time to maximum concentration (Tmax) and
maximum concentration (Cmax) were obtained by visual

inspection of the levetiracetam versus time pro®les.

Statistical analysis

Microdialysate amino acid concentrations were compared
(levetiracetam versus saline control) by two-way analysis of

variance over time.

Results

Blood pharmacokinetics

The serum concentration versus time pro®les of levetiracetam
following intraperitoneal administration of 40 and
80 mg kg71 levetiracetam are shown in Figures 1 and 2
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respectively. Levetiracetam demonstrated rapid absorption
after intraperitoneal injection with mean peak concentrations
being achieved 0.4 ± 0.7 h later. Levetiracetam concentrations
rose dose-dependently and declined exponentially. The

mean+s.e.mean pharmacokinetic constants, as calculated
from the log concentration versus time plots of individual
rats, is shown in Table 1. The pharmacokinetic constants for

individual rats showed moderate variability within the two
dose groups. Mean Cmax and AUC values for 80 mg kg71

levetiracetam were slightly higher than twice those achieved

for 40 mg kg71. Mean t1/2 values were indistinguishable for
the two dose groups.
The free non-protein-bound levetiracetam concentration

was determined in nine sera which were chosen so as to
re¯ect the spectrum of levetiracetam concentration and
sampling time (Figure 3). The free fraction (free/total serum
levetiracetam concentration ratio) varied between 0.93 and

1.05 (mean+s.e.mean; 0.99+0.01).

Brain extracellular fluid pharmacokinetics

The corresponding concentration versus time pro®les of
levetiracetam in frontal cortex and hippocampal extracel-

lular ¯uid are shown in Figures 1 and 2 and it can be seen
that the pro®les are essentially superimposable for a given
levetiracetam dose. The calculated mean+s.e.mean pharma-

cokinetic constants as calculated from the log concentration
versus time plots of individual rats can be seen in Table 1.
Both AUC and Cmax mean values increased dose-

dependently and linearly. Levetiracetam concentrations were
detectable at time of ®rst microdialysate sampling (15 min)
with concentrations peaking somewhat later (mean Tmax,

2.0 ± 2.5 h) than serum (0.4 ± 0.7 h). Mean Cmax values for
extracellular levetiracetam was 3.2 ± 4.0 fold lower to those
in serum and this di�erence, which was similar for both the

Figure 1 Serum and frontal cortex and hippocampal microdialysate
concentration versus time pro®les for levetiracetam following
intraperitoneal administration of 40 mg kg71 levetiracetam. Data
are mean+s.e.mean of six rats.

Figure 2 Serum and frontal cortex and hippocampal microdialysate
concentration versus time pro®les for levetiracetam following
intraperitoneal administration of 80 mg kg71 levetiracetam. Data
are mean+s.e.mean of six rats.

Table 1 Pharmacokinetic constants for blood (serum),
frontal cortex and hippocampal extracellular ¯uid (ECF)
after intraperitoneal administration of levetiracetam (40 and
80 mg kg71)

Tmax Cmax AUC(0 ± 8h) t1/2
(h) (mmol l71) (mmol l71 h71) (h)

Serum
40 mg kg71

Mean 0.7 223 683 2.1
+s.e.mean 0.1 10 29 0.1

80 mg kg71

Mean 0.4 687 2578 2.3
+s.e.mean 0.1 62 232 0.1

Frontal cortex ECF
40 mg kg71

Mean 2.2 69 360 3.0
+s.e.mean 0.2 9 37 0.1

80 mg kg71

Mean 2.5 155 757 3.2
+s.e.mean 0.2 21 101 0.1

Hippocampal ECF
40 mg kg71

Mean 2.0 58 421 3.2
+s.e.mean 0.2 5 78 0.1

80 mg kg71

Mean 2.1 173 838 3.3
+s.e.mean 0.1 18 138 0.1

Tmax=time to maximum concentration; Cmax=maximum
concentration; AUC(0 ± 8h)=area under the concentration
versus time curve; t1/2=apparent elimination half-life.

Figure 3 Serum free fraction (free/total concentration ratio) versus
time pro®le for levetiracetam. Dotted line indicates mean value of
ratio.
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frontal cortex and the hippocampus, may, however, be
attributed to the use of probe in vitro relative recovery
characteristics to calculate brain extracellular ¯uid concen-

trations. The extracellular ¯uid/serum Cmax ratio was
independent of dose (3.2 and 3.8; 4.0 and 4.0 at 40 and
80 mg kg71 respectively for frontal cortex and hippocam-
pus). Extracellular ¯uid t1/2 values were identical for the

frontal cortex and hippocampus and, as observed for
serum, values were dose-independent. However, compared
to serum, extracellular ¯uid t1/2 values were signi®cantly

larger.
Figure 4 shows the levetiracetam concentration ratio of

hippocampal extracellular ¯uid/serum over time for 40 and

80 mg kg71 levetiracetam. It can be seen that at 5.0 to 7.5 h
post levetiracetam administration, there was a tendency
towards equilibration (as measured by a constant extra-

cellular ¯uid/serum levetiracetam concentration ratio) be-
tween the blood and extracellular ¯uid compartments. A
similar pro®le was observed for the frontal cortex (data not
shown).

Mean+s.e.mean levetiracetam relative recovery in vitro
(378C) for the 24 microdialysate probes used in the present
study was 13+0.6% at a dialysate ¯ow rate of 2 m1 min71.

The extracellular ¯uid levetiracetam concentration data
shown in this study have been adjusted on the basis of in
vitro relative recovery.

Brain extracellular fluid amino acid profiles

Of the 20 amino acids investigated only taurine was
associated with signi®cant changes. Figure 5 shows
dialysate taurine in the frontal cortex and the hippocam-
pus after giving isotonic saline or 80 mg kg71 levetirace-

tam. Results are expressed as percentage changes with
respect to baseline. Three baseline samples were collected
in each experiment and mean sample values are shown.

Mean+s.e.mean basal dialysate values for taurine in
frontal cortex and hippocampus were 5.91+0.69 mM and
10.61+0.59 mM respectively. These values are similar to

those reported in other microdialysis studies (Baldwin et
al., 1994; Butcher et al., 1990; Tossman et al., 1987;
Taylor et al., 1995).

Discussion

The present study was undertaken to investigate the
pharmacokinetic inter-relationship of levetiracetam in blood
and the brain and to investigate any concurrent brain
extracellular amino acid neurotransmitter changes which

may further enhance our understanding of the mechanism
of action of levetiracetam. The freely behaving rat model
used in this study, which allows concurrent blood and

microdialysate sampling of brain extracellular ¯uid, has been
extensively validated and used in numerous studies of
antiepileptic drugs (Patsalos et al., 1995; Walker et al.,

1996; 1998; 2000).
Microdialysis has several advantages over classical tissue

excision methods in examining drug distribution in the

brain. Firstly, brain drug concentrations in brain tissue
homogenates can be associated with large errors because of
uncertainty as to tissue blood content (Gallo et al., 1992). In
contrast, microdialysis allows sampling without any vascular

contamination, provided the blood-brain barrier is intact
after probe insertion. Indeed it has been demonstrated that
approximately 30 min after implantation, the blood-brain

barrier becomes intact again and that the optimal time for
undertaking microdialysis experiments is 8 ± 48 h after probe
implantation (Benveniste, 1989; Westerink & de Vries, 1988).

Figure 4 Levetiracetam hippocampal extracellular ¯uid/serum con-
centration versus time pro®les after 40 mg kg71 and 80 mg kg71

levetiracetam. Data are mean+s.e.mean of six rats.

a

b

Figure 5 Dialysate taurine in the frontal cortex (a) and hippocam-
pus (b) before and after the administration of levetiracetam
(80 mg kg71) or 0.9% saline (control). Values are mean of four rats
and are expressed as percentage of baseline; vertical bars show
s.e.mean.
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In the present study microdialysate sampling occurred 2
days after probe implantation which can be considered more
than su�cient time for restructuring of the blood ± brain

barrier. Secondly, brain extracellular drug concentrations
measured by microdialysis are considered to re¯ect the
amount of drug that is available for receptor occupancy and
therefore is of considerable pharmacological relevance.

Finally, microdialysate monitoring of neurochemical events
in the brain extracellular ¯uid are considered to re¯ect
pharmacodynamic events and the technique has contributed

substantially to our understanding of drug action (Biggs &
Starr, 1999; Gur et al., 1999; Ipponi et al., 1999; Rocha et
al., 1999). However, it is important to understand the

inherent characteristics of microdialysis so that data
collection can be optimal and interpretation appropriate.
Thus, because microdialysis sampling represents period

sampling over a period of time (in contrast to direct
sampling of, for example, blood which represents a single
sampling time), sampling frequency, particularly during
monitoring of periods of rapid change, is very important

(Patsalos et al., 1995). Consequently, in pharmacokinetic
studies, Cmax and Tmax will be signi®cantly underestimated
and overestimated respectively, if sampling time is longer

rather than shorter and is indeed the rationale for using the
microdialysate sampling frequency described in the present
study.

We previously reported on the temporal pharmacokinetic
inter-relationship of levetiracetam in rat blood and CSF
(Doheny et al., 1999). In the present study we have extended

our studies to the brain by monitoring levetiracetam
extracellular ¯uid concentrations in the hippocampus and
frontal cortex by microdialysis. The pharmacokinetic pro®le
of levetiracetam in serum, as observed in the present study, is

exactly what we previously reported and these data not only
serve to further validate the animal model used, but also
further con®rm the predictable pharmacokinetic nature of

levetiracetam. Also, since the serum free/total serum
concentration ratio (free fraction) was 0.99+0.01 (mean+
s.e.mean; range 0.93 ± 1.05), it con®rms that levetiracetam is

not bound to blood proteins (Doheny et al., 1999; Patsalos,
2000).
The temporal pharmacokinetic pro®le of levetiracetam in

frontal cortex and hippocampal extracellular ¯uid reveals

some interesting characteristics. After intraperitoneal admin-
istration, levetiracetam rapidly appeared in the brain as
evidenced by the fact that levetiracetam was detected in the

extracellular ¯uid of both the frontal cortex and hippocampal
at time of ®rst sample (15 min). These data suggest ready
penetration of the blood ± brain barrier by levetiracetam.

However, as might be expected, Tmax values for extracellular
¯uid were somewhat larger (mean Tmax 2.0 ± 2.5 h) than that
for serum (mean Tmax 0.4 ± 0.7 h) but, surprisingly, Tmax

values were also larger than that previously reported for the
CSF compartment (mean Tmax 1.58 ± 1.92 h; Doheny et al.,
1999). The observed di�erence in Tmax values between the
extracellular and CSF compartments may be attributed, in

part, to methodology in that CSF was directly sampled
whereas extracellular ¯uid was not. The dose-dependent
increase in extracellular ¯uid concentrations after levetirace-

tam administration (40 and 80 mg kg71), suggests that
transport is not rate limiting over the concentration range
observed in the present study. Furthermore, as the

pharmacokinetic pro®les of levetiracetam in the frontal
cortex and hippocampus are essentially identical and super-
imposable, it can be concluded that levetiracetam distribution

in the brain is not brain region speci®c. This is in contrast to
some other antiepileptic drugs (e.g. vigabatrin and phenytoin)
which exhibit substantial regional speci®city in their brain
pharmacokinetics (Walker et al., 1996; Tong et al., 1999).

E�ux of levetiracetam from the brain extracellular ¯uid
compartment appears to be restricted, as demonstrated by the
half-life of levetiracetam, which is approximately 50% longer

than that observed in the blood compartment. These data,
combined with similar data for CSF (where e�ux of
levetiracetam from the CSF compartment was 170% slower;

Doheny et al., 1999), may in part explain the substantial
clinical e�cacy of levetiracetam during twice a day dosing
(Ben-Menachem & Falter, 2000; Cereghino et al., 2000;

Shorvon et al., 2000) despite the fact that its blood
pharmacokinetics (t1/2 6 ± 8 h) would suggest that three times
a day dosing is more appropriate.

Previously, we showed that at equilibrium, the CSF/serum

concentration ratio was similar to that of the blood free
fraction (0.96 versus 1.01), suggesting the blood levetirace-
tam concentration re¯ected central brain concentrations

(Doheny et al., 1999). However, in the present study,
although there was a tendency towards equilibration at 5.0
to 7.5 h post levetiracetam administration, the extracellular

¯uid/serum concentration ratio for both the frontal cortex
and hippocampus was only approximately 0.5 (Figure 4),
50% less than the blood free fraction. This would suggest

that, at least in the acute situation, blood levetiracetam
concentrations do not re¯ect concentrations at its site of
action in the brain or that equilibration had not been
achieved over the time period of the study. However, it

should be noted that since the extracellular ¯uid levetir-
acetam concentration data have been adjusted on the basis
of in vitro relative recovery and since in vitro recovery can

be expected to be greater than in vivo recovery, the
extracellular ¯uid/serum concentration ratio may be under-
estimated.

Levetiracetam is unique amongst the new antiepileptic
drugs in that it was not identi®ed by screening in the
traditional models (maximal electroshock and pentylenete-
trazole) used to identify potential antiepileptic drugs.

Consequently, it is not surprising that its pro®le of action
is somewhat di�erent to other drugs and that its mechanism
of action is not that typically associated with antiepileptic

drugs. Since in animal models of epilepsy, the e�ective dose
at which 50% of animals respond (ED50) ranged from 5 to
30 mg kg71 (Gower et al., 1992) and the ED50 for

suppression of secondarily generalized seizures in the
amygdala-kindled model of epilepsy is 40 mg kg71 (Loscher
& Honack, 1993), the levetiracetam dose (80 mg kg71) used

in the present study is appropriate. Levetiracetam adminis-
tration (80 mg kg71) was associated with a signi®cant
reduction in taurine concentrations in both the frontal cortex
and hippocampus (Figure 5). However, the taurine concen-

trations measured in the present study re¯ect total extra-
cellular ¯uid concentrations and it is well established that
concentrations of neurotransmitter molecules measured by

microdialysis re¯ect concentrations that are both neuronal
and metabolic in origin (Reith et al., 1997; Rowley et al.,
1995; 1998; Osborne et al., 1990; Westerink et al., 1987).
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Therefore, as to what proportion of the changes seen in
taurine concentration is neuronal in origin, and therefore
relevant in relation to the pharmacological action of

levetiracetam, is not know. Indeed, the role of taurine, if
any, in the mechanism of action of levetiracetam remains to
be determined.
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