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Purpose. Racemic valnoctamide (VCD) is a central nervous system-
active drug commercially available in Europe. VCD possesses two
chiral centers and, therefore, it exists as a mixture of four stereoiso-
mers. The purpose of this study was to evaluate the anticonvulsant
activity of two VCD stereoisomers in comparison with VCD (race-
mate), valpromide (VPD), and valproic acid (VPA) and to study their
pharmacokinetic–pharmacodynamic relationships.
Methods. The ability of racemic VCD, (2S,3S)-VCD, (2R,3S)-VCD
and VPD to block partial seizures was studied in the 6Hz psychomo-
tor seizure model in mice and in the hippocampal kindled rat. The
ability of (2S,3S)-VCD and (2R,3S)-VCD to prevent generalized sei-
zures was evaluated in the maximum electroshock (MES) and sub-
cutaneous metrazole (sc Met) seizure tests. The PK of (2S,3S)-VCD,
(2R,3S)-VCD, and VPD was studied in the mice utilized in the 6Hz
model.
Results. All of the tested compounds were effective in the models
tested. No significant difference in ED50 values was observed but the
plasma and brain EC50 values of (2R,3S)-VCD in the 6Hz model at 32
mA stimulation were 2-fold higher than the EC50 values of (2S,3S)-
VCD. An excellent pharmacokinetic–pharmacodynamic correlation
was found between the plasma and brain concentrations of the VCD
stereoisomers and their anticonvulsant effect in mice. Stereoselectiv-
ity was observed in clearance, volume of distribution, and in brain-
to-plasma AUC ratio at a dose of 25 mg/kg, but the difference dis-
appeared at higher doses as the clearance of the stereoisomers
decreased and their half-life increased. For (2R,3S)-VCD the brain-
to-plasma AUC ratio doubled at the tested dose range, while it re-
mained constant for (2S,3S)-VCD.
Conclusions. Racemic VCD, VPD, (2R,3S)-VCD, and (2S,3S)-VCD
are effective anticonvulsants in animal models of partial seizures and
are more potent than VPA. The more favorable brain penetration of
(2S,3S)-VCD and its lower EC50 value in the 6Hz test provides one
advantage over (2R,3S)-VCD as a new antiepileptic drug.

KEY WORDS: anticonvulsant activity; stereoselectivity; valproic
acid; valnoctamide; valpromide; pharmacokinetics.

INTRODUCTION

Valnoctamide (VCD, valmethamide or 2-ethyl-3-methyl
pentanamide, Fig. 1) is a chiral amide analogue of the widely

used, broad-spectrum antiepileptic drug (AED) valproic acid
(VPA, Fig. 1) and is an isomer of valpromide (VPD, Fig. 1) a
central nervous system-active drug, which is the primary am-
ide of VPA. Racemic VCD is an over-the-counter drug in
several European countries and it has been used for four
decades as a mild tranquilizer (1). Results from several stud-
ies have found racemic VCD to be an efficacious anticonvul-
sant in several animal models (2–4). However, none of these
studies has addressed the issue of VCD stereochemistry. Con-
sequently, the objective of this study was to investigate the
anticonvulsant activity and pharmacokinetics (PK) of (2S,3S)-
VCD and (2R,3S)-VCD after administration of the individual
stereoisomers and compare them with racemic VCD, its iso-
mer VPD, and analogue VPA. The pharmacokinetic–phar-
macodynamic (PK–PD) relationships of (2S,3S)-VCD and
(2R,3S)-VCD were established in mice.

VCD is a chiral compound with two stereogenic carbons
in its molecule. It is commercially available as a mixture of
four stereoisomers, i.e., a mixture of two enantiomeric pairs,
hereafter referred to as racemic VCD. The absolute configu-
ration of all four VCD stereoisomers has been reported (5)
and the PK of the four individual stereoisomers has been
characterized after administration of the racemic VCD to
healthy subjects, epileptic patients (6), rats, dogs, and mice
(7). After administration of the racemic VCD, (2S,3R)-VCD
was found to have a higher clearance and a larger volume of
distribution in comparison with the other VCD stereoisomers
regardless of the species examined (6,7). The stereoselective
PK of VCD in healthy volunteers and epileptic patients made
it of great importance to study stereoselectivity in the anti-
convulsant activity and the PK of the individual stereoisomers
after their separate administration and to investigate whether
after a chiral switch one of the stereoisomers would be pre-
ferred over the racemate as a new AED.

Despite the good anticonvulsant activity of racemic VCD
in the maximum electroshock seizure (MES) model, subcu-
taneous metrazole (sc Met) seizure test (8) and in the pilo-
carpine model of focal epilepsy (4), no study has evaluated
the anticonvulsant activity of the individual stereoisomers.
Furthermore, the PK of the individual stereoisomers after
their separate administration has not been previously studied.
Consequently, the purpose of this study was to characterize
the anticonvulsant profile of (2S,3S)-VCD (Fig. 1) and
(2R,3S)-VCD (Fig. 1) in two models of partial epilepsy (i.e.,
6 Hz seizures and the hippocampal kindled rat model) and in
two generalized seizure models (i.e., the MES and sc Met
tests). The PK of (2S,3S)-VCD and (2R,3S)-VCD in mice,
including their brain-to-plasma ratio, was evaluated. The
time–courses of concentration and effect were concomitantly
determined. The obtained PK parameters were also com-
pared to the PK of VPD in mice.
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MATERIALS AND METHODS

Chemicals and Test Solutions

VPD and racemic VCD were obtained from Sanofi
Pharma International, Paris, France. (2S,3S)-VCD and
(2R,3S)-VCD were synthesized by previously reported meth-
ods (5). Chlorofom was obtained from J&T Baker, Deventer,
Holland. Double distilled water was used throughout the
study. For all the animal experiments, the compounds were
suspended in 0.5% methylcellulose and administered intra-
peritoneally (i.p.) to mice in a volume of 0.01 mL/g body
weight and in a volume of 0.004 mL/g body weight either
orally (p.o.), or i.p. to rats.

Animals

All of the animal experiments adhered to the principles
of care and use of laboratory animals and were approved by
the Institutional Animal Care and Use Committee of the Uni-
versity of Utah. Adult male CF#1 albino mice (18–27 g) were
obtained from Charles River (Wilmington, MA, USA) and
Sprague–Dawley rats from Simonsen (Gilroy, CA, USA).

Anticonvulsant Activity

The potential efficacy of VPD, racemic VCD, (2S,3S)-
VCD, and (2R,3S)-VCD in preventing partial seizures was
assessed in the 6-Hz psychomotor seizure test in mice and in
hippocampal kindled rats. (2S,3S)-VCD and (2R,3S)-VCD
were also evaluated in the MES seizure test and in the sc Met
model of generalized seizures. VPD and racemic VCD were
also investigated in the mouse subcutaneous bicuculline (s.c.
Bic) test. A drop of 0.5% tetracaine in saline was applied to
the eyes of the animals assigned to any electroshock test (i.e.,
MES or 6-Hz stimulation) before the test.

The 6-Hz “psychomotor” seizures characterized by stun,

forelimb clonus, twitching of the vibrissae, and straub tail
were induced according to previously described procedures
(9,10). Animals in which none of these characteristics of the
psychomotor seizures were observed were considered pro-
tected. Efficacy was assessed at three different current inten-
sities (i.e., 22, 32, or 44 mA at 6 Hz), which was delivered
through corneal electrodes for a total duration of 3 s. The
median effective dose (ED50) was determined at these three
different current intensities at the time of peak anticonvulsant
effect.

For the mouse MES test, a supramaximal current (50
mA, 60 Hz, 0.2 s) was delivered through corneal electrodes.
Animals not displaying tonic hind limb extension were con-
sidered protected. The chemical tests employed included the
s.c. Met test for (2S,3S)-VCD and (2R,3S)-VCD and the s.c.
Bic seizure test for VPD and racemic VCD. The s.c. Met and
s.c. Bic tests measured the ability of the test compounds to
provide complete protection against threshold seizures (5 s of
clonic activity) induced by that dose of the chemoconvulsant
agent that induces clonic seizures in 97% of animals (CD97).
All of these tests were conducted according to the previously
described methods (11,12).

The compounds were also tested for their ability to pre-
vent the expression of kindled seizures in the hippocampal-
kindled rat. For hippocampal kindling, a bipolar stimulating
electrode was stereotactically implanted in the ventral hippo-
campus (AP −5.2, ML 4.9, DV −5.0 from dura, flat skull) of
adult male Sprague–Dawley rats (250–300 g) under keta-
mine–xylazine anesthesia. The rats were kindled according to
previously described procedures (13). Briefly, 1 week after
implantation of the electrodes, the rats were stimulated with
suprathreshold trains (200 �A for 10 s, 50 Hz) every 30 min
for 6 h on alternate days for a total of 5 stimulus days. At least
1 week after the fully kindled state was reached, the afterdis-
charge duration (ADD) and behavioral seizure score (BSS)
was reassessed and a single dose of racemic VCD, VPD,
(2S,3S)-VCD or (2R,3S)-VCD was administered i.p. in a ran-
domized parallel design and their effect on BSS and ADD
after 200 �A stimulation was assessed. The behavioral seizure
was scored according to the following criteria as originally
described by Racine: stage 1, mouth and facial clonus; stage 2,
stage 1 plus head nodding; stage 3, stage 2 plus forelimb clo-
nus; stage 4, stage 3 plus rearing; stage 5, stage 4 plus repeated
rearing and falling (14). Animals not displaying stage 4 or 5
seizures were considered protected from seizure generaliza-
tion. The total ADD in sec was determined from the EEG
recording.

The effect of racemic VCD, VPD, (2S,3S)-VCD, or
(2R,3S)-VCD on the afterdischarge threshold (ADT) in hip-
pocampal kindled rats was evaluated in comparison with
VPA in rats kindled according to the above described proce-
dure. On the day of the test, the afterdischarge threshold of
each rat was determined by increasing the current intensity
stepwise until the rat displayed an electrographic afterdis-
charge with a duration of at least 4 s. The initial stimulation
was conducted at 20 �A and increased in 10 �A increments
every 1–2 min until an afterdischarge was elicited. The after-
discharge threshold for each rat was determined again at 0.5,
1, 2, and 4 h after i.p. dosing of one of the test compounds.
The ADD and BSS were recorded at each time point and
compared to the control values obtained before drug admin-
istration. The criteria for seizure scoring was the same as

Fig. 1. Chemical structures of valproic acid (VPA), valpromide
(VPD), valnoctic acid (VCA), valnoctamide (VCD), (2S,3S)-
valnoctamide, and (2R,3S)-valnoctamide. The stars indicate the chi-
ral center at position 2 and 3 of the VCD molecule.
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described above for kindled seizures. Minimal motor impair-
ment was determined in CF #1 mice after i.p. administration
by the rotorod procedure as described previously (11).

Determination of the Median Effective Dose (ED50) and
Concentration (EC50) and Median Behaviorally Impairing
Dose (TD50)

For the determination of the ED50 (or TD50) by the re-
spective anticonvulsant procedures, doses of the racemic
VCD, VPD, (2S,3S)-VCD, or (2R,3S)-VCD were varied (n �
8 animals/dose) until at least three points were established
between the dose level that provided protection in 0% and
100% of the animals tested. These data were then subjected
to probit analysis (15), and the ED50 (or TD50) and 95%
confidence intervals were calculated.

The median effective concentration (EC50) was deter-
mined by subjecting the plasma concentrations after a specific
dose and the percent of animals protected after that dose to
probit analysis (15). The minimum effective plasma and brain
concentration capable to protect all of the animals tested
from seizures was extrapolated from the concentration–
response curve.

The protective index (PI) was calculated from the quo-
tient of TD50/ED50 (same species, vehicle, and route of ad-
ministration). The stereoselective index (SI) was calculated as
the ratio between the ED50 value between (2S,3S)-VCD and
(2R,3S)-VCD.

Pharmacokinetic–Pharmacodynamic (PK–PD) Study

To assess the PK–PD relationships of the VCD stereo-
isomers tested the plasma and brain concentrations of (2S,3S)-
VCD and (2R,3S)-VCD were determined for the same mice
used in the 6 Hz test following i.p. administration of 25, 50, 75,
and 100 mg/kg of the test compounds. At varying time points
(i.e., 5, 15, 55, 115, 175, and 235 min after dosing), a group of
mice (n � 2–8 for time point) was subjected to the 6 Hz
seizure test using a stimulation intensity of 32 mA and the
degree of seizure protection was recorded. After the seizure
test, mice were anesthesized using ketamine–xylazine and at
deep anesthesia (at time points 10, 20, 30, 45, 60, 90, 120, 180,
and 240 min after drug administration) blood was withdrawn
by cardiac puncture and transferred into a heparinized test
tube. Plasma was separated by centrifugation and stored in
−20°C until analysis. The animal was then perfused via the
heart with phosphate-buffered saline. The brain was removed
and immersed in liquid nitrogen immediately after collection
and stored at −20°C until analysis. For comparison, a similar
PK study was conducted for VPD after an i.p. dose of 60
mg/kg. At time points 10, 20, 30, 45, 60, and 90 min after
dosing four mice at each time point were sacrificed and blood
and brain samples were collected as described above.

Gas Chromatographic Assay of Valpromide
and Valnoctamide

An HP 5890 Series II gas chromatograph equipped with
a 6860 autosampler and an HP5971 mass selective detector
and HPChemstation data analysis software was used. The
chromatographic separation was obtained using an HP5
Trace analysis column (5% Phenyl Methyl Siloxane, 25 m,
0.33-�m film thickness, 0.20-mm i.d. Hewlett Packard, Palo

Alto, CA, USA). The injector operated on splitless mode and
was held at 200°C. The oven temperature program included
initial temperature 60°C (2 min), gradient of 15°C/min till
120°C, hold time of 5 min then second gradient of 40°C/min
till 180°C was obtained and then held for 2 min. He (99.99%
pure) was used as a carrier gas with a head pressure of 50 kPa.

The mass spectrometer transfer line temperature was set
at 280°C and the detector was operated on the selected ion
mode scanning for ions m/z 57, 72, 87, 100, and 114. For the
analysis of VCD stereoisomers VPD (50 mg/L) was used as an
internal standard and for VPD analysis VCD (50 mg/L) was
used as an internal standard.

Plasma Samples

Twenty microliters of plasma was mixed with 20 �L of
internal standard solution and 0.5 mL of 1 M NaOH. The
aqueous solution was extracted using 1 mL of chloroform and
1 �L from the chloroform phase was injected to the gas chro-
matography apparatus.

Brain Samples

To 50 mg of whole brain tissue, 50 �L of internal stan-
dard solution and 1 mL of 1 M NaOH was added and the
tissue was homogenized. The homogenate was extracted us-
ing chloroform and the mixture was centrifuged. One micro-
liter of the chloroform phase was injected to the gas chro-
matograph.

The analytical method was validated according to pub-
lished guidelines (16). Calibration curves for the VCD stereo-
isomers and for VPD in plasma and brain were constructed
using least squares linear regression analysis with nine points
between 0.5 and 200 mg/L in plasma and in brain using 10
points between concentrations 0.5 and 200 mg/kg. The varia-
tion of the slope between days (n � 3 for plasma and n � 4
for brain) was <5%. The accuracy and precision were assessed
at concentrations 1, 3.25, 12.5, 50, 100, and 200 mg/L in plasma
samples with seven replicates at each concentration and the
inter-day precision was below 10% for all concentrations and
inter-day accuracy was between 91 and 114%. In brain
samples the accuracy and precision were assessed at concen-
trations 1, 5, 25, and 50 mg/kg (n � 8) and at 100 mg/kg (n �
5) during 4 days. The interday precision was below 10% for all
concentrations and the interday accuracy was between 90 and
115% at all concentrations. The limit of quantification in
plasma and brain samples was 1 mg/L and 1 mg/kg, respec-
tively, and the recovery from plasma samples was 85–90%
and from brain samples 72–77%.

PK Calculations

PK parameters were calculated by the classic noncom-
partmental methods based on the statistical moment theory
(17) using Winnonlin standard edition 1.1 software package.
The area under the plasma concentration-vs.-time curve
(AUC) was calculated by the linear trapezoidal method with
extrapolation to infinity. The mean residence time (MRT)
was calculated from the quotient AUMC/AUC, where
AUMC is the area under the concentration time product vs.
time curve from zero to infinity. The clearance (CL) was
calculated from the quotient dose/AUC and the volume of
distribution at steady state (Vss) from the product of
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CL*MRT assuming complete absorption after i.p. dosing.
The terminal half-life (t1/2) was calculated from the quotient
ln2/� where � is obtained from the linear fit of the log-
concentration versus time curve. The goodness of fit was
evaluated using ordinary least square. The volume of distri-
bution at the terminal phase, V�, was calculated from the
quotient D/AUC*�. A bioavailability of 100% was assumed
for the i.p. administration.

Statistical Analysis

Results are presented as either the ED50 (or EC50) and
95% confidence intervals, or as mean ± SD. Differences be-
tween the potency of the stereoisomers was evaluated by use
of the one-tailed Z-test. The upper and lower limit of the 95%
confidence interval of the log transforms provided by the pro-
bit analysis were used to calculate the standard error for the
ED50 values and the ED50 values were then compared to
determine statistical significance. Reduction in the kindled rat
behavioral seizure score as compared to the pre-dosing con-
trol value was evaluated using two-tailed Mann–Whitney test.
Difference in the afterdischarge threshold and ADD were
evaluated using a two-tailed t test. The variance of the ob-
tained AUC values was calculated as previously described
(18,19). In brief, the SD of each AUC was calculated using
individual concentration data points used for AUC calcula-
tion with the trapezoidal method and the SEM was deter-
mined for each of these data points. The SEM was multiplied
by the time difference corresponding to the trapeze used,
divided by two and squared. This procedure was repeated for
each trapeze and the results summed. To the above sum a
term was added that is equal to the last time interval of the
AUC halved, added to 1/�, squared and multiplied by the
squared SEM (of the last measured concentration). The

square root of the overall sum described above gives the SD
of the AUC. The differences in the AUC values were com-
pared using two-tailed Z-test. A p value < 0.05 was considered
significant in all tests.

The SI was calculated for the PK and PD parameters by
dividing the value obtained for (2S,3S)-VCD by the value of
(2R,3S)-VCD. According to the general theory, an SI value
>1.2 when the higher value is divided by the lower value, is
considered an indication of stereoselectivity in the PK or PD
parameter evaluated (20). As we used a constant (2S,3S)-
VCD to (2R,3S)-VCD ratio, an SI value <0.8 or >1.2 conse-
quently, considered a meaningful difference between the ste-
reoisomers.

RESULTS

Anticonvulsant Activity in Mice

The anticonvulsant spectrum of activity of (2S,3S)-VCD,
(2R,3S)-VCD, racemic VCD, and VPD was characterized in
mice and the results in three models of partial and two models
of generalized seizures are summarized in Table I in compari-
son with VPA. The doses producing minimal motor impair-
ment (TD50) by these compounds are also summarized in
Table I. (2S,3S)-VCD and (2R,3S)-VCD were both effective
at non-toxic doses in the s.c. Met and 6 Hz seizure tests. Both
substances were also effective against MES seizures, albeit at
behaviorally toxic doses. No stereoselectivity was found in the
anticonvulsant activity (ED50 values) in any of the mouse
models. In the 6-Hz test the anticonvulsant potency of the
stereoisomers decreased as the stimulation intensity was in-
creased from 22 mA to 32 and then to 44 mA.

Table I. Anticonvulsant Activity and Behavioral Impairment of Racemic VCD, (2R,3S)-VCD, (2S,3S)-VCD, and VPD after Intraperitoneal
Administration to Mice

MES s.c. Met 6 Hz 22mA 6 Hz 32mA 6 Hz 44mA
Behavioral
impairment

ED50 (mg/kg) (95% confidence interval)
{Protective index}

TD50

(mg/kg)

VCD(rac) 58 32 37 67 77
(41–71) (22–45) (26–50) (61–72) (69–88)

{1.3} {2.4} {2.5} {1.1}
(2S,3S)-VCD 132 69 25 33 80 128

(117–149) (63–72) (15–40) (23–45) (62–105) (108–155)
{1.0} {1.9} {5.1} {3.9} {1.6}

(2R,3S)-VCD 119 67 19 48 67 127
(98–147) (60–74) (15–25) (32–62) (54–79) (113–143)

{1.1} {1.9} {6.7} {2.6} {1.9}
VPD 56 55 19 57 66 81

(51–64) (45–63) (11–27) (47–65) (29–87) (74–91)
{1.4} {1.4} {4.3} {1.4} {1.2}

VPAa 263 220 42 126 310 398
(237–282) (177–268) (16–69) (95–152) (258–335) (356–445)

{1.5} {1.8} {9.5} {3.2} {1.3}
Stereoselective

Indexb
1.1 1.0 1.3 0.7 1.2 1.0

a Data from references 10 and 12.
b Stereoselective index: The ratio between the ED50 value of (2S,3S)-VCD and (2R,3S)-VCD.
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Anticonvulsant Activity in the Hippocampal Kindled Rat

The ability of the test compounds to block the expression
of partial seizures and to prevent secondary generalization
was studied in the hippocampal kindled rat in order to get an
idea of the potential of the VCD stereoisomers in a model of
repeated seizures and chronic epilepsy. Both suprathreshold
stimulation and threshold stimulation were employed to fully
evaluate the anticonvulsant spectrum in this model. The time
course of the anticonvulsant effect after an i.p. dose (40 mg/
kg) of the VCD stereoisomers, racemic VCD and VPD at a
suprathreshold stimulation of 200 �A is shown in Figure 2. At
the suprathreshold stimulation, (2S,3S)-VCD prevented sei-
zure generalization whereas (2R,3S)-VCD did not have any
significant effect on either behavioral or electrographic sei-
zures. Racemic VCD also blocked the partial seizures.

The effect of the valproylamides on kindled threshold
seizures and seizure severity in the hippocampal kindled rat
was also investigated. The time course of the effect of
(2R,3S)-VCD, (2S,3S)-VCD, on the seizure threshold and af-
terdischarge duration at threshold stimulation in the kindled
rat is shown in Figure 2 in comparison to racemic VCD, VPD
and VPA. At the dose of 40 mg/kg i.p. all tested compounds
attenuated the partial seizures evoked by threshold stimula-
tion and caused significant reduction in behavioral seizure
score. In addition, (2R,3S)-VCD and racemic VCD signifi-
cantly elevated the afterdischarge threshold in the kindled rat
and both VCD stereoisomers significantly shortened the af-
terdischarge duration.

PK of (2S,3S)-VCD, (2R,3S)-VCD, and VPD

The PK of (2S,3S)-VCD and (2R,3S)-VCD was studied
in mice to evaluate possible stereoselectivity in PK and to
establish the PK-PD relationship. The plasma and brain con-
centration vs. time curves obtained in mice after i.p. admin-
istration of (2S,3S)-VCD and (2R,3S)-VCD at doses of 25, 50,
75, and 100 mg/kg are shown in Figure 3 together with plasma
and brain concentration vs. time curves of VPD following i.p.
administration of 60 mg/kg. The calculated PK parameters
are summarized in Table II. The PK of VCD was stereose-
lective as well as dose dependent.

The brain AUC of (2R,3S)-VCD was approximately half
of that of (2S,3S)-VCD after a dose of 25 mg/kg (p < 0.05), but
there was no difference after 50 mg/kg dose (0.1 > p > 0.05)
and higher doses (p > 0.1) and, consequently, (2S,3S)-VCD
had >2 times higher brain to plasma AUC ratio than (2R,3S)-
VCD. The brain-to-plasma AUC ratio for (2S,3S)-VCD was
dose independent (0.31–0.37) whereas for (2R,3S)-VCD, a
2-fold increase in the brain-to-plasma AUC ratio was ob-
served at the dose range studied (from 0.16 to 0.35). The
brain-to-plasma concentration ratio at individual time points
following the different doses varied between 0.18 and 1.02 for
(2S,3S)-VCD with an average at 0.45 between 0.11 and 0.90
for (2R,3S)-VCD with an average at 0.38.

Significant changes were observed in the PK parameters
of each VCD stereoisomer with increasing doses. The CL
decreased for both stereoisomers between the doses of 25
mg/kg and 50 mg/kg and the Vss of (2R,3S)-VCD also in-
creased with increasing doses (Table II). The plasma half-life
of both stereoisomers nearly doubled between a dose range of
25 mg/kg and 100 mg/kg.

Fig. 2. Time course of the effect of racemic VCD (40 mg/kg),
(2R,3S)-VCD (40 mg/kg), and (2S,3S)-VCD (40 mg/kg) (A) and
VPD (40 mg/kg), VPA (250 mg/kg), and vehicle (methyl cellulose:
MC) (B) on behavioral seizure score (BSS) and afterdischarge dura-
tion (ADD) at tested time points in hippocampally kindled rats at
suprathreshold stimulation (200 �A) and of racemic VCD (40 mg/
kg), (2R,3S)-VCD (40 mg/kg), (2S,3S)-VCD (40 mg/kg) (C) and VPD
(40 mg/kg) and VPA (250 mg/kg) (D) on afterdischarge duration
(ADD) and afterdischarge threshold (ADT) in the hippocampal
kindled rats at threshold stimulation. Drugs were administered at
time 0 min. The solid symbols are used for BSS and ADT and the
open symbols for ADD. *indicates statistically significant difference
compared to predosing baseline.
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PK–PD Correlation

The animals used in the PK study were first tested in the
6-Hz model at 32 mA stimulation to enable PK–PD evalua-
tion. The decline in plasma and brain concentrations with
time correlated directly with a reduction in the antiepileptic
efficacy. Figure 4 shows the concentration–response relation-
ships after each dose for (2S,3S)-VCD and (2R,3S)-VCD. As
such, the PK and PD could be combined and the brain and
plasma EC50 values for the VCD stereoisomers were calcu-
lated. Unlike the ED50 values, the EC50 values in plasma and
brain showed significant stereoselectivity (2S,3S)-VCD being
significantly more potent than (2R,3S)-VCD (p < 0.05). The
EC50 values of (2R,3S)-VCD were 50 mg/L (95% confidence
interval 42–58 mg/L) and 15 mg/kg (95% confidence interval
12–19) in plasma and brain respectively. (2S,3S)-VCD had a

plasma EC50 of 35 mg/L (95% confidence interval 27–43 mg/
L) and a brain EC50 of 8 mg/kg (95% confidence interval 7–9
mg/kg). For (2S,3S)-VCD the minimum plasma and brain
concentrations estimated to obtain 100% protection from the
6-Hz seizures (32 mA) were approximately 68 mg/L and 25
mg/kg, respectively. The minimum plasma and brain concen-
trations of (2R,3S)-VCD needed to obtain 100% protection
were higher than the corresponding values for (2S,3S)-VCD
(i.e., 125 mg/L and 41 mg/kg for plasma and brain, respec-
tively).

DISCUSSION

All the tested valproylamides demonstrated a broad
spectrum of anticonvulsant activity. No differences were
found in the anticonvulsant potency between the investigated

Fig. 3. Plasma concentration vs. time curves in mice for (2S,3S)-VCD (A) and (2R,3S)-VCD (B) after intraperitoneal (i.p.) administration of
25 mg/kg, 50 mg/kg, 75 mg/kg, and 100 mg/kg and VPD (60 mg/kg) (C) and brain concentration vs. time curves in mice for (2S,3S)-VCD (D)
and (2R,3S)-VCD (E) after i.p. administration of 25 mg/kg, 50 mg/kg, 75 mg/kg, and 100 mg/kg and VPD (60 mg/kg) (F). The lines indicate
the linear fit.
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amides but all of them were more potent than VPA. However
their PI values in the various mouse models were similar to
those of VPA and therefore, the overall anticonvulsant spec-
trum was similar to VPA. The great advantage of VCD is,
however, the lack of teratogenicity (21) and probably also
hepatotoxicity, which makes the VCD stereoisomers promis-
ing candidates as second generation VPA (22).

The ability of the investigated valproylamides to block
the 6-Hz seizures and the kindled seizures suggests activity in
patients with difficult to treat epilepsy because the 6-Hz
model has been suggested to be a model of refractory epilepsy
(10). Generally, in the 6-Hz model, there is a significant de-
crease in AED potency as the stimulation intensity is in-
creased and in fact, all the old and new AEDs tested, except

Fig. 4. The plasma concentration–response relationship of (2S,3S)-VCD (A) and (2R,3S)-VCD (B) and the brain concentration–response
relationship of (2S,3S)-VCD (C) and (2R,3S)-VCD (D) in the 6-Hz model at 32 mA stimulation. The lines (from right to left) indicate the time
course of the anticonvulsant effect (after each dose of 25, 50, 75, and 100 mg/kg) at the various time points after dosing (10, 20, 60, and 120
min).

Table II. Pharmacokinetic Parameters of (2R,3S)-VCD, (2S,3S)-VCD, and VPD Obtained after Intraperitoneal Administration to Mice

Dose
(mg/kg)

CL
(L/h/kg)

Vss

(L/kg)
t1/2

(min)
MRT
(min)

AUCplasma

(mg/L ∗ min)
AUCbrain

(mg/kg ∗ min)
t1/2 brain

(min)
MRTbrain

(min) B/Pa

(2S,3S)-VCD
25 1.64 0.42 11 ± 2 16 916 ± 22 340 ± 19 10 ± 1 20 0.37
50 0.9 0.34 16 ± 2 21 3060 ± 153 945 ± 75 40 ± 11 64 0.31
75 0.98 0.36 15 ± 3 23 4575 ± 151 1466 ± 92 21 ± 5 34 0.32

100 1.03 0.43 17 ± 4 27 5826 ± 148 1992 ± 149 17 ± 2 30 0.34
(2R,3S)-VCD

25 1.28 0.26 11 ± 1 12 1176 ± 30 193 ± 22 13 ± 1 25 0.16
50 1.04 0.26 11 ± 0.4 15 2881 ± 730 587 ± 155 14 ± 3 26 0.2
75 0.83 0.42 18 ± 1 31 5453 ± 451 1577 ± 151 21 ± 1 36 0.28

100 1.06 0.53 18 ± 4 30 5686 ± 208 1964 ± 148 20 ± 4 39 0.35
Stereoselective index

25 1.3 1.6 1 1.3 0.8 1.8b 0.8 0.8 2.3
50 0.9 1.3 1.5b 1.4 1.1 1.6 2.8b 2.5 1.6
75 0.8 0.9 0.8 0.7 0.8 0.9 1 0.9 1.1

100 1 0.8 0.9 0.9 1 1 0.9 0.8 1
VPD

60 3.6 1.19 13 19 954 302 10 22 0.32

a B/P; Brain-to-plasma AUC ratio.
b Significant difference between the stereoisomers.
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high doses of levetiracetam (ED50 � 1089 mg/kg) and VPA
(ED50 � 310 mg/kg) lose their efficacy at the 44 mA stimulus
(10). The efficacy of the VCD stereoisomers at the three
tested stimulus intensities in the 6-Hz model and the negli-
gible increase in their ED50 values with stimulus intensity
distinguishes them from most other AEDs. However, VPA
and other amide derivatives of VPA were previously found to
be effective at the 44 mA stimulus in the 6-Hz model at non-
neurotoxic doses (23–25). This may indicate that VCD and
other central nervous system-active valproylamides share a
common mechanism of action.

A good correlation between the anticonvulsant activity
of amide derivatives of VPA in the 6-Hz model and in the
kindled rat has been found previously (23–25). To further
evaluate this correlation, the efficacy of racemic VCD,
(2S,3S)-VCD and (2R,3S)-VCD was studied in comparison to
VPD and VPA in the hippocampal kindled rat after threshold
and suprathreshold stimulation. The investigated amides
showed efficacy in the kindled rat after a 40 mg/kg i.p. dose
whereas VPA had to be given at higher doses (250–400 mg/
kg) to obtain a similar effect (Fig. 2). The results obtained
confirmed the activity of VCD stereoisomers in rodent mod-
els against partial seizures and also agrees with the data pre-
viously obtained by Lindekens et al., who showed that race-
mic VCD and VPD (100 mg/kg) were equally effective and
more potent than VPA in preventing pilocarpine-induced
limbic seizures (4). No significant differences in the anticon-
vulsant activity were found between the VCD stereoisomers
or between racemic VCD, VPD, and VCD stereoisomers.

Because of the marked similarity in the PD characteris-
tics of the studied valproylamides, PK considerations are a
major factor when selecting compounds for further develop-
ment. For example, in humans, VPD is a prodrug to VPA and
as such it offers no clinical advantage over VPA (26,27) but
the VPD isomer VCD undergoes very limited amide-to-acid
biotransformation to valnoctic acid (VCA) in humans and
acts as a drug of its own and not as a prodrug to its corre-
sponding acid (28). Great differences were found also in mice
between the PK parameters of VCD stereoisomers and VPD,
despite their equal anticonvulsant potency. VPD displayed a
three-times greater CL than the VCD stereoisomers and its
Vss was three times lower than that obtained for (2S,3S)-VCD
and (2R,3S)-VCD. The greater CL and lower Vss of VPD
observed in this mice study (compared to the VCD stereoiso-
mers) is in agreement with previous rat data, where VPD
displayed a two times higher CL than racemic VCD (29).
There was no difference in the brain-to-plasma AUC ratio of
VPD and (2S,3S)-VCD over the entire dose range but, after
a dose of 60 mg/kg i.p. brain VPD concentrations were sig-
nificantly lower than the brain concentrations of (2S,3S)-
VCD or (2R,3S)-VCD obtained after a dose of 50 or 75 mg/
kg, indicating that VPD has a greater intrinsic potency at the
site of action.

Central nervous system-active amide derivatives of VPA,
such as racemic VCD, VPD, and propyl isopropylacetamide,
are generally three to five times more potent than VPA
(3,4,25,27). One suggested reason for their better anticonvul-
sant potency is their better brain penetration compared to
VPA. This assumption has been supported by data from rats
where the brain-to-plasma AUC ratio for VPD, VCD, and
propyl isopropylacetamide was found to be unity (∼1) and
only 0.16 for VPA (25,29). However, no studies have assessed

the brain penetration of the valproylamides in mice. The mice
brain-to-plasma AUC ratio of VPD and the two VCD stereo-
isomers, was remarkably less than unity and therefore, it ap-
pears that the brain penetration of VCD and VPD is poorer
in mice than in rats. A similar phenomenon has also been
observed with N-methyl-tetramethylcyclopropyl carbox-
amide, an amide analogue of VPA, which in mice displayed a
brain-to-plasma concentration ratio of 0.3–0.7 (24), but in rats
the AUC ratio was equal to unity. Interestingly, as previously
observed for N-methyl-tetramethylcyclopropyl carboxamide
(24), the brain-to-plasma AUC ratio of (2R,3S)-VCD was
dose dependent. This may suggest that these amide deriva-
tives of VPA are substrates for active transport across the
mouse BBB. This is further supported by the observation that
there was no stereoselectivity between (2S,3S)-VCD and
(2R,3S)-VCD in the plasma AUC values but stereoselectivity
was found in brain AUCs, indicating that there is stereose-
lective transport to the brain. Further studies will be required
to confirm the existence of active transport.

Theoretically, as VCD has a chiral center at the �-posi-
tion to the carbonyl (C-2), a chiral inversion (racemization) is
possible. Stereoselective analysis of plasma samples with in-
dividual VCD stereoisomers obtained 30 min after i.p. admin-
istration (analyzed using a previously described assay; refer-
ence 6) showed lack of chiral inversion. None of the other
stereoisomers could be detected in the plasma samples ana-
lyzed following administration of either (2S,3S)-VCD or
(2R,3S)-VCD.

The effect compartment of the VCD stereoisomers is in
the brain and in this study, both the plasma and brain con-
centrations were measured as part of the PK–PD correlation.
The brain-to-plasma concentration ratio was not constant as a
function of time, indicating that the PK–PD model best suited
for VCD would be an indirect link model where there is a
temporal dissociation between the plasma concentration-
time-course and the anticonvulsant effect, most likely caused
by distributional delay (30). The concentrations in the effect
compartment (brain) irrespective of time of measurement
agreed with the response observed, and the anticonvulsant
effect declined in parallel with the brain concentration sug-
gesting that the PD response of VCD can be characterized as
a direct response, i.e., the observed effect is determined by
the effect site concentration without a time lag and the re-
sponse mechanisms in the brain mediate the effect rapidly
enough to directly account for changes in concentration at the
effect site (30).

The dose-dependent PK observed in this study can be
extended through the literature. The PK of racemic VCD and
VPD has been studied previously after toxicologically rel-
evant doses in mice. The CL of the VCD stereoisomers, ob-
tained in a previous study in mice was 0.4 L/h/kg (7), a value
>50% lower than the values obtained in this study for the
individual enantiomers. However, this difference may be due
to the higher dose (300 mg/kg of racemic VCD) used in the
previous study and the decrease in CL with increasing doses.
The plasma half-life obtained in this study (11–18 min) was
four times shorter than the half-life obtained for the VCD
stereoisomers in a previous study (1.0 h) after a dose of 300
mg/kg of racemic VCD (7). Yet, a clear dose dependency can
be observed in the half-lives reported in the literature. After
a dose of 430 mg/kg, racemic VCD displayed a half-life of 2.3
h (21) and consequently, it appears that the increase in the
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half-life observed here is part of a general phenomenon of
VCD–PK in mice. The half-life of VPD obtained in this study
following a dose of 60 mg/kg (13 min) was also shorter than
the half-life obtained for VPD in a previous study (3.4 h) after
a dose of 430 mg/kg (21). Dose-dependent PK is a likely
explanation for the difference observed between these studies
in the major PK parameters.

In conclusion, this study showed that (2S,3S)-VCD,
(2R,3S)-VCD, VPD, and racemic VCD are broad spectrum
anticonvulsants. Because of its lower EC50 value in the 6-Hz
model and better brain penetration, (2S,3S)-VCD appears as
a more promising new AED than (2R,3S)-VCD. Also
(2S,3S)-VCD displayed a constant volume of distribution
over the entire dose range studied, suggesting that it has a
more predictable PK than (2R,3S)-VCD. The efficacy of
(2S,3S)-VCD in the 6-Hz model, in the kindled rat and in the
s.c. Met model suggests that it may be an effective AED in
patients suffering from partial and generalized seizures.
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