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We report the discovery of a new class of neuroprotective voltage-dependent sodium channel modulators
exemplified by (5-(1-benzyl-1H-indazol-3-yl)-1,2,4-oxadiazol-3-yl)methanamine 11 (CFM1178). The
compounds were inhibitors of [14C]guanidinium ion flux in rat forebrain synaptosomes and displaced binding
of the sodium channel ligand [3H]BW202W92. 11 and the corresponding N2-benzyl isomer, 38 (CFM6058),
demonstrated neuroprotective activity in hippocampal slices comparable to sipatrigine. CYP450 enzyme
inhibition observed with 11 was reduced with 38. In electrophysiological experiments on dissociated
hippocampal neurons, these two compounds caused use- and voltage-dependent block of sodium currents.
Sodium channel isoform profiling against Nav1.1-1.8 demonstrated that the standard sodium channel blocker
lamotrigine had modest activity against Nav1.1, while sipatrigine was generally more potent and less selective.
11 and 38 showed potent activity against Nav1.6, pointing to pharmacological block of this isoform being
consistent with the neuroprotective effect. 38 also showed use dependent block of Nav1.6 in HEK cells.

Introduction

Voltage-gated sodium channels are found in the cell mem-
branes of electrically excitable cells and are fundamental to the
generation of electrical impulses (action potentials). The protein
channels exist as heteromers consisting of one pore-forming
R-subunit and at least one auxiliary �-subunit1 with nine
isoforms present in nervous or cardiac tissue.2 During its normal
operation, the channel switches between different functional
states: a resting state in which the channel pore is closed; an
open state where the channel pore is open and at least two
inactivated states where the channel pore is open but noncon-
ducting. Drugs acting on sodium channels are widely used as
therapeutic agents in order to treat central nervous system related
disorders such as epilepsy and neuropathic pain and, potentially,
neurodegeneration associated with ischemic stroke and other
conditions (Chart 1).3,4 Such drugs often inhibit sodium channels
in a manner that is voltage- and use-dependent, properties that
suggest interaction with one or more inactivated states. Extensive
studies on first generation modulators, carbamazepine 1, lam-
otrigine 2, and phenytoin 3 (all originally anticonvulsants) have
led to the design and synthesis of novel derivatives exhibiting
more potent activity and selectivity for particular neurological
conditions.

Epilepsy, a brain function disorder characterized by the
sudden onset of seizures, can be effectively controlled using
state-dependent sodium channel modulators,4 although at present
30% of patients do not respond to any current drug.5 Lamot-
rigine,6 2, is widely used as an antiepileptic agent, and
carbamazepine, 1, phenytoin, 3, and their derivatives oxcarba-
zepine and fosphenytoin have also proved effective in the
treatment of epileptic seizures.7 Significant evidence suggests
that sodium channels are also involved in the activation of pain
pathways,8-11 and as a result, many established sodium channel
modulators, including anticonvulsants lamotrigine, carbam-
azepine, and phenytoin have been found to be effective for the

treatment of chronic neuropathic pain.12-14 Drugs such as
ralfinamide15 4 and lidocaine16 5 have also shown promising
results, while Nav1.7aand Nav1.8 subtype selective compounds
are being developed.17 Although the embryonic Nav1.3 subtype
is expressed in injured neurons, recent studies indicate that it is
not implicated in neuropathic pain.18

It is now well-known that sodium channel modulators are
also capable of neuroprotection,19 a function thought to be useful
for reducing brain damage following a stroke, where the brain
is deprived of oxygen and glucose.20 As ischemic stroke is the
third major cause of death in the Western world,21 the
development of these compounds has become highly important,
especially as there is currently no widely applicable medical
treatment available. Nevertheless, many antistroke agents have
failed in recent phase II clinical trials,22-24 including sipatrigine,
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Chart 1. Structures of Sodium Channel Modulators
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6 (BW619C89),25 because of side effects or lack of efficacy.
Although the design of early stroke trials has also been
criticized,26,27 there is clearly a need for more efficacious
compounds with a better side effect profile. Sodium channel
modulators may have additional therapeutic utility in chronic
neurodegenerative diseases. Riluzole, 7, in particular, is given
to patients with amyotrophic lateral sclerosis,28 and safinamide,29

8, and zonisamide, 9, are both showing promise for improving
the motor function in Parkinson’s disease. A trial assessing
neuroprotection by lamotrigine in secondary progressive MS is
currently in progress.30

In a study conducted in 2002 by Garthwaite et al., YC-1 10,
which is best known as a guanylate cyclase activator, was
surprisingly found to inhibit sodium channels in a voltage-
dependent manner and was found to protect optic nerve axons
from simulated ischemia and from nitric oxide induced toxic-
ity.31 This finding led us to investigate analogues of this novel
sodium channel modulator for their neuroprotective activity.
Protectants for axons are potentially useful in many neurode-
generative conditions, and one sodium channel isoform, Nav1.6,
has been shown to be up-regulated within acute multiple
sclerosis lesions32 and to be associated with the loading of
demyelinated axons with damaging levels of calcium,19 indicat-
ing its potential as a drug target for neuroprotection. Substitution
of the furan ring for an oxadiazole and the hydroxyl moiety for
a primary amine yielded compound 11 (CFM1178) (Chart 2).
In this paper we report the synthesis and neuroprotective
potential of sodium channel modulator neuroprotective ana-
logues of lead compound 11 that show potent blockade of
Nav1.6 and Nav1.3 isoforms.

Results and Discussion

Design. The design strategy for the library of analogues of
sodium channel modulator 11 was based upon one major factor:
maintaining or increasing the neuroprotective activity. However,
as a secondary aim, it was also beneficial to decrease the potent
2D6 and 1A2 cytochrome P450 enzyme inhibition observed with
this compound (see below). From suggested pharmacophore
models33,34 it appears that the common feature of a large set of
sodium channel modulators is the presence of at least one
lipophilic group (in our case, possibilities include the benzyl
ring, the indazole backbone, or the oxadiazole) and a hydrogen
bond donor (the amino group). A recent publication has shown
that a series of 3- and 5-aryl-1,2,4-oxadiazoles exhibit anticon-
vulsant activity in the maximal electroshock seizure model in
rats,35 so the presence of this functionality in sodium channel
ligands is not unknown. In this study we focused on the
modification of the benzyl ring by the addition of a range of
lipophilic, hydrophilic, and heteroaryl substituents onto varying
positions of the ring. The substituents were chosen to exclude
reactive groups,36 according to their lipophilic and electronic

character,37 as well as taking reasonable interpretations of drug
likeness38 on the final drug structures into account.

Chemistry. The route to synthesizing the oxadiazole series
is shown (Scheme 1).39 The reaction of N-(tert-butoxycarbonyl)-
2-aminoacetamidoxime,40 synthesized from hydroxylamine hy-
drochloride and N-(tert-butoxycarbonyl)-2-aminoacetonitrile,
with indazole-3-carboxylic acid in the presence of peptide
coupling reagent carbonyldiimidazole gave O-acylated ami-
doxime 13 in 93% yield. The subsequent microwave cyclization
at 140 °C, in the presence of sodium carbonate, gave the 1,2,4-
oxadiazole 14 in 74% yield.41,42 The indazole of compound 14
could then be alkylated with substituted benzyl halides, using
cesium carbonate as a base, to afford the library of analogues
of oxadiazole 11, with yields of up to 92% (Scheme 2). During
the preparation of this library, it was observed by LC-MS and
1H NMR studies that isomers were being formed, with LC-MS
ratios ranging from approximately 1:1 to pure isomer depending
on the type of substitution on the benzyl halide. It was
discovered that the isomers could be separated easily using flash
column chromatography. Thus, after separation of compounds
11 and 38 (CFM6058) 1H-1H NOESY NMR experiments
revealed the structures to be N1- (major product) and N2-benzyl
substituted isomers, respectively. It was subsequently discovered
that a modified Mitsunobu43 reaction, using N,N,N′,N′-tetram-
ethylazodicarboxamide and tributylphosphine, could also be used
as a higher yielding route for the preferential synthesis of a
number of N2-benzyl substituted indazoles (as shown in Scheme
3), in up to 65% yield. The tert-butyl carbamate (Boc) protecting
groups of compounds 15-37 were then removed to afford the
H-donor amino group, using trifluoroacetic acid, triisopropyl-
silane, and water.

In order to further explore the significance of the hydrophobic
benzyl moiety, the synthesis of both Boc-protected and free
amine analogues was achieved by N1- and N2-alkylation
(Schemes 4 and 5), N1-sulfonylation (Scheme 4), and N1-
acetylation (Scheme 6) of indazole 14. The free amine 68 was
also synthesized, without substitution in the N1-position, by
deprotecting the Boc group of compound 14 (Scheme 4). We
also investigated the effect on the biological activity of
carbamate, amide, and sulfonamide derivatives of the primary
amine (Scheme 7) by protecting with a benzyl carbamate (Cbz)

Chart 2. YC-1 and Its Derivative 11 Scheme 1. Synthesis of 1, 2, 4-Oxadiazole Intermediate 14a

a Reagents and conditions: (a) hydroxylamine hydrochloride, Na2CO3,
MeOH, H2O; (b) indazole-3-carboxylic acid, CDI, DMF; (c) microwave,
140 °C, 20 min.
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group, using benzyl chloroformate in aqueous solution (pH 8),
a benzamide group, using benzoic acid 2-(7-aza-1H-benzotria-
zole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate and
diisopropylamine, and a sulfonamide group, using benzene-
sulfonyl chloride in aqueous solution (pH 8).

Biological Assays. Both the tert-butyl carbamate compounds
and the corresponding free amine analogues were evaluated in
preliminary assays to ascertain their activity against sodium
channels. A radioactive flux assay using the neurotoxin ver-
atridine was used to stabilize the channels of rat forebrain
synaptosomes in the open state, allowing [14C]guanidinium ions
to flow through the channel and accumulate within the synap-
tosomes. Inhibition of this flux on addition of test compounds44

served as a “filter” to identify agents with sodium channel
blocking activity but is not predictive of neuroprotection.
Selected compounds were also screened in a radioligand
displacement assay using [3H]BW202W92,45 which binds
potently to brain synaptosomes, the binding site appearing to

be a pharmacologically relevant site on sodium channels. The
neuroprotective activity of the compounds was determined using
a hippocampal slice assay, a model for neurodegeneration in
which neuroprotective compounds maintain ATP concentrations
for longer after the inhibition of glycolysis.46 Electrophysiology
was utilized to examine the effects of the compounds on channel
function in rat hippocampal neurons.31 Nav isoform profiling
was conducted using cloned channels expressed in HEK 293
cells. Activity was measured using voltage sensitive dyes
(Molecular Devices) and/or patch clamp.

Activity against Sodium Channels and Neuroprotection. As
seen from Table 1, the guanidine flux inhibition by tert-butyl
carbamate protected analogues gave encouraging results with
potent activity against sodium channels (IC50 values ranging
from 0.4 to 24 µM). Only four compounds, 16, 19, 27, and 30,
gave IC50 values greater than 150 µM.

The neuroprotective activities of the compounds, assessed
using an in vitro hippocampal slice assay, were grouped

Scheme 2. Synthesis of N1-Benzylated Analogues of Lead Compound 11a

a Reagents and conditions: (a) Cs2CO3, DMF; (b) TFA, TIPS, H2O.

Scheme 3. Mitsunobu Synthesis of N2-Benzylated Analogues of Compound 11a

a Reagents and conditions: (a) tributylphosphine, N,N,N′,N′-tetramethylazodicarboxamide (TMAD), PhMe; (b) TFA, TIPS, H 2O.
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according to their percentage neuroprotective activities: not
active (0-15%), moderate activity (15-60%), and good activity
(>60%). Thus, with no substitution on the benzyl ring, moderate
activities of 19% and 25% at 50 µM were observed for N1- and

N2-isomers 15 and 16 (where R ) H). However, it was found
that adding a wide range of substituents to the 3, 4, and/or 5
position of the benzyl ring caused a decrease in activity
(0-12%). Interestingly, compounds with substituents where R
) 4-pyrazole 36, 4-CONH2 28, and 4-NHCOCH3 29 gave
similar moderate neuroprotective activities (20%, 29%, and 47%,
respectively) to the unsubstituted benzylated indazoles 15 and
16. It was postulated that protection of the NH2 hydrogen bond
donor moiety with the Boc group could be detrimental to the
neuroprotective activity of the compounds. Compounds 28 and
29 could restore some activity by providing NH donors to the
active site, though presumably they do not bind in the same
orientation.

Interestingly, the inhibition of guanidinium ion flux was, on
average, slightly less with the free amine analogues than the
Boc-protected compounds, with IC50 values ranging from 14-63
µM (Table 2). N1-Benzylindazoles containing more hydrophilic

Scheme 4. Synthesis of N1-Substituted Compoundsa

a Reagents and conditions: (a) R-bromide/chloride, Cs2CO3, DMF; (b)
TFA, TIPS, H2O.

Scheme 5. Synthesis of N2-Substituted Compound 61 and 66a

a Reagents and conditions: (a) 2-phenylethanol, tributylphosphine,
TMAD, PhMe; (b) TFA, TIPS, H2O.

Scheme 6. Synthesis of N1-Acetyl Compound 70a

a Reagents and conditions: (a) Ac2O, Py, DMAP, CH2Cl2; (b) TFA, TIPS,
H2O.

Scheme 7. Synthesis of Carboxybenzyl, Benzamide, and
Sulfonamide Analogues of 11a

a Reagents and conditions: (a) PhCH2OCOCl, Na2CO3 for 71, PhCOOH,
2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophos-
phate (HATU) for 72, PhSO2Cl, Na2CO3 for 73.

Oxadiazolylindazole Sodium Channel Modulators Journal of Medicinal Chemistry, 2009, Vol. 52, No. 9 2697
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groups, where R ) 3,4,5-OCH3 49, 4-CONH2 50, and 4-NH-
COCH3 51, gave greater IC50 values of 178 µM or more. The
average neuroprotective activity of the amine series (39%) was
over 5 times higher than for the Boc-protected library (7%).
This was significant evidence for the importance of the free
amine NH-donor in the active site. The highest activities were
observed with 11 and the corresponding N2-isomer 38 (>99%
and 63% at 50 µM, respectively). This degree of protection was
comparable with that of neuroprotective sipatrigine, 6, which
gave on average 62% at 30 µM in the same assay. Unfortunately,
the addition of a range of substituents onto the benzyl ring did
not cause any increase in activity, with only similar or lower
neuroprotection observed. It could be that the pocket of
interaction on the sodium channel may be so specific in size
for the hydrophobic benzyl ring that it does not tolerate any
substituent except hydrogen. It can be seen, however, that the
addition of more hydrophobic substituents or indeed substituents
with hydrophobicity close to that of hydrogen (R ) 2,3,5-F,
3-CF3, 3-Cl, 2-CH3, 4-OCH3, etc.) onto the benzyl ring, whether
electron-withdrawing or donating in nature, allows moderate
neuroprotective activity (26-59%). Amines exhibiting very low
to zero activity in the assay appeared to be compounds with
more hydrophilic substituents on the benzyl rings. For example,

analogues 50 (R ) 4-CONH2) and 51 (R ) 4-NHCOCH3) gave
just 8% and 10%, respectively. Sterically bulky substituents also
appeared to be disadvantageous to the neuroprotective activity
of the amines. Compound 45 (R ) C6H5), although hydrophobic
in nature, gave just 11% neuroprotection, and compound 59,
which contains a methyl oxadiazole in the para-position of the
benzyl group, was found to be inactive. Another analogue with
a 4-pyrazole substituent 58 also gave a moderate activity of
26%. This further supports the hypothesis that the hydrophobic
binding pocket on the sodium channel is precisely defined,
which may only allow for hydrophobic groups of a specific size,
such as the benzyl group.

In order to further explore the significance of the hydrophobic
benzyl moiety, a study involving variation of this group was
carried out, as illustrated (Table 3). As expected, the protection
of the free amine with the Boc group resulted in inactive
compounds (14, 60-64) in the hippocampal slice assay (0-10%
neuroprotection), regardless of the nature of the group in the
N1/N2-position. However, as established previously, the neuro-
protective activity was found to return with the NH2 group to
varying degrees depending on the type of substituent in the N1/
N2-position. The addition of an extra methylene in the chain of
the N1-benzyl substituent, to give compound 65, gave a moderate
neuroprotective activity (49%) compared to 11 (>99%) but
similar to sipatrigine, 6 (57%), indicating that a less flexible
alkyl chain could be advantageous. The corresponding N2-

Table 1. Sodium Channel Modulatory and Neuroprotective Activity of
Boc-Protected Analogues of 11

compd R (isomer)a
neuroprotection at

50 µM (%)
guanidine flux,

IC50 (µM)

lamotrigine 33b 219 ( 22 (13)c

tetrodotoxin 100d

BW202W92 93e 2.6 ( 0.4 (3)c

sipatrigine 57 ( 6 (8)b 21
15 H (N1) 19 5
16 H (N2) 25 174
17 2-CH3 0 3
18 3-CH3 (N1) 0 1
19 3-CH3 (N2) 0 151
20 4-CH3 0 2
21 3,5-CH3 (N1) 0 4
22 3,5-CH3 (N2) 0 12
23 C6H5 0 0.4
24 3,4-OCH2O (N1) 0 1
25 3,4-OCH2O (N2) 0 3
26 4-OCH3 0 4
27 3,4,5-OCH3 0 195
28 4-CONH2 29 24
29 4-NHCOCH3 47 15
30 2-Cl 9 >300
31 3-Cl (N1) 12 4
32 3-Cl (N2) 0 4
33 2,3,5-F 0 1
34 3-OCF3 0 0.9
35 3-CF3 3 8
36 4-pyrazole 20 16
37 4-oxadiazole 0 1

a If not stated, analogue is N1-isomer. b Tested at 30 µM. c Mean ( sem
(n). d TTX tested at 1 µM. e Tested at 3 µM.

Table 2. Sodium Channel Modulatory and Neuroprotective Activity of
Analogues of 11

compd R (isomer)a
neuroprotection at

50 µM (%)
guanidine

flux, IC50 (µM)

tetrodotoxin 100d

sipatrigine 57 ( 6 (8)b 21
11 H (N1) >99 ( 7 (4)c 17.5 ( 1.0 (6)c

38 H (N2) 63 ( 4 (4)c 44.2 ( 2.1 (2)c

39 2-CH3 46 26
40 3-CH3 (N1) 45 28
41 3-CH3 (N2) 37 26
42 4-CH3 34 17
43 3,5-CH3 (N1) 43 15
44 3,5-CH3 (N2) 35 14
45 C6H5 11 20
46 3,4-OCH2O (N1) 44 30
47 3,4-OCH2O (N2) 55 34
48 4-OCH3 35 38
49 3,4,5-OCH3 28 178
50 4-CONH2 8 195
51 4-NHCOCH3 10 309
52 2-Cl 43 20
53 3-Cl (N1) 50 14
54 3-Cl (N2) 17 24
55 2,3,5-F 59 35
56 3-OCF3 33 26
57 3-CF3 58 26
58 4-pyrazole 26 63
59 4-oxadiazole 0 58

a If not stated, analogue is N1-isomer. b Tested at 30 µM. c Mean ( sem
(n). d Tetrodotoxin tested at 1 µM.

2698 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 9 Clutterbuck et al.
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isomer, 66, gave an analogous result (54%). Incorporating an
ether linker into the chain (R2 ) CH2CH2OC6H5), to give
compound 67, also gave a moderate activity of 40%. For these
hydrophobic compounds, the guanidinium ion flux inhibition
IC50 values (19-35 µM) were similar to those of 11 (28 µM).
Evidence of the importance of the hydrophobic benzyl substitu-
tion in the N1-position of the indazole was supplied when the
group was removed to leave R2 ) H, 68. With this modification,
the neuroprotective activity fell close to zero. As well as this,
guanidinium ion flux inhibition was substantially reduced with
compound 68 having an IC50 of 2188 µM in comparison to 11,
which is a potent guanidine flux inhibitor (IC50 ) 28 µM). Poor
neuroprotective activities were also observed when the benzyl
group was substituted for a sulfonyl moiety (R2 ) 3-SO2-3,4-
OCH3Ph) and an acetyl group (R2 ) COCH3), with compounds
69 and 70 giving just 2% and 24%, respectively. Again, the
inhibition of guanidinium ion flux of both these compounds was
low with IC50 values of 102 and >300 µM, respectively.

In addition to these data, Table 4 demonstrates that acylation
or sulfonylation of the free amine is damaging to the neuro-
protective activity of analogue 11. The benzyl carbamate (Cbz)
and phenyl amide (Scheme 7) gave similar activities of 12%

and 23% compared with the tert-butyl carbamate group (19%),
well below the value for the unprotected compound 11 (>99%).
Despite this, the compounds still appear to be sodium channel
modulators as evidenced by their activities in the guanidinium
flux assay.

Pharmacophore and Quantitative Structure-Activity
Studies. A three-point pharmacophore for sodium channel
blockers with anticonvulsant activity has been described by
Unverferth et al.34 The essential features of a number of
compounds, which includes the neuroprotectant lamotrigine,
appear to be a hydrophobic unit, in most cases an aromatic ring,
an electron donor, and a hydrogen bond donor-acceptor. With
this in mind, we compared our neuroprotective free amine series
(Table 2) with Unferverth’s pharmacophore to discover if the
same features existed. Using the overlay of N1-isomer 11 with
sipatrigine 6 (Figure 1a) while taking into account the number
of available electron donors present, it was possible to identify
all the required pharmacophore points closely matching the
distance criteria. In order to optimize the pharmacophore
distances, we defined the nitrogen of the indazole of 11 as the
electron donor group (D) (Figure 1a), which gave a distance to
the hydrogen bond acceptor-donor (HAD) unit within the
specified range (3.9-5.5 Å). The HAD to hydrophobic unit (R)
distance (4.2-8.5Å) and the D to R distance (3.2-5.1Å) were
also found to be well within the distance limits suggested by
Unferverth.

In an attempt to investigate whether we could find any
correlation between QSAR descriptors and the current neuro-
protectant data (Table 2), all MOE (MOE 2006.09) descriptors
(2D, i3D, and 3D) were calculated; these were then plotted on
a correlation matrix. Correlation values range from 1 to (100.
High correlation exists when the figures are closer to 100 or
-100. Overall, 31 of the calculated descriptors had a correlation
with the neuroprotectant data of greater than (55. When the
compute QuaSAR model was run within MOE47 using all the
above descriptors, the relative importance of each descriptor
was identified. Cross-validating the model presents a QSAR
equation to model the activity data. The QSAR analysis was
rerun with the top 10 selected descriptors, and we compared
the predicted activities with the known neuroprotective activity
data of the analogues (Table 2), which gave a correlation
coefficient (r2) of 0.70. The correlation plot of measured activity
versus predicted activity is shown in Figure 1b. Using PCA
(principal component analysis), a small set of descriptors was
selected: ASA (water accessible surface area calculated using
a radius of 1.4 Å for the water molecule), b_count (number of
bonds), diameter, vol (van der Waals volume), vsa_acc (surface
area of H-bond acceptors), vsa_pol (surface area of polar atoms),
and weinerPath (the sum of bond distances between all heavy
atom pairs in the molecule, an adjacency and distance matrix
descriptor). Most of the variance (96.7%) was covered by the
first three principal components (PC). From a plot of the first
three PC described above (Figure 1c), the active compounds
(green spheres defined as having a neuroprotective activity of
>30%) are clustered mostly in the center and those with activity
below this are scattered randomly (red spheres). Unexpectedly,
however, the N2-analogue 54 (where R ) 3-Cl), which according
to our predictive model ought to be active and found in the
central cluster, was actually found to have a low activity of
17%. Other factors not captured by this QSAR may be
responsible for the poor activity of this compound. In fact, the
binding displacement IC50 of this compound was found to be
110 µM compared to that of its N1-derivative, which was just

Table 3. Sodium Channel Modulatory and Neuroprotective Activity of
Boc-Protected and Free Amine N1- and N2-Alkylated Indazoles

compd R1 R2 (isomer)a
neuroprotection
at 50 µM (%)

guanidine
flux, IC50 (µM)

60 COOtBu CH2CH2Ph (N1) 0 5
61 COOtBu CH2CH2Ph (N2) 0 85
62 COOtBu CH2CH2OPh 8 6
14 COOtBu H 0 96
63 COOtBu SO2-3,4-OCH3Ph 10 2
64 COOtBu COCH3 4 132
65 H CH2CH2Ph (N1) 49 35
66 H CH2CH2Ph (N2) 54 19
67 H CH2CH2OPh 40 30
68 H H 10 2188
69 H SO2-3,4-OCH3Ph 2 102
70 H COCH3 24 >300
a Unless otherwise stated, analogue is N1-isomer.

Table 4. Sodium Channel Modulatory and Neuroprotective Activity of
NH2-Protected Analogues of Compound 11

compd R1

neuroprotection at
50 µM (%)

guanidine flux,
IC50 (µM)

11 H >99 28
15 COOtBu 19 5
71 COOCH2Ph 12 5
72 COPh 23 18
73 SO2Ph 20 5
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3 µM. This may indicate a steric clash for this compound in
the binding site.

In conclusion, from the overlay of the free amine series (11,
38-59) as shown in Figure 1d, it can be observed that extending
the N1- and/or N2-benzyl substituent greater than 8 Å will
markedly reduce activity. The QSAR descriptors, which most
correlate with neuroprotective activity, are inversely related to
size/shape and lipophilicity. Thus, the greater the volume or
the surface area is, the less active the compounds become. In
this series, charge effects seem to be negligible, which suggests
that there is a defined pocket in terms of dimensions for the
substituent and which is probably hydrophobic or weakly polar.

Electrophysiological Studies in Rat Hippocampal Neurons.
An electrophysiological assessment of the activity of compounds
was undertaken using neurons that were acutely isolated from
the rat hippocampus. The aim was to determine if the activity
of compounds against sodium channels showed use- or voltage-
dependence, which is characteristically shown by many drugs
active against sodium channels.48

The voltage- and use-dependent action of 38 on sodium
currents in hippocampal neurones is illustrated in Figure 2. The

peak sodium current evoked by voltage steps to different
membrane potentials produces the current-voltage relationships
(Figure 2a,b). The difference between the two graphs is in the
initial membrane potential: -90 mV (Figure 2a) and -70 mV
(Figure 2b). The inhibitory action of 30 µM 38 is ∼10% at
-90 mV compared to ∼60% at -70 mV. This effect was
reversible upon washout (data not shown). Frequency- or use-
dependence was examined using a 20 Hz train of 20 voltage
steps from -90 mV. The duration of the step was 3.5 ms in
panel c and 20 ms in panel d (Figure 2). Under control
conditions, peak currents during the train showed a mild
cumulative depression that was slightly greater with the longer
duration steps. This is probably the result of the recruitment of
the slow inactivated state of sodium channels, which becomes
greater with longer duration voltage steps. Correspondingly, the
cumulative inhibition of peak current in the presence of 30 µM
38 was also much greater with 20 ms than with 3.5 ms voltage
steps.

An additional test for a preferred drug action on slow
inactivation is a paired pulse protocol in which a 300 ms
conditioning voltage step to 0 mV (from -90 mV) is followed

Figure 1. (a) Superposition of 11 (black, carbon; dark-blue, nitrogen; red, oxygen) and sipatrigine, 6 (gray, carbon; cyan, nitrogen), showing the
matching pharmacophore points, HAD (hydrogen bond acceptor/donor, cyan/magenta), D (electron donor, orange), and R (hydrophobic/aryl unit,
green). Distances are in angstroms. (b) QSAR correlation plot of predicted versus measured activity (% neuroprotection in µM). (c) A 3D plot of
the first three principal components from the QSAR analysis. All free amine analogues (Table 2) are shown as spheres. Those colored green
represent activity greater than 30%, and those colored red have activity less than 30%. (d) Superposition of the free amine series (Table 2). Those
in green have activity greater than 30%, and those in red have activity less than 30%. (e) Estimated normalized linear model for the 10 selected
descriptors.
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by a return to -90 mV for 15 ms before a second, test, voltage
step for 10 ms to 0 mV. The 300 ms conditioning pulse causes
both fast and slow inactivation, while the short interval only
allows recovery from fast inactivation. Thus, greater inhibition
of the sodium current during the second step indicates that the
slow inactivated state is more readily inhibited than the resting
state. The inhibition at resting state (Figure 3a, pulse 1 data) is
shown compared to the inhibition after development of slow
inactivation (pulse 2, hatched bars) for sipatrigine 6, 38, and
11, all at 30 µM. Both 11 and 38 compounds showed a
preferential inhibition of the current produced by the second
step, pointing to selectivity for the inactivated state that was
similar to that of sipatrigine, which has demonstrated neuro-
protective effects.

38 showed use-dependent action (Figure 2c) even when the
duration of voltage steps was short enough to minimize the
development of slow inactivation. However, when compared
to sipatrigine 6 (Figure 3c) and 11 (Figure 3b), it is clear that
only 38 (Figure 3d, which repeats Figure 2c for comparison)
shares the properties of sipatrigine 6 that are examined here,
since 11 has no effect on the sodium currents during short
voltage steps. In analogous experiments 38 also showed very
similar actions on currents recorded from cell lines expressing
Nav1.6 (data not shown). Progressive inhibition of short duration
(3.5 ms) pulses by sipatrigine 6, but not lamotrigine, has been
reported previously.49,50 There could be several explanations
for the inhibition seen during shorter pulses, for example, direct
block, an action on fast inactivation, or a facilitation of entry
to the slow inactivated state.

Nav Isoform Profiling. The availability of the cloned sodium
channel isoforms expressed in cell lines allows us to examine
the selectivity of our novel neuroprotective agents and to explore
the extent to which blockade of each isoform is necessary for
neuroprotection. Our neuroprotection assay (hippocampal slice)
contains cell bodies, axons, and probably a mix of Nav1.1,
Nav1.2, Nav1.3, and Nav1.6 channels.51-54 We utilized two
assay methods to assess isoform selectivity: fluoresence readouts

from voltage sensitive dyes (Table 5) as an initial screen at a
single concentration (10 µM) and follow-up automated elec-
trophysiological patch-clamp investigations on Nav1.2 and
Nav1.6 (Table 6). Unfortunately voltage-sensitive dye testing
of Nav1.2 was unavailable as was testing of Nav1.9. For
comparison (Table 5) we present the [3H]BW202W92 binding
affinities of the compounds in synaptosomes.45 If we examine
the standard sodium channel blockers in Table 5, then we can
see that the neuroprotective compounds sipatrigine and
BW202W92 showed activity against all the isoforms, with
BW202W92 showing some evidence of selectivity for Nav1.3
and Nav1.8. The anticonvulsant (but weakly neuroprotective
agent) lamotrigine also showed little or no selectivity and was
relatively less potent than sipatrigine 6 and BW202W92. This
is in broad agreement with data reported from other laborato-
ries.55,56 This pattern of activity for BW202W92 indicates that
the radiolabeled form is capable of sampling all the isoforms
present in the hippocampal slice and, therefore, that this ligand
may be unsuitable for assessment of neuroprotection activity
per se. The potent binding of BW202W92 reflects its activity
against all the neuronal isoforms (Tables 5 and 6). The novel
neuroprotective agent 11 presented here showed weak Nav1.2
activity (Table 6) even at 50 µM. All the neuroprotective
compounds showed significant Nav1.6 activity, and this was
confirmed by patch-clamp evaluation (Table 6). The compounds
also showed potent activity against the Nav1.3 isoform. Taken
together, the data point to pharmacological block of Nav1.6 being
consistent with the observed neuroprotective activity or, perhaps,
simultaneous block of several isoforms may be required. Block
of Nav1.2 does not seem to be key (note the low activity of 11
at Nav1.2), at least for the hippocampal slice in vitro system.
The involvement of Nav1.3 remains open; this isoform is
expressed in adult rat and human hippocampus53 and is up-
regulated in response to nerve injury57 and in spontaneously
epileptic rats.54

Cytochrome P450 Activity. Cytochrome P450 (CYP 450)
enzymes are responsible for the oxidative metabolism of drugs
in animals. The inhibition of this enzyme is undesirable because
it could lead to the accumulation of other drugs to toxic levels
in the body. Initial studies on lead compound 11 revealed it to
have potent inhibition against the CYP2D6 enzyme, which
metabolizes approximately 20% of drugs, including antiarryth-
mics, antidepressants, and analgesics.58,59 Furthermore, the
compound caused even greater inhibition of CYP1A2. The
secondary aim, therefore, was to try to find a compound with
less CYP inhibition than lead compound 11 while still maintain-
ing good neuroprotective activity. A number of Boc-protected
and free amine analogues were therefore screened for CYP2D6
and CYP1A2 inhibition, as shown in Table 7. Initially, it was
proposed that the hydrophobic nature of N1-benzylindazole 11
was the cause of the CYP inhibition, but surprisingly and
agreeably, the corresponding N2-benzylindazole isomer 38 was
found to be a less potent inhibitor of CYP2D6 by approximately
100 times (IC50 > 10 µM). It was also in the region of 32 times
less inhibiting than 11 for the CYP1A2 enzyme (0.36 µM). In
fact, it appeared that compound 11 was somewhat irregular, as
all other compounds, whether Boc-protected or free bases, gave
CYP2D6 inhibition IC50 values of between 1.3 and 20 µM, with
Boc-protected analogues in general showing the least CYP
inhibition (3.3-20 µM). The free amine indazoles with methyl
or CONH2 substituents on the benzyl rings (40, 43, 50),
however, were found to be more potent inhibitors of CYP2D6,
with IC50 values ranging from 1.3 to 4.3 µM. It was noticed
that these compounds were also inhibitors of CYP1A2 enzyme,

Figure 2. Voltage- and use-dependent action of 38 on Na+ currents
from a single neuron. Initial membrane potentials were -90 mV (a)
and -70 mV (b). 38 at 30 µM is inhibitory at ∼10% at -90 mV
compared to ∼60% at -70 mV. Frequency- or use-dependence was
examined using a 20 Hz train of 20 voltage steps from -90 mV. The
duration of the step was 3.5 ms (c) and 20 ms (d). Under control
conditions, peak currents show a mild cumulative depression during
the train that is slightly greater with the longer duration steps. The
cumulative inhibition of peak current in the presence of 30 µM 38 is
also much greater with 20 ms than with 3.5 ms voltage steps.
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with IC50 values ranging from 0.062 to 0.084 µM. Compound
65 where R2 ) CH2CH2C6H5 also gave an IC50 of 0.034 µM,
and the corresponding N2-isomer, 66, gave an IC50 of 0.36 µM.
Interestingly, of the two cases investigated, N2-isomers appeared
to be weaker CYP inhibitors than their N1-counterparts. Despite
the compounds having some CYP1A2 inhibitory activity, this
enzyme is only responsible for the metabolism of approximately
3% of drugs, and so its inhibition is not such a major problem
as for CYP2D6.

Conclusion

Our screening strategy was directed toward optimizing the
functional neuroprotection and state-dependent block by our
compounds rather than their potency in the sodium channel
assays. Although good selectivity for sodium channel subtypes
may be possible (as observed for Nav1.7 and Nav1.8),17 sodium
channels are exquisitely regulated, with multiple phosphorylation
sites contributing to function.60 We therefore considered it
important to use assays that measured the desired functional
activity (in this case, neuroprotection) of the compounds.
Subsequent analysis of the best compounds would help elucidate
the precise molecular targets.

The potent CYP2D6 and 1A2 inhibition by lead compound
11 was found to be uncommon in our series of compounds,

and a number of hydrophobic or hydrophilic N-benzyl substitu-
tions were weaker inhibitors of the enzymes. Most notable was
the N2-benzylated isomer of 11 (38) which, as well as being a
good neuroprotective agent, was 100 times less potent than 11
against CYP2D6.

Our lead free amine, the N1-benzylated indazole 11, and its
corresponding N2-isomer 38 have neuroprotective activity (>99
and 63%) comparable to that of sipatrigine. It appears that
adding substituents, whether they are lipophilic, electron-
donating, electron-withdrawing, or heteroaryl groups, to the
benzyl ring of 11 or 38 does not increase the neuroprotective
activity, although in most cases activity is maintained. Deriva-
tizing the free amine moiety was found to be hugely detrimental
to the activity of these compounds, with approximately 5-fold
less potency for a series of Boc-protected N-benzylated com-
pounds. Despite this, the series of Boc-protected and free amine
derivatives in general were found to be effective sodium channel
modulators in both [14C]guanidinium ion flux and
[3H]BW202W92 binding assays. It appears also that the
hydrophobic benzyl group in the N1- or N2-position of the
indazole is important for neuroprotective activity.

In comparison to sipatrigine 6, both 11 and 38 were
comparable in their action on the slow inactivated state of native

Figure 3. Slow inactivation examined using a paired pulse protocol in which a 300 ms conditioning voltage step to 0 mV was followed by a 15
ms period at -90 mV before a second, test, voltage step. The tonic inhibition observed in response to pulse 1 (P1) is compared to the inhibition
during pulse 2 (P2) after the development of slow inactivation for sipatrigine 6, 38, and 11, all at 30 µM. Compounds 11 and 38 showed a preferential
block during P2, signifying preferential activity on the inactivated state, that was equal to or greater than that of sipatrigine. Frequency- or use-
dependence was examined for 11 (b), sipatrigine (c), and 38 (d) using a 20 Hz train of 20 voltage steps from -90 mV. The duration of the step
was 3.5 ms (panel d repeats Figure 2c and is shown for comparison).
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sodium channels. Sipatrigine 6 has an action even with short
depolarization, which was also observed with 38 but not with
11. Whether this reflects an additional mechanism of action and/
or is therapeutically important is unclear. The currents measured
in acutely isolated neurons have likely contributions from
NaV1.2 as well as NaV1.6. Nav isoform profiling demonstrated
little isoform selectivity for the standard sodium channel
blockers, lamotrigine and sipatrigine. In contrast 11 lacked
Nav1.2 activity but showed potent Nav1.6 and evidence of Nav1.3
activity. Taken together, the data point toward pharmacological

block of Nav1.6 being important for neuroprotection in our
isolated hippocampal slice assay; the involvement of the other
isoforms, particularly Nav1.3, remains to be clarified. Investiga-
tions with more selective compounds will be required to confirm
if blockade of Nav1.6 is sufficient to achieve neuroprotection.

Experimental Section

General. All starting materials were either commercially avail-
able or synthesized by methods reported in the literature. Reactions
were monitored by thin-layer chromatography (TLC) on silica gel
plates (60 F254, Merck), visualizing with ultraviolet light. Column
chromatography was performed on silica gel Si II, Isolute columns.
Melting points were determined on a Gallenkamp melting point
apparatus and are uncorrected. 1H and 13C NMR spectra were
recorded on a Bruker Spectrospin 300 Hz. 1H NMR chemical shifts
are reported in parts per million downfield from tetramethylsilane.
Mass spectra were recorded on either a VG ZAB SE spectrometer
(EI, FAB) or a Gilson-Finningan AQA LC-mass spectrometer using
C-18 column (Hypersil BDS 100 mm × 4.6 mm, 5 µm).
Microanalysis was carried out by the Analytical Services Section,
Department of Chemistry, University College London. Purification
by reverse-phase HPLC (Gilson) used preparative C-18 columns
(Hypersil PEP 100 mm × 21 mm, 5 µm). IR spectra were recorded
on a Perkin-Elmer Spectrum One series FT-IR spectrophotometer.
The microwave experiments were run on a Biotage Initiator 60
microwave. All compounds were at least 95% pure as assayed by
LCMS (electrospray +ve).

Synthesis of tert-Butyl 2-Amino-2-(hydroxyimino)ethylcarbam-
ate40 (12). To a solution of sodium carbonate (8.5 g, 80 mmol) in
water (35 mL) was slowly added a solution of hydroxylamine
hydrochloride (5.6 g, 80 mmol) in water (35 mL). The aqueous
solution of hydroxylamine was added to a solution of the N-(tert-
butoxycarbonyl)-2-aminoacetonitrile (12.5 g, 80 mmol) in methanol
(200 mL). The clear light-yellow solution was heated at reflux for
23 h with more water (100 mL) added as necessary to dissolve the
precipitate formed. The methanol was removed under reduced
pressure, and the residue was partitioned between ethyl acetate (100
mL) and water (100 mL). The aqueous phase was extracted with
ethyl acetate, and the combined organic phase was dried over
magnesium sulfate. The solvent was removed in vacuo to give a
white powder (9.8 g, 65%): mp 147-148 °C; δH (300 MHz, MeOH-
d4) 1.44 (9H, s, OtBu), 3.64 (2H, s, CH2); δC (75.5 MHz, MeOH-

Table 5. Nav Isoform Screening of Standard and Novel Sodium Channel Blockers against Central (Italic) and Peripheral Sodium Channel Isoforms
Compared to BW202W92 Bindinga

inhibition (%) (IC50 in bold (µM))

compd
[3H]BW202W92

binding, IC50 (n) (µM) Nav1.1 Nav1.3 Nav1.4 Nav1.5 Nav1.6 Nav1.7 Nav1.8

11 3.3 ( 0.6 (5) 48 79 97 48 0.66 59 90
38 6.7 ( 2.8 (2) 51 78 98 81 1.03 92 84
lamotrigine 2.6 ( 0.5 (5) 44 22 21 40 23 45 46
sipatrigine 0.5 ( 0.1 (5) 55 61 97 97 70 67 76
BW202W92 0.04 ( 0.1 (3) 56 100 98 39 37 44 86

a BW202W92 binding IC50. Change in membrane potential was measured using MP-red voltage sensitive dye. Values are the percentage inhibition at 10
µM (mean values of of duplicates) or IC50 determinations in µM (bold italic).

Table 6. Patch-Clamp Electrophysiology for Nav1.6 on Selected Compoundsa

compd concn (µM) Nav1.2 inhibition Nav1.2 use-dependent inhibition Nav1.6 inhibition Nav1.6 use-dependent inhibition

11 10 6.6 ( 1.2 1.9 ( 4.3 9.5 ( 0.5 1.1 ( 0
50 10.8 ( 11 14.7 ( 6.3 40.9 ( 3.7 18.7 ( 10

38 10 13 ( 1.8 35.8 ( 5.2 10.2 ( 4.0 29 ( 5.2
50 33.8 ( 4.4 70.8 ( 17 31.5 ( 12 65.8 ( 19

sipatrigine 10 21.6 ( 1.5b 40.1 ( 6.5 10.4 ( 4.0 37 ( 5.7
50 75.2 ( 21b 84.6 ( 13 43.4 ( 6.6 63.2 ( 11

BW202W92 10 0.7 ( 2.3 43.4 ( 6.9 2.3 ( 1.4 81.4 ( 9
50 75.2 ( 21 88.5 ( 16 62.7 ( 7.6 97.3 ( 1.2

lamotrigine 30 7.9 ( 2.8 4.1 ( 1.8 NT NT
100 17 ( 8.5 18.1 ( 11 NT NT

a Results expressed as percentage inhibition at the concentrations shown and are the mean values of duplicate experiments (n ) 2) unless otherwise
indicated. NT ) not tested. b n ) 3.

Table 7. CYP2D6 and CYP1A2 Inhibition of Boc-Protected and
Free-Amine Analogues of 11a

IC50 (µM)

compd R1 R2 (isomer)
CYP2D6
inhibition

CYP1A2
inhibition

CYP3A4
inhibition

14 COOtBu H >10 0.79
63 COOtBu SO2-3,4-(OCH3)2Ph 20
64 COOtBu COCH3 >10
28 COOtBu CH2Ph-4-CONH2 >10
36 COOtBu CH2-4-(1-pyrazole)Ph >10
29 COOtBu CH2Ph-4-NHCOCH3 13 5.92
24 COOtBu CH23,4-(OCH2O)Ph 3.3 4.86
18 COOtBu CH2-3(CH3)Ph 20
68 H H 11 0.21
69 H SO2-3, 4(OCH3)2Ph 2.9 >10
70 H COCH3 >10
50 H CH2Ph-4-CONH2 1.3
43 H CH2-3,5(CH3)2Ph 3.73 0.062
11 H CH2Ph (N1) 0.09 0.009 3.1
38 H CH2Ph (N2) >10 0.315
65 H CH2CH2Ph (N1) 1.32 0.034
66 H CH2CH2Ph (N2) 4.27 0.36
40 H CH2-3(CH3)Ph 3.96 0.084
a Data obtained on human recombinant YP enzymes.
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d4) 158.8, 154.7, 80.7, 41.4, 28.7; LC-MS-EI 190.2 (MH+, 100);
found (CI) 190.118 79. C7H15N3O3 (MH+) requires 190.119 16.

tert-Butyl 2-(1H-Indazole-3-carbonyloxyimino)-2-aminoethyl-
carbamate (13). To a round-bottomed flask was added indazole-
3-carboxylic acid (21.1 g, 0.13 mol) in dimethylformamide (DMF)
(500 mL) under nitrogen. Carbodiimidazole (CDI) (23.2 g, 0.14
mol) was added to the yellow solution and was stirred at room
temperature for 30 min. N-(tert-Butoxycarbonyl)-2-aminoacetami-
doxime 12 (27.1 g, 0.14 mol) in DMF (100 mL) was then added,
and the solution was stirred for 18 h at room temperature. The
solvent was removed in vacuo on a high vacuum pump, and the
crude solid was dissolved in dichloromethane. The resulting
precipitate was filtered off and dried in vacuo to give a beige powder
(39.6 g, 92%): mp 185-186 °C; δH (300 MHz, MeOH-d4) 1.47
(9H, s, OtBu), 3.86 (2H, s, CH2), 7.33 (1H, t J 7.9 Hz, ArH), 7.50
(1H, t J 6.9 Hz, ArH), 7.65 (1H, d J 8.5 Hz, ArH), 8.23 (1H, d J
8.2 Hz, ArH); δC (75.5 MHz, DMSO-d6) 161.3, 157.6, 155.8, 140.8,
134.9, 126.6, 122.6, 122.1, 121.1, 110.9, 78.4, 40.9, 28.1; LC-MS-
EI (MH+, 100); found (FAB) 356.132 84. C15H19N5O4Na (M +
Na) requires 356.133 47.

3-[3-tert-Butoxycarbonylaminomethyl-1,2,4-oxadiazol-5-yl]inda-
zole (14). Boc-protected O-acylated amidoxime (13) (2.0 g, 6mmol)
was added to a 20 mL microwave vial with DMF (12 mL) and
sodium acetate (0.54 g, 6.6 mmol). The microwave reaction mixture
was heated to 140 °C for 20 min with stirring. The solvent was
then removed in vacuo on a high vacuum pump, and the remaining
crude yellow solid was dissolved in dichloromethane (100 mL) and
washed with water (100 mL), sodium hydrogen carbonate (aq) (100
mL), 1 N HCl (aq) (100 mL), and brine (100 mL). The organic
phase was then dried over magnesium sulfate and the solvent
removed in vacuo to give a white powder (1.48 g, 78%): mp
169-170 °C; δH (300 MHz, MeOH-d4) 1.47 (9H, s, OtBu), 4.55
(2H, s, CH2), 7.36 (1H, t J 6.9 Hz, ArH), 7.53 (1H, t J 5.9 Hz,
ArH), 7.68 (1H, d J 8.5 Hz, ArH), 8.26 (1H, d J 7.3 Hz, ArH); δC

(75.5 MHz, MeOH-d4) 172.6, 158.3, 142.6, 131.8, 128.7, 124.4,
122.9, 121.9, 111.9, 80.8, 37.4, 28.7; LC-MS-EI 316.2 (MH+, 100);
found (FAB) 316.140 04 C15H17N5O3 (MH+) requires 316.140 96.
Anal. Calcd for C15H17N5O3: C, 57.13; H, 5.43; N, 22.21. Found:
C, 57.51; H, 5.51; N, 21.83.

General Method for the Synthesis of the N1-Benzyl-Substituted
Oxadiazoles. To a solution of 14 (0.25 g, 0.79 mmol) in anhydrous
DMF (5 mL) was added cesium carbonate (0.78 g, 2.4 mmol),
which was stirred for 30 min. The benzyl halide was then added
(2.0 mmol), and the resulting solution was stirred overnight at room
temperature under nitrogen. The solvent was removed in vacuo and
the crude residue dissolved in ethyl acetate (20 mL). The organic
phase was washed with water (20 mL) and brine (20 mL) and dried
over maganesium sulfate. The solvent was removed in vacuo to
give the crude product. Unless otherwise stated, the crude com-
pounds were purified using column chromatography, eluting with
4:1 cyclohexane/ethyl acetate.

tert-Butyl (5-(1-Benzyl-1H-indazol-3-yl)-1,2,4-oxadiazol-3-yl)m-
ethylcarbamate (15). White powder (0.11 g, 34%); mp 80-81 °C;
δH (300 MHz, CDCl3) 1.48 (9H, s, (OtBu), 4.61 (2H, d J 5.4 Hz,
CH2NH), 5.75 (2H, s, NCH2), 6.71-7.46 (5H, m, ArH), 8.31 (1H,
d J 8.3 Hz, ArH); δC (75.5 MHz, CDCl3) 171.4, 168.4, 162.6, 155.6,
140.5, 135.4, 130.0, 128.0, 127.6, 127.4, 123.7, 123.0, 121.6, 110.3,
80.1, 54.2, 36.5, 28.2; LC-MS-EI 406.4 (MH+, 100); found (CI)
406.187 02. C22H23N5O3 (MH+) requires 406.187 91. Anal. Calcd
for C22H23N5O3: C, 65.17; H, 5.72; N, 17.27. Found C, 65.09; H,
5.96; N, 17.06.

General Method for the Mitsunobu Synthesis of the N2-Benzyl-
Substituted Oxadiazoles. To a solution of 14 (0.25 g, 0.79 mmol),
under nitrogen, in toluene (10 mL), benzyl alcohol (0.87 mmol),
tributylphosphine (0.26 g, 0.31 mL, 1.26 mmol), and TMAD (0.22
g, 1.26 mmol) were added successively. The resulting clear-yellow
solution was allowed to stir overnight at room temperature. The
solution was than extracted with water, 1 N HCl, 1 N sodium
hydroxide (aq), and brine. The combined aqueous phases were
washed with dichloromethane and the combined organic phases
dried over magnesium sulfate. The solvent was removed in vacuo.

Unless otherwise stated, the crude compounds were purified using
column chromatography (4:1 cyclohexane/ethyl acetate).

tert-Butyl (5-(2-Benzyl-2H-indazol-3-yl)-1,2,4-oxadiazol-3-yl)m-
ethylcarbamate (16). The compound was purified by recrystallizing
from methanol to give a white powder (0.09 g, 28%) or alternatively
column chromatography using 2:1 cyclohexane/ethyl acetate: mp
153-154 °C; δH (300 MHz, CDCl3) 1.49 (9H, s, (OtBu), 4.60 (2H,
d J 5.8 Hz, CH2NH), 6.23 (2H, s, NCH2), 7.30-7.43 (7H, m, ArH),
7.86 (1H, d J 8.4 Hz, ArH), 8.19 (1H, d J 8.2 Hz, ArH); δC (75.5
MHz, CDCl3) 168.3, 168.2, 156.3, 148.2, 135.7, 128.9, 128.6, 128.2,
127.9, 127.1, 125.8, 123.5, 120.5, 119.0, 118.5, 81.4, 56.6, 53.4,
28.3; LC-MS-EI 406.4 (MH+, 100); found (EI) 405.179 40.
C22H23N5O3 (M) requires 405.180 08.

General Method for the Deprotection of the Boc-Protected
Oxadiazoles. The boc-protected oxadiazoles (0.03 g-0.25 g) were
dissolved in trifluoroacetic acid (1.9 mL, 95%), and then triiso-
propylsilane (0.05 mL, 2.5%) and water (0.05 mL, 2.5%) were
added. The solution was allowed to stir for 18 h at room
temperature. Ice-cold diisopropyl ether or diethyl ether was added
until a white precipitate started to form. The white precipitate was
then filtered off and allowed to dry.

(5-(1-Benzyl-1H-indazol-3-yl)-1,2,4-oxadiazol-3-yl)metha-
namine (11). White powder (60 mg, >99%): mp 118-119 °C; δH

(300 MHz, MeOH-d4) 4.39 (2H, s, CH2NH2), 5.82 (2H, s, NCH2),
(8H, m, ArH), 8.31 (1H, d J 8.3 Hz, ArH); δC (75.5 MHz, MeOH-
d4) 173.1, 166.6, 142.1, 137.3, 130.4, 129.9, 129.2, 129.0, 128.6,
125.1, 124.2, 122.2, 112.0, 54.8, 36.1; LC-MS-EI 306.4 (MH+,
100); found (CI) 306.135 01. C17H15N5O (MH+) requires 306.135 48.
Anal. Calcd for C17H15N5O: C, 66.87; H, 4.95; N, 22.94. Found:
C, 67.00; H, 4.82; N, 22.97.

(5-(2-Benzyl-2H-indazol-3-yl)-1,2,4-oxadiazol-3-yl)metha-
namine (38). White powder (96 mg, 98%); mp 144-145 °C; δH

(300 MHz, MeOH-d4) 4.48 (2H, t J Hz, CH2NH2), 6.22 (2H, t J
Hz, NCH2), 7.29-7.47 (7H, m, ArH), 7.80 (1H, m, ArH), 8.18
(1H, m, ArH); δC (75.5 MHz, MeOH-d4) 170.3, 166.4, 149.5, 137.4,
129.8, 129.2, 128.6, 127.3, 124.8, 121.4, 120.0, 119.4, 57.6, 36.0;
LC-MS-EI 306.4 (MH+, 75); found (CI) 306.135 54. C17H15N5O
(MH+) requires 306.135 48.

Biological Methods. Preparation of Rat Forebrain Synapto-
somes and Homogenates. Experiments were performed using
forebrain (whole brain less cerebellum/medulla) from male Wistar
rats weighing 175-250 g. All efforts were made to reduce the
number of animals used, and all experiments were carried out in
accordance with the U.K. Animals (Scientific Procedures) Act,
1986, and the European Community Council Directive of November
24, 1986 (86/609/EEC). Following killing of animals by stunning
and decapitation, the forebrain was rapidly dissected and transferred
to a weighed tube containing ice-cold 0.25 M sucrose.

Synaptosomes (heavy and light mitochondrial fraction containing
synaptosomes) were prepared by transferring the forebrain (of
known wet weight) to a glass Potter vessel to which 9 volumes of
ice-cold 0.25 M sucrose had been added and homogenizing, using
a Teflon pestle, by 8 “up and down strokes” of a Braun Potter S
motor driven homogenizer set to 900 rpm. The resulting homoge-
nate was centrifuged at 1036g at 4 °C for 10 min and the supernatant
collected. The remaining pellet was resuspended, as above, in fresh
ice-cold 0.25 M sucrose and the centrifugation step repeated. The
supernatant fractions were pooled and centrifuged at 40000g
(average) at 4 °C for 15 min and the resulting pellet resuspended
in the appropriate assay buffer at a concentration of 20-25 mg
wet weight per mL of appropriate assay buffer.

Homogenates were prepared by transferring the known weight
of forebrain to a cooled tube containing 9 volumes of ice-cold 50
mM HEPES buffer, pH 7.4. The mixture was homogenized at 4
°C using 3 × 5 s bursts of an Ultra-Turrax homogenizer set at
maximum speed. The resulting homogenate was centrifuged at
40000g (average) at 4 °C for 15 min and the supernatant discarded.
The resulting pellet was resuspended in 9 volumes of fresh ice-
cold pH 7.4 buffer (as above), the centrifugation step was repeated
and the resulting pellet resuspended in the appropriate assay buffer
at a concentration of 20-25 mg wet weight per mL.
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[14C]Guanidine Flux. Assays were carried out using 14 mL
polypropylene test tubes to which a range of concentrations of the
compounds under test were added. Test compounds were dissolved
in DMSO and added to assays such that the maximum concentration
of DMSO did not exceed 2% v/v. Compounds under test were
preincubated for 10 min at 30 °C in incubation buffer (50 mM
HEPES adjusted to pH 7.4 with Tris base, 130 mM choline chloride,
5.5 mM D-glucose, 0.8 mM MgSO4, and 5 mM KCl) containing
7.5 mg of original wet weight of tissue and 100 µg of veratrine
HCl in a final volume of 0.5 mL. Uptake was initiated by the
addition of 0.5 mL of [14C]guanidine (1.0 µCi/mL in incubation
buffer) and terminated 2.5 min later by the addition of 10 mL of
ice-cold wash buffer (163 mM choline chloride, 1.8 mM CaCl2,
and 0.8 mM MgSO4 in 5 mM HEPES buffer, pH 7.4), followed
immediately by vacuum filtration through Whatman GF/C glass
fiber filters using a Brandel cell harvester. A further 2 × 5 mL of
ice-cold wash buffer was added to each tube and the vacuum
filtration step repeated. The GF/C glass fiber filters were transferred
to minivials and 4 mL of Picofluor40 liquid scintillant added using
a Brandel deposit/dispense system. Radioactivity was measured
using a Beckman liquid scintillation counter.

Computation of IC50 Values. Data are presented as mean values
( sem, with the number of experiments indicated in brackets. IC50

values were obtained from radioligand displacement or guanidine
flux inhibition curves by plotting log10 concentration vs bound
ligand/guanidine uptake according the equation

where y ) bound (dpm), x ) log10 compound concentration, Rmin

) lower asymptote (i.e., 100% inhibition), Rsp ) upper asymptote
- Rmin (i.e., specific binding), n ) slope (loge), and C ) IC50 (the
concentration required to inhibit 50% of specific binding).

Hippocampal Slice Assay. Following killing of animals by
stunning and decapitation, the forebrain (whole brain less cerebel-
lum/medulla) was rapidly dissected and transferred to a vessel
containing ice-cold pregassed, artificial cerebral spinal fluid (aCSF).
Hippocampi were rapidly dissected and 0.4 mm slices prepared
using a McIlwain tissue chopper. Slices were randomly distribut-
ed in 50 mL conical flasks containing 25-30 mL of ice-cold
pregassed aCSF. Flasks were incubated at 30 °C for 30 min under
continued gassing with 95% O2/5% CO2. The medium was then
removed by vacuum aspiration and fresh aCSF added, and slices
were incubated for a further 30 min. Medium was again removed
by vacuum aspiration and replaced by exactly 25 mL of prewarmed
(30 °C) Ca2+-free aCSF containing compounds under test. Follow-
ing a further 10 min of incubation under continuous gassing, two
to three slices were removed (in a volume of 100 µL using an

Eppendorf pipet) for measurement of ATP and protein by immediate
transfer to individual microfuge tubes containing 0.4 mL of ice-
cold 0.5 M trichloroacetic acid (TCA). Iodoacetate (25 µL of a 0.4
M solution) was added to the remaining flasks, and gassing
discontinued. Exactly 11 min later, three to four slices were removed
and transferred to microfuge tubes containing TCA (as above) for
measurement of ATP and protein.

Measurement of ATP and Protein. Individual slices were
disrupted by ultrasonication and the resulting homogenates centri-
fuged at 10 000 rpm for 5 min at 4 °C. The supernatant was
decanted into a fresh tube and any remaining supernatant removed
by vacuum aspiration. The pellet was resuspended in 0.5 mL of
0.1 M KOH by ultrasonication, and the resulting suspensions
warmed with gentle agitation at 37 °C for 30 min.

Concentrations of ATP were measured in 6 µL of supernatant
by mixing with Luciferase reagent (ATPLite from Perkin-Elmer)
and measuring subsequent luminescence in a 96-well plate counter.
Protein concentrations were measured using BCA protein assay
(Pierce) with bovine serum albumin as standard. ATP concentrations
were expressed as nmol/mg protein and neuroprotective indices (%
protection) calculated by direct comparison within each experiment
with the effect of 1 µM tetrodotoxin.

Electrophysiological Methods. Hippocampal slices from P14-
16 Sprague-Dawley rats were cut at a thickness of 0.3 mm and
maintained in carbogenated aCSF. Slices were chemically treated
with protease XIII for 10 min at 37 °C in PIPES buffer solution
containing (in mM) PIPES 86, NaCl 30, KCl 3, MgCl2 2, and
glucose 10 and adjusted to pH 7.4 (using NaOH) and an osmolarity
of 290-300 mOsm. To inhibit the protease, protease XXIII inhibitor
and bovine albumin were added to extracellular recording solution
containing (in mM) NaCl 80, tetraethylammonium chloride 60, KCl
2.5, MgCl2 1.3, CaCl2 0.5, CdCl2 0.1, glucose 11, and HEPES 5,
adjusted to pH 7.4 (using NaOH) and to an osmolarity of ∼290
mOsm. The CA1 region was dissected from the slice and triturated
to mechanically break down the tissue, using firepolished pipettes.
The cell suspension was placed on poly-D-lysine coated glass
coverslips to aid cell adhesion and left to settle for 20 min before
beginning recordings.

Whole-cell voltage recordings were made from neurons lacking
prominent processes (to eliminate space-clamp problems) using
electrodes of 1.8-2.5 MΩ. They were backfilled with whole-cell
recording solution that contained (in mM) CsF 120, CsEGTA 10,
NaCl 10, and HEPES 10, adjusted to pH 7.40 (using NaOH) and
to an osmolarity of ∼290 mOsm (using CsF).

Current-voltage relationships were used to assess the validity
of the voltage-clamp recordings. Cells were used if the peak current
was close to -10 mV and showed a graded activation. Inward
currents were completely blocked by tetrodotoxin (1 µM).

Table 8

relative importance descriptor

0.313 092 weinerPath (Wiener path: half the sum of all distance matrix entries)
0.109 397 TPSA (polar surface area calculated from group contributions to

approximate the polar surface area from connection table)
0.302 393 Diameter (largest value in the distance matrix)
0.199 622 a_count (number of atoms. This is calculated as the sum of (1 + hi)

over all nontrivial atoms i.)
0.357 376 b_count (number of bonds. This is calculated as the sum of (di/2 + hi)

over all nontrivial atoms i.)
0.457 179 vsa_acc (approximation of the sum of VDW surface areas of pure

hydrogen bond acceptors (not counting acidic atoms and atoms
that are both hydrogen bond donors and acceptors
such as -OH)

0.506 421 vsa_pol (approximation to the sum of VDW surface areas of polar
atoms (atoms that are both hydrogen bond donors and acceptors),
such as -OH)

0.841 705 ASA (water accessible surface area calculated using a radius of 1.4 Å
for the water molecule)

0.897 918 vdw_vol (van der Waals volume calculated using a connection table
approximation)

1.000 000 vol (van der Waals volume calculated using a grid approximation)

y ) Rmin +
Rsp

1 + exp[-n(x - C)]
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Nav Isoform Screening. All compounds were dissolved in
DMSO to make 1 mM or 10 mM stock solutions and diluted with
assay buffer. In the voltage-sensitive dye experiments, screening
of compounds against human Nav isoforms 1.1, 1.3, 1.4, 1.5, 1.6,
1.7, and 1.8 was conducted by Scottish Biomedical Ltd., Glasgow,
U.K. Briefly, the individual isoforms were stably expressed in
HEK293 cells together with the �1 subunit, except for Nav1.8 where
no � subunit was used. Cells were checked for sensitivity to
tetrodotoxin (1.5 and 1.8 were tetrodotoxin-resistant). Testing was
performed using the membrane potential assay kit from Molecular
Devices. Patch-clamp experiments against Nav1.2 and Nav1.6 were
performed by Chantest Inc., Cleveland, OH. Briefly, test compounds
were evaluated at room temperature using the PatchXpress 7000A
(Molecular Devices), an automatic parallel patch-clamp system.
Compounds were evaluated at 10 and 50 µM, except for lamotrigine
on Nav1.2, where the concentrations were 30 and 100 µM, each
concentration being tested in two to four cells. The duration of
each exposure was 5 min. Use-dependence of inhibition on hNav1.2
and hNav1.6 was determined using a double pulse protocol. A
holding potential of -80 mV and prepulse potential of -120 mV
were followed by pulse 1-0 mV for 200 ms. An interpulse potential
of -80 mV was then applied for 200 ms, followed by a second
pulse of 0 mV for 20 ms. The pulse pattern was repeated at 10 s
intervals (0.1 Hz), and peak current amplitudes at both test pulses
were measured. Percentage use-dependent inhibition (I) was
calculated from the equation I ) (1 - P2T/P1T) × P1C/P2C × 100,
where P1 and P2 refer to the current amplitudes produced by the
first and second pulses, respectively, and subscripts T and C refer
to test and control conditions.

QSAR Descriptors. Table 8shows the relative importance of
selected subset of descriptors used to calculate the correlation plot
in Figure 1b.
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