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1 Antiepileptic drugs (AEDs) are often utilized in the treatment of neuropathic pain. The major
AED valproic acid (VPA) is of particular interest as it is thought to engage a variety of different neural
mechanisms simultaneously. However, the clinical use of VPA is limited by two rare but life-
threatening side effects: teratogenicity and hepatotoxicity.

2 We synthesized VPA'’s corresponding amide: valpromide (VPD), two of VPAs isomers and their
corresponding amides; valnoctic acid (VCA), valnoctamide (VCD), diisopropyl acetic acid (DIA),
diisopropylacetamide (DID), and VPD’s congener: N-methyl-VPD (MVPD). VCD, DID and VPD
are nonteratogenic, potentially nonhepatotoxic, and exhibit better anticonvuslant potency than VPA.
3 In this study, we assessed the antiallodynic activity of these compounds in comparison to VPA and
gabapentin (GBP) using the rat spinal nerve ligation model of neuropathic pain (SNL, Chung model).
4 VCA and MVPD were inactive. However, VPD (20-100mgkg™"), VCD (20-100mgkg™") and
DID (20-90mgkg™") produced dose-related reversal of tactile allodynia with EDs, values of 61, 52
and 58 mgkg™", respectively. All the amides were more potent than VPA (EDs, =269 mgkg'). The
antiallodynic effect of VPA, VPD, VCD and DID was obtained at plasma concentrations of 125,
24, 18 and 7mgl™', respectively, with a good pharmacokinetic-pharmacodynamic correlation and
a minimal lag response.

5 VCD and DID were found to have minimal motor and sedative side effects at analgesic doses, and
were equipotent to GBP, currently the leading drug in neuropathic pain treatment. Consequently,
VCD and DID have potential to become new drugs for the treatment of neuropathic pain.
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Neuropathic pain; spinal nerve ligation; pharmacokinetics; pharmacodynamics; valproic acid; valproic acid
isomers; valpromide; valnoctamide; diisopropyl acetamide

AED, antiepileptic drugs; AUC, area under the concentration-vs-time curve; AUMC, area under the
concentration—time product vs time curve; BBB, blood—brain barrier; CBZ, carbamazepine; CL, clearance; Cy,ay,
peak plasma concentration; DIA, diisopropylacetic acid; DID, diisopropylacetamide; DRG, dorsal root ganglion;
FBM, felbamate; GBP, gabapentin; i.m., intramuscularly; i.p., intraperitoneally; LTG, lamotrigine; MC,
methylcellulose; MES, maximal electroshock; MRT, mean residence time; MVPD, N-methyl-valpromide; PD,
pharmacodynamics; PK, pharmacokinetics; VCA, valnoctic acid; VCD, valnoctamide; VFF, von Frey
monofilaments; VPD, valpromide; Vf, volume of distribution; VPA, valproic acid; SNL, spinal nerve ligation;
TMCA, 2,2,3,3-tetramethylcyclopropanecarboxylic acid; TMCD, 2,2,3,3-tetramethylcyclopropanecarboxamide

Introduction

Neuropathic pain responds to many antiepileptic drugs
(AEDs), suggesting that it shares with epilepsy underlying
neurophysiological mechanisms. Specifically, most of these
drugs either stabilize membrane hyperexcitability or enhance
inhibitory GABA and/or glycine neurotransmission (Jensen,
2002; Rogawski & Loscher, 2004a). However, even the most
effective AEDs show only modest efficacy in neuropathic pain,
and some patients obtain no useful relief at all (McQuay et al.,
1995). The main advantages of newer AEDs over established
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agents are more favorable tolerability and improved pharma-
cokinetics (PK) rather than improved efficacy (Nicholson,
2000; Tremont-Lukats et al., 2000). There is therefore
considerable room for improvement.

Valproic acid (VPA), one of the established AEDs, is
believed to act through a variety of different neural mechan-
ism: inhibition of the voltage-dependent sodium channels,
enhanced GABAergic signaling, reduced NMDA-receptor-
mediated glutamate excitation and increased serotonergic
inhibition (Loscher, 1999; 2002; Owens & Nemeroff, 2003).
In principle, such multivalent action is highly advantageous,
promising improved efficacy with reduced side effects. How-
ever, the clinical use of VPA is limited by two rare, but
potentially life-threatening side effects, teratogenicity and
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Figure 1 Chemical structures of valproic acid (VPA), valpromide
(VPD), valnoctic acid (VCA), valnoctamide (VCD), diisopropyla-
cetic acid (DIA), diisopropylacetamide (DID) and N-methyl-
valpromide (MVPD).

hepatotoxicity. Partly for this reason VPA has not attracted
much interest for analgesic development. We are aware of
only a few randomized controlled trials in neuropathic pain,
and some small open trials. These do not produce a clear
picture of the drug’s antinociceptive potential (Tremont-
Lukats et al., 2000; Kochar et al., 2002; 2004; 2005; Otto et al.,
2004).

Amide analogues and derivatives of VPA have shown better
anticonvulsant activity than the parent compound (Isoherra-
nen et al., 2003a, b). Valpromide (VPD, Figure 1), the primary
amide of VPA, is approved as an AED and as an antipsychotic
agent in several European countries (Bialer, 1991; Payen et al.,
2004). VPD crosses the blood-brain barrier (BBB) more
readily leading to higher CNS concentrations than VPA
(Blotnik et al., 1996; Harris et al., 2003). As an AED, VPD
is 3-5 times more potent than VPA and is not teratogenic in
animal models. In humans, however, its better antiepileptic
potency and lack of teratogenicity do not have clinical
implications because, unlike in the animal models, VPD is a
prodrug to VPA (Bialer, 1991).

Since VPD did not succeed in becoming a second-generation
VPA due to its presystemic biotransformation, and in a further
attempt to capitalize on the potential advantages VPA and
VPD while reducing their safety liability, we have developed
structural isomers of VPD that do not undergo metabolic
hydrolysis to their corresponding acids (Isoherranen et al.,
2003b). These agents, valnoctamide (VCD) and diisopropyl
acetamide (DID), were designed to retain or enhance VPA’s
efficacy as an AED, and thus perhaps be superior as
antinociceptive agents, while avoiding teratogenicity and

hepatotoxicity (Isoherranen et al., 2003a,b). Indeed, VCD
and DID were more potent as anticonvulsants than VPA and
their corresponding acids (and VPA structural isomers)
valnoctic acid (VCA) and diisopropylacetic acid (DIA) (Haj-
Yehia and Bialer, 1990; Isoherranen et al., 2003a). Moreover,
unlike VPD, VCD and DID in dogs did not biotransform to
their corresponding acids (Haj-Yehia & Bialer, 1988; 1990).
In humans, VCD acts as a drug in its own right and not as
a prodrug, and undergoes only minimal biotransformation to
VCA (Barel et al., 1997).

While VPA’s teratogenicity is associated with the parent
compound (Nau et al., 1991), its hepatotoxicity results from
biotransformation into metabolites with a terminal double
bond, specifically 4-ene-VPA (Kondo et al., 1992; Baillie &
Sheffels, 1995). VPA’s carboxylic moiety is a structural
requirement for the drug’s teratotgenicity and hepatotoxicity
(Grillo et al., 2001; Isoherranen et al., 2003b). Thus, both VCD
and DID are nonteratogenic and are probably nonhepatotoxic
due to their amide moiety, and the fact that they are not
metabolized to their corresponding acids which are necessary
intermediates in the formation of hepatotoxic metabolites with
a terminal double bond (Figure 1, Radatz ef al., 1998; Grillo
et al., 2001; Okada et al., 2004).

Rather than following the old pattern of first completing the
development of novel compounds as AEDs and then testing
them as analgesics, we proceeded to assess the above isomers
of VPA and VPD as well as its derivatives N-methyl-VPD
(MVPD) for antiallodynic activity in a rat model of neuro-
pathic pain. In addition, we assessed the PK-pharmaco-
dynamic (PD) relationships of VPA, VPD, VCD and DID.
Results are reported here.

Methods
Animals and surgical procedure

Experiments were performed on male Sprague-Dawley
rats (Harlan Laboratories, Jerusalem) weighing 175-200 g.
The procedure for inducing tactile allodynia in the spinal
nerve ligation (SNL) model was as described by Kim &
Chung (1992). Briefly, under ketamine—xylazine anesthesia
(85mgkg™!, and 13mgkg™!, i.p., respectively), rats were
placed in a prone position and paraspinal muscles on the left
were separated from the L4-S2 spinous processes. Part of the
L6 transverse process was removed and the underlying L4-L6
spinal nerves were identified. The L5 and L6 spinal nerves were
isolated, tightly ligated with 5-0 silk, and cut just distal to the
ligature. The ligature was approximately 8§ mm distal to the
corresponding dorsal root ganglion (DRG). Following com-
plete homeostasis the wound was sutured in layers, the skin
closed with Michel clips, topical bacteriostatic power was
applied, and 20,000 units of duplo-penicillin was injected
intramuscularly (i.m.). After uneventful recovery, the animals
were returned to the vivarium where they were maintained in
groups of 2-3 in solid-bottomed 42 x 26 cm transparent plastic
shoebox cages, bedded with pine shavings. Rat dry food pellets
(Kofholk, Petah Tikva, Israel, product #19510) and water were
available ad libitum. The day : night cycle was 12h: 12 h (lights
on at 0600 hours). Experiments were approved by the
Institutional Animal Care and Use Committee of the Faculty
of Medicine, Hebrew University of Jerusalem.
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Sensory testing

We used a set of nine nylon von Frey monofilaments (VFF,
Semmes-Weinstein monofilaments, Stoelting, Wood Dale, IL,
U.S.A)) to quantify foot withdrawal in response to normally
innocuous tactile stimuli. Initial bending force of the filaments
(in mN) was: 5.8, 13.4, 18.7, 37.9, 57.3, 77.5, 97.4, 145.9 and
254.1 (equivalent to mass of 0.6, 1.4, 1.9, 3.9, 5.9, 7.9, 9.9, 14.9
and 25.9 g). Forces were calibrated by lowering filaments onto
the pan of an electronic balance until they just bent. Standard
deviation (s.d.) on repeated measurements was about +0.2g.
Filaments were cut flush, and although they did not all have
the same diameter, the same set was used for all rats.

Rats were placed on a raised wire mesh screen (gaps
4 x 4mm), which allowed access to the plantar surface of the
hindpaw from below. They were covered with a transparent
plastic dome, 13cm high, which prevented rearing on the
hindlimbs. A period of 20min was allowed for acclimation
prior to sensory testing. The mid-plantar hindpaw skin just
caudal to the footpads, half way between medial and lateral
edges of the foot, was subjected to a series of five brief probes,
spaced at about 1s. Each such stimulus was sufficient to just
bend the filament. Testing began with the filament with the
weakest initial bending force (0.6 g). If the animal failed to
respond with at least a momentary foot twitch/withdrawal to
>3 of the five probes, the next stiffest filament was tried, and
so forth, using an ascending staircase protocol. Response
threshold was the bending force of the first monofilament
in the series that evoked a criterion >3/5 responses. This
procedure was repeated twice on each foot, alternating from
side to side, with >5min rest between trials in a given animal.
‘Threshold’ for each paw on a given test day was the average of
the two force determinations just sufficient to evoke a criterion
response. If there was no response to the stiffest filament,
threshold was recorded as 26 g. Rats were included in the study
only if they failed to respond to the 15g monofilament (or
weaker) on two consecutive days, two and one day before
surgery.

The first postoperative tests were carried out 5 and 6 days
following surgery. We set an arbitrary response criterion for
demonstrating tactile allodynia on the operated side at <10g.
Only animals that passed this screening test were used for drug
testing. About 15% of animals operated were excluded on
these grounds.

Pharmacological treatments

Anesthetic reagents: ketamine (Fort Dodge, Fort Dodge, IA,
U.S.A.) and xylazine (VMD, Arendonk, Belgium). Antibiotic:
duplo-penicillin (Biochimie GmbH, Kundl, Austria). Drugs:
VPA, VPD, VCA, VCD, DIA, DID, MVPD and gabapentin
(GBP) were tested. VPD, VCD were gifts from Sanofi Labaz
(France), VPA and GBP were gifts from Teva Pharmaceuticals
(Netanya, Israel). VCA, DIA, DID and MVPD were
synthesized according to previously published procedures
(Haj-Yehia and Bialer, 1989; 1990). The products were
identified and their structure was proved by nuclear magnetic
resonance spectra and by elemental microanalysis. Each
compound was suspended in 0.5% methylcellulose in double
distilled water (MC, vehicle) and administered intraperitone-
ally (i.p.) in the doses noted below, in a uniform volume of
4mlkg™' body weight. The following doses were tested: VPA

200, 250, 300 and 400mgkg™'; VPD 20, 60, 80 and
100mgkg™'; VCA 100, 200 and 300mgkg~'; VCD 20, 40,
60, 80 and 100 mgkg~'; DIA 200 and 300 mgkg~'; DID 20, 40,
80 and 90mgkg~'; MVPD 60 and 120mgkg~' and GBP 10,
30, 100 and 300 mgkg~"'. In addition, vehicle control injections
were carried out using 4mlkg™' MC.

Drug tests were conducted at 7, 14 and 21 days post-
operative (dpo). In each rat, two different doses of a particular
drug and MC were assessed in a blind randomized crossover
manner. Response to VFF probing was tested before for
baseline (pre-) and then 30, 60, 120, 180 and 240 min after
dosing. The individual who made the behavioral assessment
was unaware of the drug/dose given. The first two doses of a
drug were based on its potency (EDsy) as an AED in the
maximal electroshock (MES) test (Table 4). I.e., one dose was
just below and the second was just above the MES EDs,.
Based on the results of the first experiment, the next dosages
were chosen in order to establish a scale of protection. VPAs
first stage was 300 vs 400 mgkg " vs MC (n =8 rats tested per
dose) and the second stage was 200 vs 250mgkg™"' vs MC
(n=8). VPD: 20 vs 60mgkg™' vs MC (n=38); 100 vs
150mgkg™" vs MC (n=8); VPD 80mgkg™' vs VCA
300mgkg™! vs MC (n=9). VCA: 100 vs 200mgkg~' vs MC
(n=8). VCD: 40 vs 80 mg kg™ vs MC (n=09); 20 vs 60 mg kg™"
vs MC (n=38); 100mgkg™! vs MC (n=38). DIA: 200 vs
300mgkg™" vs MC (n=38). DID 40 vs 80mgkg™' vs MC
(n=7); 20 vs 90mgkg™" vs MC (n=8). MVPD 60 vs
120mgkg™' vs MC (n=9). GBP: 10 vs 30mgkg~! vs MC
(n=28); 100 vs 300mgkg "' vs MC (n=9). A 1-week washout
period was used after each drug treatment. At 5 days after each
drug administration, the allodynic baseline threshold was re-
evaluated, and 2 days later drugs effect was tested again.

Determination of the median effective dose (EDs,)

To determine EDj5, as an estimate of the compounds’ potency,
we plotted a dose—response curve 60 min post injection except
for DID and GBP, which were plotted at 120 min. These were
the time points at which the largest fraction of rats tested first
reached their maximal antiallodynic effect. Response was
plotted as the percentage of animals tested at that time point
that failed to respond to the 15g VFF. Maximum possible
response (100%) means that none of the rats tested responded
to the 15 g VFF or less. EDs, was the dose that yielded 50% of
the maximum possible response. This value was linearly
interpolated between the dose just above and just below the
EDs, value. These data were then subjected to probit analysis
(Finney, 1971). 95% confidence intervals (CI) of EDs, were
calculated. Efficacy of a drug was defined as the percentage
of animals tested that failed to respond to the 15g VFF at the
highest dose used, at which EDs, was determined (60 or
120 min).

Analysis of plasma drug concentration

For each of the drugs VPA, VPD, VCD and DID, nine rats
(320-350 g) underwent SNL surgery, and 28 days later were
randomly divided into three groups of three rats per group.
VPA (300mgkg™"), VPD (60mgkg™"), VCD (40mgkg™") and
DID (40mgkg') were administered in 4mlkg~" i.p. 0.5%
MC, and 400 ul of blood were collected from the amputated
tail tip at each of three time points after injection. Blood was
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withdrawn for group 1 at 15, 60 and 180 min after dosing; for
group 2 at 30, 90 and 240 min after dosing and for group 3 at
45, 120 and 360 min after dosing. Plasma was immediately
separated by centrifugation at 3000 x g for 15 min and stored
at —20°C until analyzed.

Plasma levels of VPA, VPD, VCD and DID were
determined by gas chromatography (GC). An HP5890 series
II GC equipped with FID detector, HP7673 autosampler
and for VPD, VCD and DID-HP-5 capillary column
(0.25um x 15m x 0.25mm) was used. The temperature pro-
gram was as follows: injector temperature 250°C; initial
temperature, 60°C for 3min; gradient of 15°C min™' until
180°C; hold 5 min. For each drug, plasma levels obtained from
three rats at each time point were averaged. In all, 25l of
internal standard solution (50 mgl1™"' of 2,2,3,3-tetramethylcy-
clopropanecarboxamide (TMCD), in MeOH for the VPD and
VCD assay; VPD for the DID assay) and 200 ul of 0.1M
NaOH were added to 50ul of plasma. The mixture was
vortexed, and 1 ml of chloroform was added. The phases were
separated, and the chloroform was evaporated. The dry
residue was redissolved in 50 ul of chloroform, and 1 ul was
injected into the gas chromatograph. Calibration curves were
prepared separately by spiking naive rat plasma samples with
1.56,2.5,3.12,6.25, 12.5, 25.0, 37.5, 50.0, 75.0 and 100.0 mg1~!
of VPD, VCD and DID. The limit of quantification (LOQ) of
the method was 1.56 ugml™!, and the coefficient of variation
(CV%) was <15% at all analyzed concentrations including
LOQ.

For VPA determination, a HP-FFAP capillary column
(0.3 um x 25m x 0.2 mm) was used. The temperature program
was as follows: injector temperature 280°C; oven temperature,
135°C. In total, 30 ul of internal standard solution (250 mg1™'
of 1-methyl-1lcyclohexane carboxylic acid, MCCA, in MeOH)
and 125 ul of 5N hydrochloric acid (HCI) were added to 250 ul
of plasma. The mixture was vortexed, and 2 ml of chloroform
was added. The phases were separated, and the 1 ml of NaOH
was added. HCl 5N (200 ul) and 2ml of chloroform were
added to the aqueous phase. The organic layer was evaporated
and dry residue was redissolved in 50 ul of chloroform, and
30 ul was injected into the gas chromatograph. Calibration
curves were prepared separately by spiking naive rat plasma
samples with 25.0, 50.0, 75.0, 100.0, 200.0, 300.0, 400.0, 500.0
and 600.0mgl~! of VPA. LOQ of the method was 25mgl~!,
and the coefficient of variation (CV%) was <15% at all
analyzed concentrations including LOQ.

PK

PK parameters were determined by noncompartmental analy-
sis using the pharmacokinetic software package WinNonlin,
version 4.0.1 (SCI Software, Lexington, KY, U.S.A.; Yamao-
ka et al., 1978; Gibaldi & Perrier, 1982; Rowland & Tozer,
1995). The terminal half-life (¢,,) was calculated as 0.693/f,
where f is the linear terminal slope of the concentration (C)-vs-
time curve. The area under the C-vs-time curve (AUC) was
calculated by trapezoidal rule 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. Total (apparent) clearance (CL/F) was calculated
from the quotient of FDose/AUCm with F being the absolute
bioavailability following i.p. administration. The apparent

volume of distribution (Vf/F) was calculated from the quotient
of CL and p. The peak plasma concentration (Cy..) and the
time to reach Cpax (fmax) Were determined empirically by visual
inspection.

Neurological motor dysfunction tests

We confirmed that for VPA, VPD, VCD and DID, the highest
drug dose tested was not sufficient to cause neurological motor
dysfunction or sedation as this might lead to false positive
results in behavioral tests of sensory response (Yanez et al.,
1990; Jourdan et al., 1997). In n = 6 normal rats, without nerve
injury (body weight 250-350 g), changes in motor performance
after VPA, VPD, VCD and DID administration were
measured using an accelerating rotarod (Columbus Instru-
ments, Columbus, OH, U.S.A.). The rotarod speed was
increased from 10 to 30r.p.m. over a 120s period, with the
maximum time spent on the rod set at 120s. For acclimation,
rats received two training trials (separated by 3-4h) on two
separate days prior to drug testing. On the day of testing, a
baseline response was obtained, and rats were subsequently
administered drug or vehicle. Motor performance (the time (s)
to fall off the rotarod) was tested at the time (after dosing)
when the EDs, was determined, that is, 60 min (VPA, VPD,
VCD) or 120min (DID). In addition, we examined our rats
individually for signs of motor dysfunction and sedation as
assessed by posture and gate during spontaneous and induced
movement, grooming, chewing, stepping reflex and startle
reflex evoked by tapping on the cage.

Statistical analysis

Results are presented as the ED5, and 95% CI. For each drug
and dose, attenuation of tactile allodynia (threshold measured
in g) was measured. The average response of all time points
after administration (30, 60, 120, 180 and 240 min) area under
the response curve, was calculated and the pretreatment value
was subtracted, per rat. These areas under the response curve
values for every group of rats per dose were evaluated against
vehicle treatment using the nonparametric Wilcoxon one-tailed
test (dose of drug tested vs vehicle on the same treatment). The
results for rotarod test (mean+s.d.) were evaluated by the
same statistical test (highest dose of drug tested vs vehicle).
A P-value <0.05 was considered statistically significant.

Results
Baseline tactile allodynia

Animals were included in the experiment only if they failed
to respond preoperatively to the 15g stimulus. Following
SNL surgery, animals showed brisk withdrawal responses to
much weaker stimuli, reflecting tactile allodynia. Although the
criterion set for inclusion in the study was response to
<10g, in fact nearly all animals responded to much weaker
forces. Baseline response threshold, just before drug injection,
was 1.9+1.3g (n=114 rats). This level of response persisted
in all vehicle control groups (Figure 2). In all rats, the
contralateral (unoperated) hind paw failed to respond to any
filament that applied <15g at all postoperative time points.

British Journal of Pharmacology vol 146 (2)
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Figure 2 The effect of i.p. administration of VPA, VPD, VCA, VCD, DIA, DID, MVPD and GBP on tactile allodynia in rats with
SNL neuropathy. Paw withdrawal thresholds to von Frey filaments were determined on both ipsilateral and contralateral paw prior
to (Pre-) and up to 4 h after dosing, using a blinded regimen. Data show withdrawal threshold as mean values for the ipsilateral paw.
None of the drugs affected contralateral withdrawal thresholds. * P<0.05 compared to vehicle (MC) by nonparametric Wilcoxon
one-tailed test of area under the response curve 30—240 min after dosing (dose of drug tested vs vehicle). For clarity, s.d. error bars

Table 1 Contralateral paw data of VPD 20 vs 60 mg

kg~!' vs MC
VPD dose (mgkg™")

Time 20 60 MC
Pre 18.8+5.1 17.8£5.1 17.8£5.1
30 min 21.945.7 20.5+5.9 19.1+£5.7
60 min 16.4+3.9 23.2+5.1 17.8+£5.1
120 min 19.1+5.7 17.8£5.1 19.1+£5.7
180 min 17.7+5.1 15.8+4.5 20.5+59
240 min 16.4+3.9 19.1+5.7 17.8£5.1

Data presented as mean +s.d. withdrawal threshold (g).

MC = methylcellulose, vehicle.

Table 1 is an example set of contralateral paw data of VPD 20
vs 60mgkg™!, i.p., vs MC.

PD: effect of drugs on tactile allodynia

All of the drugs tested except for VCA and MVPD showed
significant, dose-dependent attenuation of tactile allodynia
during the first few hours after i.p. injection (Figure 2). At the
highest doses used, this antiallodynic drug effect was near
maximal 30 min after injection. The only exceptions were DID
and GBP, in which the degree of antiallodynia continued to
increase after 30 min. The antiallodynic effect of the drugs
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Table 2 Activity of VCA and DIA as antiallodynic
agents at doses of 100, 200, 300 mgkg ™"

Dose (mgkg™")

Time 100 200 300 MC
VcA4
Pre 2.1+0.9 1.9+0.5 1.5+1.1 1.8+1.3
30 min 1.7£0.4 8.3+7.6 9.5+8.5 1.8+1.2
60 min 1.540.2 5.0+2.9 12.0+9.1 1.8+1.6
120 min 1.5+0.2 4.3+48 82477 2.0+2.8
180 min 1.74£0.5 33435 32426 23404
240 min 1.540.2 24419 2.0+13 2.1+0.5
DIA
Pre NT 29413 3.0+1.2 32413
30 min NT 4.3+29 9.2+43 24+1.1
60 min NT 5.0+5.5 10.3+6.1 2.1+1.6
120 min NT 33430 7.1+£3.2 324101
180 min NT 26+1.5 48+2.2 1.8+0.4
240 min NT 2.0+0.8 23+1.1 2.1+0.5

Data presented as mean +s.d. withdrawal threshold (g).
NT =not tested; MC = methylcellulose, vehicle.

began to decline 1-3h post injection with the exception of
VCD at 100mgkg™' and GBP. For VPA, VPD, VCD and
DID, the maximal dose used was less than that required to
produce signs of neurological motor deficits or sedation.

VPA VPA decreased tactile allodynia in a dose-dependent
manner. The lowest effective (i.p.) dose was 300mgkg™'
(Figure 2). EDs, 60 min after dosing was 269mgkg~" (95%
CI of 227-310mgkg™"). At the highest dose tested
(400mgkg™', i.p.), 88% (7/8) of rats were relieved from tactile
allodynia.

VPD VPD significantly increased the threshold at a minimal
effective dose of 60mgkg~' i.p. (Figure 2.) EDs, 60 min after
dosing was 61 mgkg™"' (95% CI of 44-77mgkg™"). In all, 75%
of rats failed to respond to monofilaments 15 g or less at a dose
of 100mgkg™", i.p.

VCA VCA had no significant effect on tactile response
threshold up to a dose of 300mgkg~!, i.p. (Figure 2 and
Table 2), although 22% of rats failed to respond to the 15¢g
VFF or less at the highest dose tested.

VCD The lowest dose to significantly increase the allodynic
threshold, when compared to vehicle, was 40mgkg™!, i.p.
(Figure 2). The mean effective dose (EDsy) 60min after
dosing was 52mgkg~' with a 95% CI of 20-84mgkg™".
At 100mgkg™", i.p., 75% of rats were protected.

DIA DIA was effective at a dose of 300mgkg™', ip.
(Figure 2 and Table 2), 25% of rats were regarded as protected
at the highest dose.

DID The lowest dose needed to significantly increase the
allodynic threshold, when compared to vehicle, was
20mgkg~', i.p. (Figure 2). The response became larger in a
dose-dependent manner at time points between 30 and
120 min. The mean effective dose (EDsy) 120 min after dosing

was 58 mgkg~! with a 95% CI of 18-97mgkg~". There was no
response to the 15g VFF or less for 63% of rats at the highest
dose tested.

MVPD MVPD did not significantly increase the nociceptive
threshold up to a dose of 120mgkg™", i.p. (Figure 2), although
20% of rats failed to respond to the 15g VFF or less at the
highest dose tested. A dose of 180mgkg™", i.p. caused motor
dysfunction.

GBP The lowest effective dose to produce a significant
elevation of the threshold after dosing of GBP was 30 mgkg ™',
i.p. (Figure 2). EDs, 120 min after dosing was 32mgkg™" (95%
CI of 18-50mgkg™"). At the highest dose used (300 mgkg™",
1.p.) we observed minor sedation, 30 and 60 min after dosing,
but not later and 100% of rats were protected. The
antiallodynic effect and the neurological motor deficits of
GBP were similar to those reported previously using the SNL
assay (Hunter et al., 1997).

PK analysis

The pharmacokinetics of VPA, VPD, VCD and DID
was evaluated at low effective antiallodynic doses as found
in the PD study, 300, 60, 40 and 40 mgkg™', respectively. The
PK parameters of each compound were calculated using
a noncompartmental approach (Yamaoka et al., 1978; Gibaldi
and Perrier, 1982) and are presented in Table 3. The
antiallodynic effects of VPA, VPD, VCD and DID at these
doses were associated with a minimal plasma concentrations
of 125, 24, 18 and 7mgl™", respectively (Figure 3).

The PK parameters of VPA, VPD and VCD obtained in
this study in operated rats (Table 3) were similar to those
previously reported in nonoperated rats (Blotnik et al.,
1996). VCD and DID are eliminated by metabolic clearance
and they do not undergo hydrolytic biotransformation to their
corresponding acids, VCA or DIA (Blotnik et al., 1996).

Rotarod test

VPA, VPD, VCD and DID had no significant effect (P> 0.05,
n=6) on motor performance (rotarod test) at the highest doses
tested (400, 100, 100 and 90mgkg™!, i.p., respectively), at 60
or 120 min after dosing when compared to vehicle treatment

Table 3 Pharmacokinetic (PK) parameters of VPA,
VPD, VCD and DID in the plasma after i.p.
administration to SNL-operated rats at doses of 300,
60, 40 and 40mgkg™"', respectively

PK parameters VPA VPD VeD DID
CL/F (Ih 'kg™") 0.2 0.6 0.3 0.5
VB/F (1kg™") 1.2 0.9 0.5 1.2
T, (h) 4.6 1.0 1.2 1.5
MRT (h) 5.8 1.8 2.9 2.4
Crnax (mgl™h) S1S 44 37 28
Tnax (min) 30 30 90 15

F=absolute bioavailability; CL/F = clearance normalized by
F; VB/F =volume of distribution normalized by F; ¢, , = half-
life; MRT =mean residence time; C,,.,=peak plasma con-
centration; f,,,, = time to reach Cy,..
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tion and antiallodynic effect following i.p. administration of VPA
(300mgkg™"), VPD (60mgkg™'), VCD (40mgkg™") and DID
(40mgkg™").

(96.8+23.7, 98.4419.4, 74.8423.8 and 103.8+22.3s, vs
118.0+2.3, respectively). MVPD at 180mgkg~' but not at
120mgkg "' caused convulsions.

Discussion

Antiallodynic potency and efficacy

In this study, we examined a closely related series of CNS-
active isomers of VPA and its primary amide, VPD, in the

SNL (Chung) model of neuropathic pain and compared their
effects to those of VPA and GBP. The tested isomers were
designed to retain the anticonvulsant activity, and by
implication the antiallodynic activity of the parent compound
VPA, but to avoid the teratogenicity and hepatotoxicity
associated with VPA therapy. VPD, VCD and DID showed
dose-related antiallodynic activity at doses that did not
produce neurological motor deficits or sedation. Moreover,
these compounds proved to have much better antiallodynic
potency than VPA, with similar EDs, values to that of
GBP (VCD-EDs,=52mgkg™!, DID-EDs,=58mgkg!,
VPD-EDs,=61mgkg~', GBP-EDs,=34mgkg™"). The two
structural isomers of VPA, VCA and DIA had similar
antialodynic efficacy (Figure 2). However, due to high
variation in the response to VCA, its effect was not statistically
significant (Table 2).

The rank order of potency in suppressing allodynia, based
on EDsy, was GBP>VCD>DID>VPD>VPA. The rank
order of efficacy at the maximal tolerated (subsedative) dose
(depicted in Figure 2) was GBP>VPA >VCD = VPD > DID.

Structure—function relation: teratogenicity,
hepatotoxicity and efficacy

Structure activity relationship studies indicated that in order to
be teratogenic, VPA analogues and derivatives should fulfill
three structural requirements: (1) posses a carboxylic acid,
(2) possess a hydrogen atom at C-2 (the a-position to the
carboxylic group) and (3) have branching at C-2 (Nau et al.,
1991; Nau & Siemes, 1992; Bojic et al., 1996; 1998). A VPA
isomer or analog lacking one of these structural requirements
should not be teratogenic.

Unlike VPA’s teratogenicity, that is caused by the parent
compound (Nau, 1986), its hepatotoxicity is associated with
P450-mediated metabolic pathways leading to the formation
of hepatotoxic metabolites with a terminal double bond,
4-ene-VPA and 2,4-diene-VPA (Kondo et al., 1992; Baillie
& Sheffels, 1995; Grillo et al., 2001). These metabolites are
believed to form via an intermediary acyl-CoA thioester and
blocking this step will lead to nonhepatotoxic VPA isomers
(Grillo et al., 2001). Consequently, amides like VCD and DID,
which undergo only minimal biotransformation to their
corresponding acid (VCA and DIA) (Haj-Yehia & Bialer,
1990; Barel et al., 1997), cannot form the acyl-CoA thioester
and therefore should not be hepatotoxic. Although VCD is
a chiral molecule with two stereogenic carbons, the difference
in anticonvulsant activity between racemic VCD and its indivi-
dual stercoisomers was rather minor (Isoherranen et al.,
2003a).

Taking into account the above structural issues, we designed
and synthesized a series of CNS-active isomers and amide
analogues of VPA expected to retain VPA’s anticonvulsant
activity but to be nonteratogenic and nonhepatotoxic (Iso-
herranen et al., 2003b). These are: VPD, VCA, VCD, DIA,
DID and MVPD.

VCA and DIA have similar MES-EDs, in mice (269 and
238 mgkg~', respectively) but with no (DIA) or little (VCA)
separation between doses that produce anticonvulsant activity
and those that produce motor deficits and sedation
(EDsy=TDsy). For this reason, their anticonvulsant effects
were not tested in rats (Haj-Yehia & Bialer, 1989; 1990,
Table 4). However, VPD and VCD were found to be
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Table 4 Activity of AEDs as anticonvulsants (MES
test) and agents that suppress tactile allodynia in the
SNL model of neuropathic pain in the rat

Drug MES EDs, SNL EDs, EDsy MES|  Brain-to-
(mgkg™!, p.o) (mgkg™', ip) SNL  plasma ratio

VPA 485* 269 1.8 0.16¢
VPD 32° 61 0.5 0.84°¢
VCA NT >300 — NT
VCD 29¢ 52 0.6 1.0¢
DIA NT >300 — NT
DID 51 58 0.9 NT
MVPD 65 >120 <0.54 NT
GBP 14.8% 344 0.43 0.85°
FBM 25.3¢ > 600¢ <0.04 0.64"
LTG 1.3* > 100¢ <0.01 0.42
CBZ 5.4° >30° <0.18 1.0

Relative brain access (brain-to-plasma ratio) is also provided.
“Data from White et al. (2002).

*Data from Bialer et al. (1994).

‘Data from Blotnik et al. (1996).

9Data from Hunter et al. (1997).

‘Data from Vajda (2002).

"Data from Pellock et al. (2002).

¢Data from Walker et al. (2000).

"Data from Spina (2002).

MES = maximal electroshock; EDs,=median effective dose;
SNL = spinal nerve ligation; NE =no effect; NT =not tested,
CBZ =carbamazepine; FBM =felbamate; LTG =lamotri-
gine.

broad-spectrum anticonvulsants with a wide safety margin
between anticonvulsant activity and functional neurological
toxicity (Table 4). DIA produced a significant decrease in
allodynic response in the SNL model. Comparing VPA and
DIA at a dose of 300mgkg~" reveals that 75 and 25% of
rats had an antiallodynic response, respectively. Owing to
this relatively low percentage of responders, no further DIA
doses were evaluated. VPD, VCD and DID are at least four
times more potent than VPA and thus can be regarded
as effective antiallodynic agents. However, MVPD does not
possess any activity and is toxic at 180mgkg~'. In a pre-
vious study, we recently analyzed a series of cyclopropyl
amide analogues of VPA in the SNL model (unpublished
data). The antiallodynic activity of the leading cyclopropyl
analogue was similar to that observed in this study with VPD,
VCD and DID.

The peak plasma concentration (Cy,.,) for VPA, VPD and
VCD was obtained 30min after dosing and their maximal
antiallodynic effects were observed shortly afterwards, with a
reasonable parallel between plasma concentration and anti-
allodynic activity also at subsequent time points (Figure 3).
DID was exceptional in that its C,,,, was obtained 15 min after
dosing, while its maximal antiallodynic effect was observed
120 min after dosing. This time of maximal PD effect was
consistent with establish data on time to peak anticonvulsant
effect of this compound. Since the mechanism of action of
DID has not been characterized, plausible explanations for
the lag time between DID maximal antiallodynic effect and
its Cp.y can be: (a) an effect compartment outside the plasma
that is slowly equilibrated with the central compartment;
(b) an antiallodynic effect that is caused by a cascade of
physiological events and (c) active metabolite(s) (Rowland
& Tozer, 1995).

Antiallodynic vs anticonvulsant activity

The proven analgesic activity of some AEDs in animal models
of neuropathic pain, and in placebo-controlled clinical trials,
naturally raises the suggestion that epilepsy and neuropathic
pain share underlying neural mechanisms (Blom, 1962;
McQuay et al., 1995; Zakrzewska et al., 1997, Rogawski &
Loscher, 2004b). The availability of EDs, data for a series of
new anticonvulsant isomers and analogues of VPD provides
an opportunity for testing this hypothesis. In fact, plotting the
EDjs, values for these and other AEDs for which correspond-
ing data are available (carbamazepine-CBZ, felbamate-FBM,
lamotrigine-LTG) and our series of VPA analogues did not
yield a significant overall positive correlation (Table 4,
Figure 4). The rat-MES-EDs, data presented in Table 4 were
taken from previous studies and were obtained following oral
administration (Bialer et al., 1994), in collaboration with the
NIH anticonvulsant screening program (White et al., 2002).
Our previous studies showed that VCD’s oral availability in
dogs (Haj-Yehia & Bialer, 1988) and rats is complete
(unpublished data). All marketed AEDs have complete oral
absorption in animals and humans. GBP is only 60% absorbed
in humans (Vajda, 2002) but its oral availability in rats is
79+ 11% (Radulovic et al., 1995). The complete oral avail-
ability of the drugs presented in Table 3 indicates the similarity
between oral and i.p. administration. Some agents such as
VPA, VPD, VCD and DID are nearly equipotent as anti-
convulsants and analgesics (EDs, of MES/SNL 0.5-2.0).
Others, however, are considerably more effective as anti-
convulsants (CBZ, FBM, LTG).

In a different study, several CNS-active amides of tetra-
methylcylcopropyl acid analogues of VPA have been assessed
for their antiallodynic activity, utilizing the SNL model
(unpublished data). All tested compounds showed dose-related
reversal of tactile allodynia. 2,2,3,3-tetramethylcyclopropane-
carboxylic acid (TMCA) and its primary amide 2,2,3,3-
tetramethylcyclopropanecarboxamide (TMCD) were the only
agents to exhibit antiallodynic effect without any anti-
convulsant activity in the rat-MES test.

There are a number of possible explanations for this lack of
overall correlation. First, although neuronal hyperexcitability
may be a common denominator in epilepsy and neuropathic
pain, there are diverse causes of hyperexcitability that are
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Figure 4 Plot of antiallodynic activity (SNL-EDs,) and anti-
convulsant activity (MES-EDsy) in rats. The abbreviations for the
various compounds are given in Table 4.
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differentially susceptible to drug actions. For example,
barbiturates and benzodiazepines suppress the hyperexcitabil-
ity associated with seizure activity by enhancing inhibitory
GABAergic neurotransmission (Macdonald, 2002; Olsen,
2002). These agents are ineffective as antiallodynics, probably
because hyperexcitability associated with neuropathic pain is
due primarily to changes in membrane hyperexcitability rather
than synaptic function (Devor & Seltzer, 1999).

Drug access to active sites is another likely factor. Anti-
convulsants necessarily act within the CNS. Antiallodynic
agents, in contrast, may act exclusively in the PNS, or partly in
the CNS and partly in the PNS. The agents included in
Figure 4 vary in their ability to cross the BBB and access the
brain (Table 4). PNS sites of neuronal hyperexcitability, the
nerve injury site and dorsal root ganglion (DRGQG), are devoid
of a blood—nerve-barrier (BNB) (Wadhwani & Rapoport,
1994; Devor, 1999). Different PK—PD characteristics could
also contribute to differential drug potency in MES vs SNL.
For these reasons, the failure of anticonvulsant and anti-
allodynic potency to correlate across AEDs does not seriously
undermine the hypothesis that epilepsy and neuropathic pain
share underlying neural mechanisms.

Mechanism of action

Pain following nerve damage is thought to result from a
cascade of neurobiological events triggered in afferent
conduction pathways that together result in neural hyperexcit-
ability (Baranauskas & Nistri, 1998; Woolf & Mannion, 1999).
These include, among others, upregulation of the expression of
certain Na* and Ca®* channels in the axotomized primary
sensory neurons, downregulation of certain K* channels,
increased levels of cytokines and other hyperalgesic substances
in the spinal gray matter, and suppression of GABAergic
neurotransmission in the spinal cord (Castro-Lopes et al.,
1993; 1995; Lou et al., 2001; Moore et al., 2002; Lai et al.,
2002; Watkins et al., 2003; Drew et al., 2004). Neural
hyperexcitability is also the hallmark of epileptic seizure
activity.

Effective AEDs and analgesics tend to act primarily on one
or another of the processes that underlie neural hyperexcit-
ability. For example, some block Na* (CBZ, LTG) or Ca*"
channels (GBP, Lou et al., 2002), some enhance inhibitory
(barbiturates, benzodiazepines) or suppress excitatory neuro-
transmission (NMDA-R antagonists), and some reduce levels
of inflammatory mediators (e.g. NSAIDs. corticosteroids).
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