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Elek Molnaŕ,† Daniel T. Monaghan,§,∥ and David E. Jane*,†,∥

†MRC Centre for Synaptic Plasticity and ‡School of Physiology and Pharmacology, University of Bristol, Medical Sciences Building,
University Walk, Bristol, BS8 1TD, U.K.
§Department of Pharmacology and Experimental Neuroscience, University of Nebraska Medical Center, Omaha,
Nebraska 68198-6260, United States

*S Supporting Information

ABSTRACT: Competitive N-methyl-D-aspartate receptor (NMDAR)
antagonists bind to the GluN2 subunit, of which there are four types
(GluN2A-D). We report that some N1-substituted derivatives of cis-
piperazine-2,3-dicarboxylic acid display improved relative affinity for
GluN2C and GluN2D versus GluN2A and GluN2B. These derivatives
also display subtype selectivity among the more distantly related kainate
receptor family. Compounds 18i and (−)-4 were the most potent kainate
receptor antagonists, and 18i was selective for GluK1 versus GluK2,
GluK3 and AMPA receptors. Modeling studies revealed structural features
required for activity at GluK1 subunits and suggested that S674 was vital
for antagonist activity. Consistent with this hypothesis, replacing the
equivalent residue in GluK3 (alanine) with a serine imparts 18i antagonist
activity. Antagonists with dual GluN2D and GluK1 antagonist activity may
have beneficial effects in various neurological disorders. Consistent with
this idea, antagonist 18i (30 mg/kg ip) showed antinociceptive effects in an animal model of mild nerve injury.

■ INTRODUCTION
Ionotropic glutamate receptors (iGluRs) are L-glutamate-gated
ion channels that mediate fast synaptic transmission in the
central nervous system (CNS). There are three groups of
iGluRs named after compounds by which they are selectively
activated: AMPA ((S)-2-amino-3-hydroxy-5-methyl-4-isoxazo-
lepropanoic acid), kainate ((2S,3S,4S)-3-carboxymethyl-4-iso-
propenylpyrrolidine-2-carboxylic acid), and NMDA (N-methyl-
D-aspartic acid) receptors.1 Kainate receptors (KARs) are
tetrameric assemblies of GluK1−5 subunits (IUPHAR nomen-
clature of the receptors that were previously known as GluR5−
7, KA1, and KA2).2 AMPA receptors (AMPARs) are tetrameric
assemblies of a combination of GluA1−4 subunits (IUPHAR
nomenclature of the receptors that were previously known as
GluR1−4 or GluRA−D),2 while NMDAR tetramers can be
assembled from GluN1, GluN2A−D and in some areas of the
CNS, GluN3A and GluN3B subunits (IUPHAR nomenclature
of the receptors that were previously known as NR1, NR2A−D
and NR3A and NR3B).1−3

NMDARs have been the subject of intense investigations
into the development of antagonists because of the implication
of these receptors in neurological disorders such as epilepsy and
chronic pain and neurodegenerative disorders such as ischemia

and Alzheimer’s and Parkinson’s diseases.4 Antagonists
interacting with the glutamate binding site on GluN2 subunits,
the glycine binding site on GluN1 subunits, the ion channel
pore, and the N-terminal domain of the GluN2B subunit have
been developed.1−3 Most antagonists interacting at the orthosteric
glutamate binding site on GluN2 subunits such as 1, 2, and
3 (Figure 1) display the following rank order of affinity:
GluN2A > GluN2B > GluN2C > GluN2D.3 We have reported
that piperazine-2,3-dicarboxylic acid derivatives such as (±)-4
and 5 (Figure 1) show a different rank order of affinity: GluN2D ∼
GluN2C > GluN2B > GluN2A.5,6 Negative allosteric modulators
have been reported that have greater GluN2 subunit selectivity
than that reported for competitive antagonists. For example, 6
binds selectively to the N-terminal domain of GluN2B,7 and 78

and 89 (Figure 1) selectively block GluN2C/GluN2D versus
GluN2A and GluN2B.
The first antagonists with significant activity at KARs were

from the quinoxalinedione class of compounds, such as the potent
AMPAR antagonist 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo( f )-
quinoxaline (9) (Figure 1).10 Quinoxalinediones were not useful
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as pharmacological tools for KARs, as they also antagonized
AMPARs. More recently a series of decahydroisoquinolines, such
as 10 (Figure 1), have been reported as selective GluK1 con-
taining KAR antagonists.11,12 These antagonists displayed
selectivity for GluK1 versus GluK2-containing KARs and
AMPARs and were therefore used to provide evidence to
support the role of GluK1 in synaptic plasticity in the mossy fiber
to CA3 region of the hippocampus and in a number of CNS dis-
orders such as chronic pain, epilepsy, ischemia, and migraine.2b,11,12

The activity of decahydroisoquinolines on GluK3 is not well
established, as only 10 (Figure 1) has been tested on GluK3 to date.
Compound 10 was found to have no activity on homomeric GluK3
at the concentration at which it is used to block GluK1 in
physiological experiments.13

We have reported that derivatives of the natural product
willardiine, such as 11 and 12 (Figure 1), are selective GluK1-
containing KAR antagonists.14 Compounds from this series
have been used to implicate GluK1-containing KARs in the
induction of long-term potentiation (LTP) in the mossy fiber
to CA3 pathway in the hippocampus and in short-term recogni-
tion memory.15 Derivatives of the natural product willardiine,
such as 11 and 12, are selective for GluK1-containing receptors
over GluK2,14 but these compounds also potently antagonize
homomeric GluK3 receptors.13

Two N1-substituted piperazine-2,3-dicarboxylates 13 and 14
(Figure 1) have been shown to be broad spectrum iGluR
antagonists that bind to both NMDARs and KARs.16 Herein
we report the synthesis and pharmacological characterization of
a new series of analogues of 13 and 14, which show moderate
selectivity for GluN2C/GluN2D versus GluN2A/GluN2B and
in the case of one of the more potent GluK1 antagonists
identified in this study, excellent selectivity for GluK1 versus

GluK2 and GluK3. Molecular modeling studies using the X-ray
crystal structure of the antagonist bound form of the ligand
binding domain (LBD) of GluK1 have been used to investigate
the binding modes of some compounds in GluK1. The
proposed GluK1 binding model was then tested by site-directed
mutagenesis. Given that both GluK1 and GluN2D have been
implicated in neuropathic pain,4b,11e,f,12b we tested a compound
that is a dual antagonist of GluN2D and GluK1 in an animal
model of mild nerve injury to assess antinociceptive activity.

■ RESULTS

Chemistry. A series of N1-substituted piperazine-2,3-
dicarboxylic acid derivatives (18a−m) were synthesized by
reacting various acid chlorides (16a−m) with the cis-isomer of
17 under modified Schotten−Baumann conditions (Scheme 1).6

The acid chlorides (16a−m) were prepared from the
corresponding carboxylic acids (7, 15a−m) by treatment with
excess thionyl chloride. The only exception to this was 16l,
which was purchased commercially. Carboxylic acids 15a, 15b,
15e,17 15f,18 15j, and 15m where either available commercially
or synthesized via published procedures. The naphthyl and
biphenyl carboxylic acid compounds (19 and 20) were syn-
thesized via base hydrolysis of the corresponding esters (18e and
18m). Hydrogenation of the alkyne linker in 18k afforded
phenethyl derivative 21 (Scheme 2).
6-Iodo-2-naphthoic acid (15c) has previously been synthe-

sized from N-acetyl-2-naphthylamine via a time-consuming
seven-step route.19 However, by utilizing an aromatic Finkelstein
reaction to convert methyl 6-bromo-2-naphthoate (22) to its
corresponding iodo analogue (23) and then hydrolyzing the
ester, we were able to generate 15c in only two steps (Scheme 3).
Suzuki coupling between 22 and phenylboronic acid afforded

Figure 1. Structures of known NMDAR and KAR antagonists.
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ester 24 which was subsequently hydrolyzed to 15d (Scheme 3).
Sonogashira coupling followed by a haloform reaction was
employed to convert 4-iodoacetophenone (25) to acetylene acid
15k (Scheme 4).
The 3-acetyl derivatives of 9-chloro and 9-bromophenanthrene

(27 and 28) were synthesized by Friedel−Crafts acylation
as described previously.20,21 Unfortunately, attempts to utilize
the same conditions to synthesize the 3-acetyl derivative of
9-iodophenanthrene failed and led only to the isolation of a black
tar. Attempts to modify the reaction conditions by using
aluminum iodide instead of aluminum chloride or acetic anhydride
instead of acetyl chloride led only to the same outcome. Con-
sequently, we employed an aromatic Finkelstein reaction22 to
convert 3-acetyl-9-bromophenanthrene (28) to its corresponding
9-iodo analogue (29). The acetyl compounds (27−29) were con-
veniently converted to the desired phenanthrene acids (7, 15g,
15h) by reaction with sodium hypobromite in a modified haloform
reaction (Scheme 5).
Resolution of (±)-4 was achieved by forming diastereomeric

salts with the individual enantiomers of 1-phenethylamine (32
and 33) (Scheme 6). In each case, the isolated diastereomeric
salts were crystallized to constant rotation to provide the pure
diastereoisomers (30 and 31). These were then individually
dissolved in THF/H2O and acidified with aqueous hydrochloric
acid to afford the free acids of each enantiomer ((−)-4 and
(+)-4, Scheme 6) in good yield.

Electrophysiological Assays on Recombinant Rat
NMDAR Subtypes Expressed in Xenopus Oocytes. We
have reported previously that piperazine-2,3-dicarboxylic acids
substituted at the N1 position with bulky aromatic substituents
show an unusual pattern of GluN2 subunit selectivity.5,6 The
vast majority of competitive antagonists, such as compounds 1
and 2 (Figure 1), display the following rank order of affinity:
GluN2A > GluN2B > GluN2C > GluN2D.3 However, com-
pounds (±)-4 and 5 (Figure 1) display the opposite rank order
of affinity: GluN2D ∼ GluN2C > GluN2B > GluN2A, though
the degree of separation between GluN2 subunits is only up
to ∼10-fold. We have proposed that this altered selectivity is
due to the large phenanthrene group extending out of the
highly conserved glutamate binding pocket and interacting with
subunit-specific elements in the receptor.5,6,23 We have synthe-
sized several novel compounds with modifications to the phe-
nanthrene ring to gain more insight into the structural require-
ments for GluN2 subunit selectivity, with the focus being on
developing GluN2D subunit selective competitive antagonists.
We also sought to define their actions at the more distantly
related KAR family. The new compounds ((−)-4, (+)-4, 18a−
d, 18f, 18g−l, 19−21, Tables 1 and 2) were tested on GluN1a
in combination with each of the four genetically distinct sub-
units, GluN2A−D, expressed in Xenopus oocytes in an electro-
physiological assay using two-electrode voltage clamp. The
IC50 values that were determined for the ability of the com-
pounds to block a response evoked by 10 μM L-glutamate
and 10 μM glycine were converted to Ki values to take into
account the differences in agonist potency for the individual
GluN2 subtypes.

Scheme 1a

aReagents and conditions: (a) (i) SOCl2, C6H6 or dioxane, reflux,
12 h; (b) (i) 3 equiv of NaOH, dioxane/H2O (2:1), 0 °C, 2 h, and
then rt, 4 h; (ii) 2 M HCl (aq).

Scheme 2a

aReagents and conditions: (a) (i) LiOH, H2O, room temp, 4 h; (ii) 2 M
HCl (aq); (b) (i) 10% Pd/C, H2, NaOH, H2O, room temp, 18 h;
(ii) 2 M HCl (aq).
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When the individual enantiomers of (±)-4 were tested, it was
found that the high affinity GluN2D binding resided in the
(−)-4 isomer with the (+)-4 isomer displaying 50-fold lower
affinity for GluN2D (Table 2). However, (−)-4 showed no

improvement in GluN2D selectivity compared to (±)-4. We
have demonstrated previously that a three-ring aromatic
substituent is required for optimal affinity and selectivity for
GluN2D.5,6 A phenanthrene ring attached at the 3-position to
the carbonyl group, as in 5 (Table 2), is most favored for
GluN2D subunit selectivity, albeit with reduced GluN2D
affinity compared to (±)-4.5,6 For a series of 9-halo-substituted
phenanthrene derivatives (18g−i, Table 2) of 5 the rank order
of affinity for each of the four GluN2s was I > Br > Cl > H. The
most GluN2D selective compounds were the parent compound
5 and the 9-bromo derivative 18h. These compounds showed
10- and 7-fold selectivity for GluN2D versus GluN2A and
GluN2B, respectively, but showed only 2-fold selectivity for
GluN2D versus GluN2C. Thus, substitution at the 9-position
has little impact on GluN2D affinity but GluN2D selectivity
varies with the nature of the substituent. Replacement of the
phenanthrene ring of (±)-4 with an anthracene ring to give 18j
did not improve affinity or selectivity for GluN2D (Table 2).
To determine whether a linker could replace the middle ring

of (±)-4, we tested analogues in which the first and last
benzene rings were separated with an acetylene (18k), ethylene
(21), or diazene (18l) linker (Table 1). These substitutions
were found to be detrimental; each of these compounds had
low affinity for GluN2D, with 21 having much reduced
GluN2D potency compared to (±)-4 (21 (100 μM) showed
only ∼10% antagonism of agonist induced effects on GluN2D).
18l and 18k showed partial GluN2D selectivity, with ∼10-fold
selectivity for GluN2D versus GluN2A, but they did not
differentiate between GluN2D and GluN2B or GluN2C. Re-
placement of the first phenyl ring of (±)-4 with an ethylene
spacer to give 18f reduced GluN2D affinity and selectivity
(Table 1).
A series of 6-substituted naphthalene derivatives (18a−d, 19,

Table 1) were tested to determine if the 6-substituent could
replace the third benzene ring of (±)-4. The rank order of
affinity of the 6-substituted naphthalene derivatives for
GluN2D was I > Br > Ph > F > H > CO2H. The higher
affinity observed for naphthalene derivatives bearing lipophilic
substituents compared to polar substituents suggests that the

Scheme 3a

aReagents and conditions: (a) NaI, CuI, N,N′-dimethylethylenediamine, dioxane, 110 °C, 65 h; (b) (i) KOH, dioxane, 70 °C, 2 h; (ii) 2 M HCl
(aq); (c) Ph-B(OH)2, K2CO3, Pd(PPh3)4, toluene/ethanol/water (4:1:2), 80 °C, 18 h; (d) (i) NaOH, THF/H2O, 70 °C, 2 h; (ii) 2 M HCl (aq).

Scheme 4a

aReagents and conditions: (a) phenylacetylene, CuI, PdCl2(PPh3)2, TBAF, THF, room temp, 18 h; (b) (i) Br2, NaOH, dioxane, 70 °C, 1 h; (ii) conc
H2SO4.

Scheme 5a

aReagents and conditions: (a) (i) Br2, NaOH, dioxane, 70 °C, 1 h;
(ii) conc HCl (aq); (b) NaI, CuI, N,N′-dimethylethylenediamine, dioxane,
110 °C, 65 h; (c) (i) Br2, NaOH, dioxane, 70 °C, 1 h; (ii) conc HCl (aq).

Scheme 6a

aReagents and conditions: (a) (i) (S)-(−)-1-phenethylamine (32),
dioxane/H2O (1:1), room temp, 30 min; (ii) crystallization (dioxane/
water); (b) (i) (R)-(+)-1-phenylethylamine (33), dioxane/H2O (1:1),
room temp, 18 h; (ii) crystallization (dioxane/water); (c) THF/H2O,
2 M HCI (aq).
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6-substituent is in a spacious hydrophobic environment in the
GluN2D ligand binding site. A similar marked lowering in
GluN2D affinity was observed when a 4′-carboxy substituent
was added to the biphenyl derivative 34b leading to compound
20 (Table 1). A number of these compounds had affinity for
GluN2D similar to that observed for phenanthrene substituted
compounds such as 5 and its derivatives (Table 2), suggesting
that the third phenyl ring does not have a major impact on
GluN2D affinity. However, the presence of the third phenyl
ring improved GluN2D selectivity (e.g., 5 (Table 2) shows
much greater GluN2D selectivity than 18b (Table 1)), mainly
by reducing affinity for GluN2A and GluN2B. Among the
6-naphthyl derivatives only 18d (Table 1) showed GluN2D
selectivity, with only 30−37% antagonism of GluN2A and
GluN2B observed when tested at 100 μM. However, this com-
pound did not discriminate between GluN2C and GluN2D. It
was not possible to obtain Ki values for antagonism of GluN2A
and GluN2B by 18d and to obtain a good estimate of selectivity
because of poor solubility at higher concentrations. At 300 μM in
the electrophysiological recording buffer at room temperature,
the compound displayed visible light scattering and thus the
compound was considered insoluble at high concentrations.
Calcium Fluorescence Assays on Human KAR Sub-

types. Two benzoylpiperazine-2,3-dicarboxylic acid deriva-
tives 13 and 14 (Figure 1) have been reported to be more
potent as antagonists of KARs than NMDARs. However, the
interpretation of these experiments is complicated by the use of
nonselective agonists in the assays.2b,16 To investigate the
potential KAR antagonist activity of a range of N1-substituted

piperazine-2,3-dicarboxylic acids, including the newly synthe-
sized compounds ((−)-4, (+)-4, 18a−d, 18f, 18g−l, 19−21)
and those reported previously ((±)-4, 5, 34a−h) (Tables 1
and 2), they were tested on human recombinant GluK1
receptors expressed in human embryonic kidney 293 (HEK293)
cells. The IC50 values that were determined for the ability of the
compounds to block an increase in Ca2+-stimulated fluo-
rescence evoked by 100 μM L-glutamate were converted to KB
values (Tables 1 and 2). Many of the compounds had similar
antagonist potency on GluK1 and GluN2D, while other
compounds displayed selectivity for GluK1 versus GluN2D
or >30-fold selectivity for GluN2D versus GluK1.
Compounds with a 3-ringed aryl substituent were found to

be the most potent GluN2D antagonists; however, this feature
was less important for activity on GluK1. Thus, (±)-4 (Table 2)
had similar affinity for GluK1 to the biphenyl derivative 34b
and only 6-fold higher affinity than the naphthyl derivative
34a (Table 1). The interaction of (±)-4 with GluK1 was
stereoselective with (±)-4 displaying 8-fold higher affinity than
the trans-isomer (34d) and the (−)-4 enantiomer having 27-
fold higher affinity than the (+)-4 enantiomer (Table 2).
However, the stereoselectivity for binding to GluK1 was not as
great as that observed for the interaction of these isomers
of (±)-4 with GluN2D. (−)-4 was the most potent GluK1
antagonist tested. However, it had higher affinity for GluN2D
and displayed ∼30-fold selectivity for GluN2D versus GluK1.
7-Bromo substitution of the phenanthrene ring of (±)-4 to give
34e did not change GluK1 affinity (Table 2). An analogue of
(±)-4 with a saturated middle ring (34g) and its 9-bromo

Table 1. Summary of the Activity of Piperazine-2,3-dicarboxylic Acid Derivatives at Recombinant NMDAR and KAR Subtypesa

NMDAR Ki, μM (n ≥ 4)b KAR KB, μM (n = 3)c

compd formula n A R1 GluN2A GluN2B GluN2C GluN2D GluK1 GluK2

34ad A 0 H 9.6 ± 1.1 18.2 ± 1.3 3.9 ± 0.1 9.3 ± 0.4 45.6 ± 11.5 ND
18a A 0 F 7.4 ± 1.5 12.3 ± 0.9 3.6 ± 0.1 5.1 ± 0.1 52.9 ± 3.9 ND
18b A 0 Br 4.1 ± 0.3 2.7 ± 0.2 2.1 ± 0.1 2.2 ± 0.1 16.2 ± 3.6 ND
18c A 0 I 3.0 ± 0.2 1.3 ± 0.1 1.8 ± 0.1 1.6 ± 0.1 7.5 ± 1.4 >100
18d A 0 Ph >100e >100e 5.1 ± 0.1 2.4 ± 0.1 5.8 ± 1.5 >100
18f A 2 H 5.1 ± 0.5 2.3 ± 0.2 4.1 ± 0.3 2.7 ± 0.2 67.8 ± 5.2 ND
19 A 0 CO2H >100f >100f >100f >100f 59.7 ± 2.0 ND
34bd B CO H 15.7 ± 0.4 5.0 ± 0.3 9.0 ± 0.2 4.3 ± 0.1 9.8 ± 1.4 >100
34cd B SO2 H 13.6 ± 1.8 16.2 ± 4.1 8.7 ± 0.6 10.9 ± 0.5 >100 ND
20 B CO CO2H ND >100g >100g ND 51.5 ± 18.7 ND
18k C CC 138 ± 9 24.1 ± 1.1 21.4 ± 0.4 10.5 ± 1.3 13.4 ± 3.3 >100
18l C NN 99.3 ± 7.0 12.9 ± 1.4 28.0 ± 1.0 10.8 ± 0.3 14.2 ± 3.1 >100
21 C (CH2)2 >100h >100h >100h >100h 16.7 ± 3.4 ND

aAbbreviations: ND = not determined. bKi values (μM) for inhibiting the responses of recombinant rat NMDA receptors (GluN1 expressed with the
appropriate GluN2 subunit) expressed in Xenopus oocytes (mean ± SEM). For compounds with activities listed as >100 this refers to the IC50 value.
cKB values for antagonism of glutamate-stimulated Ca2+ influx in HEK293 cells expressing either human GluK1 or GluK2 (mean ± SEM). For
compounds with activities listed as >100 this refers to the KB value. dData for NMDA activity taken from ref 6. e30.3 ± 8.2% and 37.1 ± 5.0%
antagonism of GluN2A and GluN2B, respectively at 100 μM 18d. fLess than 5% antagonism of GluN2A-D at 100 μM 19. gLess than 15%
antagonism of GluN2B and GluN2C at 100 μM 20. h11.50 ± 2.25%, >5%, 29.12 ± 1.00%, and 10.25 ± 1.03% antagonism of GluN2A, GluN2B,
GluN2C, and GluN2D, respectively, at 100 μM 21.
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derivative (34h) had GluK1 affinity similar to that determined
for the corresponding unsaturated derivatives (Table 2).
Replacement of the carbonyl linker of (±)-4 with a CH2

group to give 34f (Table 2) reduced GluK1 affinity 5-fold pro-
bably because of increased rotational freedom. The anthracene
substituted derivative 18j had only 2-fold lower affinity for
GluK1 compared to (±)-4 (Table 2), suggesting that the
pocket accommodating these bulky aromatic rings in the LBD
of GluK1 is not as tight as that in GluN2D or that the aromatic
ring is projecting out of the GluK1 LBD. These conclusions are
backed up by the observation that the 3-phenanthryl derivative 5
has affinity similar to that observed for (±)-4 and 18j (Table 2).
Addition of a halo substituent to the 9-postion of the phenanthrene
ring of 5 resulted in the following rank order of affinity, I > Br >
H > Cl, suggesting that the 9-position substituent is accommo-
dated by a spacious hydrophobic pocket. The 9-bromo
derivative 18h displays ∼9-fold selectivity for GluN2D versus
GluK1, but the 9-iodo derivative 18i has almost equal affinity
for these two subunits (Table 2).
In the 6-substituted naphthyl series (18a−d, 19, Table 1) the

following rank order of affinity was observed on GluK1: Ph >
I > Br > H > CO2H ∼ F, suggesting that there is a spacious
hydrophobic pocket in the vicinity of the 6-substituent that
does not accommodate polar substituents. As was observed in
the SAR study on GluN2D the presence of the third aromatic
ring in 5 (Table 2) and its derivatives has only a weak enhanc-
ing effect on GluK1 affinity when compared to the corres-
ponding 6-substituted naphthyl analogue (e.g., 18i (Table 2)
has only 1.7-fold higher affinity for GluK1 compared to 18c
(Table 1)). The antagonist 18d (Table 1) that showed rea-
sonable selectivity for GluN2C/GluN2D versus GluN2A/

GluN2B had an affinity for GluK1 similar to that observed for
GluN2D.
Replacement of the carbonyl linker of the biphenyl derivative

34b with a sulfonyl group to give 34c markedly reduces GluK1
affinity such that this compound shows selectivity for GluN2D
versus GluK1 (Table 1). Interestingly, 4′-carboxy substitution
of 34b to give 20 markedly reduces GluN2D affinity but only
reduces GluK1 affinity 5-fold, and therefore, 20 is selective for
GluK1 versus GluN2D (Table 1). The extent of this selectivity
could not be determined because of poor water solubility at
higher concentrations. Replacement of the first phenyl ring of
(±)-4 by an ethylene spacer to give 21 reduces GluK1 affinity
9-fold (Table 1). Analogues of cis-34b where the phenyl rings
are joined by an acetylene (18k), ethylene (21), or diazene
(18l) spacer had approximately 2-fold lower affinity for GluK1
compared to the parent compound (Table 1). Thus, 18k and
18l had similar affinities for GluK1 and GluN2D.
The compounds that displayed the highest affinity for GluK1

were also tested as antagonists of GluK2 receptors. A number
of compounds in this series ((±)-4, 5, 18c, 18d, 18 h-j, 18k,
18l, (−)-4, 34b, 34e, and 34g) show selectivity for GluK1
versus GluK2, as they had no GluK2 antagonist activity when
tested at 100 μM (Tables 1 and 2).

Electrophysiological Characterization of the Activity of
18i on Human KAR Subtypes and Native AMPARs. Com-
pound 18i was one of the most potent of the GluK1 antagonists
to be identified in the Ca2+ fluorescence assay described above.
Because of the rapid and concanavalin A insensitive desensi-
tization of GluK3 receptors upon agonist application, it was not
possible to use the Ca2+ fluorescence assay to test compounds on
GluK3.13 Therefore, we tested 18i across GluK1−3 to assess KAR

Table 2. Activity of Piperazine-2,3-dicarboxylic Acid Derivatives at Recombinant NMDAR and KAR Subtypesa

NMDAR Ki, μM (n ≥ 4)b KAR KB, μM (n = 3)c

compd formula A R1 GluN2A GluN2B GluN2C GluN2D GluK1 GluK2

5d A H 22.0 ± 1.4 17.2 ± 1.2 5.2 ± 0.5 2.4 ± 0.1 14.2 ± 3.4 >100
18g A Cl 7.2 ± 0.7 15.2 ± 2.6 3.2 ± 0.2 1.7 ± 0.1 21.8 ± 6.0 ND
18h A Br 11.5 ± 0.8 8.0 ± 0.4 2.8 ± 0.1 1.2 ± 0.1 12.8 ± 2.1 >100
18i A I 7.4 ± 0.9 3.8 ± 0.9 1.9 ± 0.2 1.0 ± 0.1 4.8 ± 1.1 >100
18j 10.5 ± 2.6 5.2 ± 0.5 3.4 ± 0.4 2.5 ± 0.3 14.4 ± 1.8 >100
(±)-4d B CO H 0.55 ± 0.15 0.31 ± 0.02 0.10 ± 0.01 0.13 ± 0.04 7.5 ± 1.4 >100
(−)-4 B CO H 0.21 ± 0.02 0.22 ± 0.04 0.07 ± 0.01 0.09 ± 0.01 3.0 ± 0.7 >100
(+)-4 B CO H 17.6 ± 2.1 13.5 ± 1.0 3.4 ± 0.3 4.6 ± 0.2 82.0 ± 18.2 ND
34dd,e B CO H 10.5 ± 1.2 9.1 ± 1.0 4.9 ± 0.6 6.0 ± 2.0 59.2 ± 19.6 ND
34ed B CO Br 0.32 ± 0.01 0.25 ± 0.02 0.10 ± 0.01 0.15 ± 0.01 8.0 ± 2.1 >100
34fd B CH2 H 11.2 ± 1.3 10.3 ± 1.9 2.7 ± 0.1 3.2 ± 0.2 39.0 ± 10.0 ND
34gd C H 1.5 ± 0.1 0.76 ± 0.11 0.29 ± 0.02 0.57 ± 0.03 14.1 ± 1.6 >100
34hd C Br 3.9 ± 0.2 2.2 ± 0.3 0.66 ± 0.07 1.0 ± 0.1 11.5 ± 3.0 ND

aAbbreviations: ND = not determined. bKi values (μM) for inhibiting the responses of recombinant rat NMDA (GluN1 expressed with the
appropriate GluN2 subunit) receptors expressed in Xenopus oocytes (mean ± SEM). For compounds with activities listed as >100 this refers to the
IC50 value.

cKB values for antagonism of glutamate-stimulated Ca2+ influx in HEK293 cells expressing either human GluK1 or GluK2 (mean ± SEM).
For compounds with activities listed as >100 this refers to the KB value.

dData for NMDA receptor antagonist activity taken from ref 6. eCompound
34d is the racemic trans isomer of 4.
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subunit selectivity using an electrophysiological assay that relies
on fast application of L-glutamate. In these assays 18i was a
moderately potent antagonist of GluK1 with an IC50 value of 0.65
μM (95% confidence interval of 0.27−1.7 μM, n = 1−6), was a
much weaker antagonist of GluK3 with an IC50 value of 81.3 μM
(95% confidence interval of 40.5−163 μM, n = 3−8), and had
only weak activity on GluK2 (IC50 > 100 μM, n = 2). Thus, 18i
has a >100-fold lower IC50 for GluK1 versus GluK3 and has only
very weak antagonist activity on GluK2 (Figure 2A).

Compound 18i showed no antagonist activity at 100 μM
(n = 4) in an electrophysiological assay on AMPAR mediated
excitatory postsynaptic potentials (EPSPs) in the CA3 region of

the hippocampus (Figure 2B). Thus, 18i shows good selectivity
for GluK1 versus GluK2, GluK3, and AMPARs.

Ligand Docking into the LBD of GluK1. To investigate
binding modes of some compounds in GluK1, we undertook a
molecular modeling study in which the X-ray structure of the
LBD of GluK1 in complex with the antagonist 11 (Figure 1)
was used as a template.24 Both enantiomers of each of (±)-4
(Table 2), cis-18c (Table 1) and cis-18i (Table 2), were docked
into the LBD of GluK1 using the Induced Fit workflow within
Maestro, which carries out an initial docking using Glide,
followed by side chain optimization within 5 Å of ligand poses
with Prime and then a more precise Glide docking in XP
mode.25 Only the 2S,3R isomer of 4 gave satisfactory poses in
docking experiments with the LBD of GluK1 (Figure 3A). This
is in agreement with the experimental observation that only the
(−)-4 enantiomer had high affinity for GluK1, suggesting that
(−)-4 has the 2S,3R configuration. This stereoselectivity was
also observed in docking studies with the individual isomers of
cis-18c and cis-18i.
Inspection of the binding modes of the 2S,3R enantiomers of

4, 18c, and 18i revealed that the piperazine-2,3-dicarboxylic
acid nuclei of all ligands adopted the same set of interactions
with residues in the LBD of GluK1 (Figure 3) and were similar
to those previously reported for interaction with the LBD of
GluN2 subunits.23 The carboxylate group at the 3-position of
the piperazine ring forms ionic and hydrogen bond interactions
with R508 and a hydrogen bond interaction with T503. The
marked reduction in antagonist affinity of 18i observed for
GluK2 compared to GluK1 may be due in part to the switch
from T503 in GluK1 to an alanine residue at the equivalent
position in GluK2. The carboxylate group at the 2-position of
the piperazine ring forms a hydrogen bond with the OH group
of S674. This direct interaction may be a major reason for the
observed GluK1 versus GluK2 and GluK3 selectivity of 18i
because in the latter two subunits, S674 is replaced by an
alanine residue. The positively charged secondary amine forms
a hydrogen bond with the carbonyl group of P501. The
interaction of the secondary amino group and the carboxylate
group adjacent to it in piperazine-2,3-dicarboxylic acid
derivatives with residues in the LBD is similar to the way in
which the α-amino and α-carboxylate groups of antagonists
such as 12 (Figure 1) interact with residues in the X-ray crystal
structure of the LBD of GluK1.24,26

Inspection of the binding mode of the 2S,3R isomer of 4
(Figure 1) to the LBD of GluK1 reveals that the phenanthrene
ring is projected straight out of the cleft between the two
domains of the LBD toward S706 (Figure 3A). The position of
the phenanthrene ring of 4 in the LBD of GluK1 is similar to
that previously observed in the LBD of GluN2 subunits. A
major reason for the lower affinity of the active enantiomer of 4
for GluK1 versus GluN2A-D is the scarcity of hydrophobic
residues in GluK1 with which the phenanthrene ring of 4 can
interact. The only hydrophobic residues available are V670, the
CH2 group of N705 and Y474, the latter being above the plane
of the phenanthrene ring. This suggests that more of the
phenanthrene ring is exposed to water when bound to GluK1
and so less binding energy is gained by loss of ordered water
upon ligand binding to the LBD.
The binding mode of the 2S,3R isomer of 18c (Table 1) in

the LBD of GluK1(Figure 3B) is similar to that observed in the
LBD of GluN2A. However, the binding pocket for the naphthyl
ring in GluK1 contains fewer residues, with only the side chains
of K473, Y474, and A476 being available to form hydrophobic

Figure 2. (A) Concentration response curves for the antagonist activity of
18i in electrophysiological assays on recombinant human GluK1 (■),
GluK2 (●), GluK3 (▲), KAR subunits expressed in HEK293 cells. IC50
values were estimated to be 0.65 μM (95% confidence interval of
0.27 −1.7 μM, n = 1−6) for GluK1, >100 μM (n = 2) for GluK2, and
81.3 μM (95% confidence interval of 40.5 −163 μM, n = 3−8) for GluK3.
(B) Pooled data showing the lack of effect of 18i (100 μM) on AMPAR
mediated synaptic transmission at mossy fiber synapses following 30 min
of perfusion. There was no significant difference (P = 0.68, Student’s t
test) between the control response (100 ± 2%) and the response in the
presence of 18i (99 ± 2%). Data are expressed as % of slope (mean ±
SEM, n = 4). The inserted traces are averages of four successive responses
obtained under (a) control conditions and (b) in the presence of 18i.
Stimulus artifact has been removed for clarification.
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interactions. The explanation for the observed lower affinity of
18c for GluK1 compared to GluN2A-D is therefore likely the
same as that proposed for 4. The rank order of affinity for
GluK1 observed for 6-halonaphthyl derivatives was 6-I > 6-Br >
6-F (Table1). This is consistent with the modeled interaction
of 18c with GluK1 where the larger iodo group is better able to
form van der Waals interactions with K473, A476, and N484.
The larger 6-phenyl group of 18d (Table 1) is likely to be able
to form more interactions with these residues, and this may
explain the slightly higher affinity of 18d compared to 18c for
GluK1.
The modeled interaction of 18i (Table 2) with the LBD of

GluK1 (Figure 3C) was similar to that observed for 18c (Table 1).
There is less than a 2-fold increase in affinity for GluK1 when
comparing 18i to 18c, so the extra phenyl ring is not contributing
much to the binding energy and this is consistent with the modeled
interaction of 18i, as the distal phenyl ring is mainly pointing out
into the solvent water. The 9-iodo group of 18i occupies a position
similar to that of the 6-iodo group of 18c, and so the observed rank
order of affinity of 9-halo substituted derivatives, 9-I > 9-Br > 9-Cl
(Table 2), can be explained in the same way as for 6-halo naphthyl
derivatives.
Point Mutation Studies to Investigate the Binding of

18i to GluK1 and GluK3. Modeling studies suggested that
the GluK1 selectivity of 18i (Table 2) may be at least in part

due to the binding of the carboxylic acid at the 2-position of the
piperazine ring to S674. Reduced binding of 18i to GluK3 may
be due to the switch from S674 in GluK1 to A660 in GluK3, as
the alanine residue would not interact favorably with the
3-CO2

− group of 18i. We investigated this hypothesis by
producing the A660S point mutant of rat GluK3. Immunoblot
analysis30 confirmed that the A660S mutation did not alter
GluK3 protein levels in HEK293 cells compared to wild type
(not shown). In contrast to the low binding affinity observed
on wild type GluK3, 18i more potently inhibited [3H]kainate
binding to the A660S point mutant of GluK3 (Figure 4),
suggesting that it is the switch from S674 in GluK1 to A660 in
GluK3 that is primarily responsible for the low affinity of 18i
for GluK3.

Effect of 18i on Nociceptive Behavior in Rats. Both
GluN2D and GluK1 have been implicated in neuropathic
pain.4b,11e,f,12b We therefore investigated the antinociceptive
activity of 18i, a compound that is a dual GluN2D and GluK1
antagonist. In a mild nerve injury model, acute administra-
tion of 18i completely reversed the drop in mechanical with-
drawal threshold seen 1 week after injury (Figure 5A). Thermal
hypersensitivity does not develop in animals with partial saphe-
nous nerve ligation injury (PSNI),27 but 18i increased thermal
withdrawal latency in these animals above baseline values

Figure 3. Interactions of ligands with the LBD of GluK1: (A) 2S,3R isomer of 4; (B) 18c; (C) 18i. (D) Solvent accessible surfaces have been
calculated for both the LBD of GluK1 and 18i to show that the ligand is an antagonist of GluK1 because it prevents closure of the ligand binding
domain due to the presence of the bulky aromatic substituent.
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(Figure 5B). 18i also exerted antinociceptive effects in normal
animals before nerve injury (not shown).

■ DISCUSSION AND CONCLUSIONS

NMDAR antagonists with selectivity for individual GluN2A−D
subunits would have utility in determining the functions of
these subunits in the CNS and may ultimately have therapeutic
applications in a number of neurological disorders.4 Although
negative allosteric modulators with GluN2C/GluN2D selec-
tivity have been reported,8,9 competitive antagonists with good
selectivity for GluN2D have been harder to obtain, likely
because of the high amino acid sequence homology among the
orthosteric LBDs of GluN2A−D.
Structure−Activity Relationship Studies on NMDA

Receptors. We have previously reported that N1-aryl-
substituted derivatives of cis-piperazine-2,3-dicarboxylic acid
(17) (Scheme 1) are competitive NMDAR antagonists and that
some of these antagonists have an unusual pattern of subunit
selectivity, where they have greater selectivity for GluN2C- or
GluN2D-containing NMDARs compared to those containing
GluN2A or GluN2B.5,6 However, the best compounds
identified so far, such as 5 and 18h (Table 2), only have at
most a 10-fold selectivity for GluN2D versus GluN2A and
GluN2B. We have therefore synthesized a new range of

N1-substituted analogues of 4 and 5 (Table 2) with the aim of
gaining more knowledge of the structural requirements for
optimal GluN2D selectivity. Of the new compounds that were
tested, only 18d (Table 1) showed greater GluN2D versus
GluN2A selectivity compared to 5 and 18h; however,
estimation of the Ki values for antagonist activity at GluN2A
and GluN2B was hampered by poor water solubility of this
compound at concentrations higher than 100 μM. Nonetheless,
18d represents an important lead in developing competitive
antagonists with GluN2C/GluN2D selectivity. Other com-
pounds gave insights into the structural requirements for
optimal interaction with GluN2D. For instance, we found that
only the (−)-4 enantiomer of (±)-4 had potent antagonist
activity at GluN2D subunits (Table 2), and our previously re-
ported modeling studies suggest that this is the 2S,3R isomer.23

Unfortunately, we have not been able to obtain confirmation of
this configuration through X-ray crystallography, as suitable
crystals of (−)-4 have been impossible to obtain. We have
shown that among 9-halo substituted derivatives of 5, the 9-
bromo derivative (18h) has greatest selectivity for GluN2D,
though the 9-iodo derivative (18i) (Table 2) has highest
affinity for this subunit. In the 6-halo substituted naphthyl
series (18a−d, 19, Table 1) the 6-iodo derivative (18c) had
the highest affinity for GluN2D but showed little selectivity
between the four GluN2 subunits, suggesting that the third
phenyl ring of 18h (Table 2) is important for increasing
selectivity for GluN2D.
The ligand binding pocket in GluN2D includes two residues

R437 (also present in GluN2C) and R737 (present only in
GluN2D) that are not found in GluN2A or GluN2B. We have
previously reported modeling and point mutation studies that
suggested that the phenanthrene ring of 4 forms hydrophobic
contacts with R737, and this likely explains the weak selectivity
of this compound for GluN2D.23 It is likely that similar
contacts are made with R737 by the aromatic rings of 5, 18d,
and 18h, and this underlies their selectivity for GluN2D versus
GluN2A and GluN2B. The fact that most compounds tested
show no preference between GluN2C and GluN2D suggests
that R437 may also play a role in forming hydrophobic
interactions with the aromatic residues of these ligands.

Structure−Activity Relationship Studies on Kainate
Receptors. Two benzoyl-substituted derivatives 13 and 14
(Figure 1) have been shown to be nonselective antagonists of

Figure 4. An alanine residue (A660) is a major determinant of
the insensitivity of GluK3 to 18i. In competition binding assays 18i
(100 μM, 300 μM, 1 mM) inhibited [3H]kainate (20 nM) binding to
wild type (WT) GluK3 less potently than binding to the GluK3 A660S
mutant receptor (data from three separate experiments, each
performed in triplicate, mean ± SEM). Data obtained for 300 μM
18i are significantly different for WT GluK3 and GluK3 A660S mutant
(P < 0.05, Student’s t test).

Figure 5. (A, left) 18i reversed nerve injury induced nociceptive behavior. Male Wistar rats developed significant ipsilateral but no contralateral
mechanical allodynia 3 days after PSNI (nerve injury), compared to baseline ((#) p < 0.01 and (&) p < 0.001 compared to baseline values, one way
ANOVA, n = 5 per group). Acute administration of 30 mg/kg 18i ip up to 1 h prior to testing on day 7 (vertical arrow) reversed the allodynia in
comparison to vehicle administration ((∗∗∗) p < 0.001, two way ANOVA, n = 5 per group). (B, right) Animals with PNSI do not develop thermal
hypersensitivity following nerve injury. Acute treatment with 18i prior to testing on day 7 (arrow) led to an increase in withdrawal latency to radiant
heat ((∗∗) p < 0.01, two way ANOVA, n = 5 per group). All data are shown as the mean ± SEM.

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm201230z | J. Med. Chem. 2012, 55, 327−341335



iGluRs28 and were shown to block kainate-induced responses
on isolated dorsal root C-fibers.16,28 KARs expressed on these
dorsal root C-fibers have been reported to contain the GluK1
subunit.29 We therefore tested the newly synthesized com-
pounds and those whose activity on NMDARs we had reported
previously, in a functional assay on recombinant human GluK1
receptors. All of the compounds except 34c antagonized GluK1
receptors, with 18i, 18d, and (−)-4 being the most potent
antagonists tested (Tables 1 and 2). Two of the more selective
GluN2D antagonists 5 and 18h have around 10-fold selectivity
for GluN2D versus GluK1 (Table 2); however, the 6-phenyl-
naphthyl derivative (18d, Table 1), which showed >10-fold
selectivity for GluN2D versus GluN2A and GluN2B, had
almost equal affinity for GluN2D and GluK1.
The difference in GluK1 activity between the carbonyl (34b)

and sulfonyl (34c) (Table 1) linked biphenyl analogues is likely
due to difference in geometry, which would lead to the
biphenyl group probing different regions of the GluK1 LBD.
Replacement of the carbonyl group with a sulfonyl linker may
be a strategy for developing future derivatives with high affinity
and selectivity for NMDARs versus GluK1. Two compounds
20 and 21 (Table 1) had little activity on NMDARs when
tested at 100 μM, but 21 in particular had moderate antagonist
activity at GluK1. These compounds may be leads for the
development of more potent GluK1 selective antagonists.
The compounds with the most potent GluK1 antagonist acti-

vity were also tested on recombinant human GluK2 receptors,
but none of these compounds were found to have antagonist
activity (Tables 1 and 2). One compound, 18i (Table 2), was
tested in electrophysiological assays on HEK293 cells
individually expressing GluK1, GluK2, and GluK3. In these
assays, 18i was found to be a relatively potent GluK1 antagonist
but had much weaker effects on GluK3 and little or no effect on
GluK2 (Figure 2A). Thus, 18i showed greater selectivity for
GluK1 versus GluK3 (>100-fold difference in IC50 values)
compared to our previously reported GluK1 antagonists 11 and
1213 (Figure 1).
Modeling and Point Mutation Studies. Modeling

studies suggested that the piperazine-2,3-dicarboxylic acid
moiety of (−)-4, 18c, and 18i bound to the LBD of GluK1
in a similar manner to which we have previously proposed for
GluN2A-D.23 The binding mode adopted by (−)-4, 18c, and
18i in the LBD of GluK1 is unique to this class of compounds.
The distal carboxylate of the decahydroisoquinoline and
willardiine based antagonists binds deep in the S2 domain of
the LBD of GluK1, and it is the spanning of the S1 and S2
domains in the LBD that underlies the foot in the door
mechanism of antagonism.26 Compounds (−)-4, 18c, and 18i
have a short interacidic group chain length and cannot reach
the deep binding site in the S2 domain that is accessed by the
distal acidic group of the decahydroisoquinoline and willardiine
based antagonists. Compounds (−)-4, 18c, and 18i pro-
duce their antagonist activity by a different mechanism, as in
this case the bulky aromatic substituent blocks the closure of
the LBD (Figure 3A−C). A key observation from the modeling
study was that S674 in GluK1 was involved in the binding of
the carboxylate group at the 2-position of the piperazine ring.
We hypothesized that this may underlie the GluK1 versus
GluK2 and GluK3 selectivity of 18i, as the latter two subunits
have an alanine residue at the position corresponding to S674
in GluK1 and therefore cannot form a hydrogen bond with the
carboxylate group at the 2-position of the piperazine ring of 18i.
Evidence to support this theory came from the observation that

although 18i had weak activity on wild type GluK3, it had
activity on the A660S GluK3 point mutant similar to that
observed on GluK1 (Figure 4). It was not possible to test 18i
on the S674A GluK1 point mutant, as both mutant and wild
type GluK1 had very low expression levels when transiently
transfected into HEK293 cells, as was evident from the very low
specific binding of [3H]kainate. Thus, further studies are
needed to provide more definitive evidence for the role of S674
in determining the selectivity of 18i for GluK1 versus GluK2
and GluK3, such as point mutation studies on GluK2 and the
acquisition of high resolution crystal structures. The presence
of an alanine at position 487 in GluK2 may also contribute to
the very low affinity of 18i for GluK2. In GluK1 and GluK3,
this residue is replaced by a threonine residue which makes
a hydrogen bond contact with the carboxylate group at the
3-postion of the piperazine ring of 18i. Replacement of this
threonine by an alanine would prevent this interaction. Similar
reasoning was used to explain the low affinity of willardiine
based antagonists, such as 11, for GluK2.30

Compound 18i Is Selective for KARs versus AMPARs. Com-
pound 18i was found to be selective for GluK1 versus
AMPARs, as it had no effect on AMPARs expressed in the
hippocampus (Figure 2B). The lack of effect of 18i on
AMPARs appears to be more general, as we have previously
reported that 5, 18h, 18k, and 18l (Tables 1 and 2) were only
very weak inhibitors of [3H]AMPA binding in competition
binding assays.5c In the same study we found that 100 μM 5,
18h, 18k, and 18l inhibited [3H]kainate binding only 10−20%,
but this assay detects activity on multiple KAR subunits and
there is a relatively low abundance of GluK1 compared to other
KAR subunits in whole brain or forebrain homogenates.30

Thus, 18i is a selective GluK1 antagonist that may be useful to
study the function of KARs containing this subunit, as long as
its NMDAR antagonist activity does not interfere. One
application could be in the study of NMDAR independent
LTP in the CA3 region of the hippocampus, which is known to
be dependent on KARs.2b

Antinociceptive Effect of 18i in an Animal Model of
Nerve Injury. GluK1 antagonists have been shown to
modulate nociceptive function in acute nociceptive and
inflammatory models.11e The location of GluK1 on the non-
peptidergic population of nociceptive afferents led to the hypo-
thesis that GluK1 antagonists might be effective modulators of
neuropathic, as opposed to inflammatory pain.31 Likewise,
GluN2D-containing receptors have a specific role in neuro-
pathic pain; GluN2D knockout mice do not display enhanced
pain responses in the sciatic nerve ligation model.4b Hence, a
dual GluK1/GluN2D selective agent would be predicted to
have enhanced antinociceptive properties. We have shown that
18i, administered by intraperitoneal (ip) injection, in an animal
model of mild nerve injury completely reversed the drop in
mechanical withdrawal threshold seen 1 week after injury and
increased thermal withdrawal latency above baseline values
(Figure 5). Thus, antagonists such as 18i with dual activity at
GluK1 and NMDARs may have utility in the treatment of
neuropathic pain.
Compounds with similar potency as antagonists of GluK1

and NMDARs may have advantages over compounds with
either activity alone. For instance, NMDARs and GluK1 con-
taining KARs are known to be involved in pain transmission,
epilepsy, and neuronal cell death and dual antagonists may have
advantages in the treatment of these disorders, such as improved
therapeutic ratios. Intriguingly, with these compounds, it may be
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possible to simultaneously optimize both the NMDAR and
KAR subtype selectivity appropriate for treating a condition
such as neuropathic pain.
In summary, we have identified compounds that could be

developed into GluN2D or GluK1 selective antagonists and
these may be useful as pharmacological tools to probe the
physiological roles of these subunits in the central nervous
system. In addition, potent dual antagonists of GluK1 and
GluN2D, developed from the leads identified in this study, may
have therapeutic application for the treatment of a number of
neurological disorders.

■ EXPERIMENTAL METHODS
Chemistry. General Procedures. Melting points were deter-

mined using an Electrothermal IA9100 capillary apparatus and are
uncorrected. 1H NMR spectra were measured on either a Jeol
spectrometer at 270.18 MHz, a Jeol JNM-LA300 spectrometer at
300.53 MHz, a Jeol JNM-ECP400 spectrometer at 400.18 MHz, or a
Varian 400MR spectrometer at 399.77 MHz. 13C NMR spectra were
recorded on either a Jeol JNM-LA300 spectrometer at 75.57 MHz, a
Jeol JNM-ECP400 spectrometer at 100.63 MHz, or a Varian 400MR
spectrometer at 100.52 MHz. Chemical shifts (δ) are reported in parts
per million (ppm) with 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid
sodium salt in D2O, or tetramethylsilane in CDCl3 or DMSO-d6 used
as internal standards. Mass spectrometry was performed in the mass
spectroscopy laboratories of either the Department of Chemistry,
University of Bristol, U.K., or the School of Chemistry, University of
Southampton, U.K. Elemental analyses were performed either in the
microanalytical laboratories of the Department of Chemistry,
University of Bristol, U.K., or by Medac Ltd., Chobham, U.K. The
purity of all novel compounds was determined by combustion analysis,
which confirmed that they were ≥95% pure. Thin layer chromatog-
raphy was performed on Merck silica gel 60 F254 plastic sheets. Flash
chromatography was performed on Merck silica gel 60 (220−440
mesh) from Fisher. For thin layer chromatography of amino acids
[2 (pyridine/acetic acid/water (3:8:11)):3 (n-butanol)] was utilized as
the eluent. Amino acids were detected by spraying plates with a 2%
solution of ninhydrin in 70% ethanol. The petroleum ether utilized in
each case had a boiling point range of 40−60 °C. All anhydrous
reactions were conducted under argon. All anhydrous solvents were
obtained from Sigma-Aldrich, U.K. (±)-4, 5, 17, and 34a−h were
synthesized as described previously.6

General Procedure for Preparing Acid Chlorides (16c, 16d,
16h, 16i). The appropriate carboxylic acid (7, 15c, 15d, 15h) (1.00 g)
was heated under reflux with excess thionyl chloride (5 mL, 68.56
mmol) in anhydrous benzene (40 mL) or anhydrous dioxane (40 mL)
under a dry argon atmosphere for up to 12 h. Once all the carboxylic
acid had dissolved, the solution was allowed to cool and was
subsequently evaporated to dryness under reduced pressure. The
product was redissolved in a second aliquot of anhydrous solvent
(40 mL), and this was again evaporated to dryness under reduced
pressure, ensuring complete removal of any excess thionyl chloride.
The acid chlorides (16c, 16d, 16h, 16i) were used without any further
purification.
General Procedure for Coupling of Acid Chlorides and cis-

Piperazine-2,3-dicarboxylic Acid (18c, 18d, 18h, 18i). A
solution of the acid chloride in anhydrous dioxane (40 mL) was
added dropwise to a rapidly stirring solution of cis-piperazine-2,3-
dicarboxylic acid (17) and NaOH (3 equiv) dissolved in water/
dioxane (1:1) (40 mL) at 0 °C. The reaction mixture was stirred at
0 °C for 2 h and then allowed to warm to room temperature and
stirred for a further 4 h. The pH of the reaction mixture was adjusted
to 7, diluted to twice the volume with water, and reduced to half
volume under reduced pressure. The reaction mixture was acidified to
pH 3 with 2 M aqueous HCl, and the precipitate formed was filtered
and washed with water and then three times with hot dioxane
(50 mL). The solid was redissolved in a minimum volume of 2 M
aqueous NaOH, filtered, and precipitated with 2 M aqueous HCl at

pH 3. The resulting solid was collected by filtration, washed with
water, and air-dried.

(2R*,3S*)-1-(6-Iodonaphthalene-2-carbonyl)piperazine-2,3-
dicarboxylic Acid (18c). 15c (1.00 g, 3.36 mmol) and thionyl
chloride were reacted in anhydrous benzene. The resulting acid
chloride 16c (1.06 g, 3.36 mmol) in anhydrous dioxane and cis-
piperazine-2,3-dicarboxylic acid (17) (646 mg, 3.36 mmol) and
sodium hydroxide (403 mg, 10.08 mmol) in water/dioxane (1:1)
afforded 18c as a white solid (272 mg, 18%). Mp: 205−209 °C (dec).
1H NMR (400 MHz, D2O/NaOD, pH 11) δ 2.43−2.64 (m, 1H),
2.67−2.85 (m, 1H), 2.92−3.05 (m, 1H), 3.14 (d, J = 3.6 Hz, 0.5H),
3.20 (d, J = 3.6 Hz, 0.5H), 3.32 (d, J = 13.6 Hz, 0.5H), 4.17 (dt, J =
13.6, 1.6 Hz, 0.5H), 4.56 (d, J = 3.6 Hz, 0.5H), 5.35 (d, J = 3.6 Hz,
0.5 Hz), 7.33−7.43 (m, 1H), 7.44−7.54 (m, 1H), 7.55−7.71 (m, 2H),
7.76 (s, 0.5H), 7.83 (s, 0.5H), 8.06−8.13 (m, 0.5H), 8.15 (s, 0.5H).
MS (ES−) m/z: 453 (M − H, 100). Anal. (C17H15IN2O5·2.06H2O)
C, H, N.

(2R*,3S*)-1-(6-Phenylnaphthalene-2-carbonyl)piperazine-
2,3-dicarboxylic Acid (18d). 15d (1.00 g, 4.03 mmol) and thionyl
chloride were reacted in anhydrous benzene. The resulting acid
chloride 16d (1.07 g, 4.03 mmol) in anhydrous dioxane and cis-
piperazine-2,3-dicarboxylic acid (17) (774 mg, 4.03 mmol), sodium
hydroxide (322 mg, 8.06 mmol), and sodium carbonate (427 mg,
4.03 mmol) in water/dioxane (1:1) afforded 18d as an off-white solid
(455 mg, 28%). Mp: 198−202 °C (dec). 1H NMR (270 MHz, D2O/
NaOD, pH 11) δ 2.81−2.84 (m, 1H), 2.85−3.07 (m, 1H), 3.09−3.27
(m, 1H), 3.31 (d, J = 3.5 Hz, 0.5H), 3.38 (d, J = 3.5 Hz, 0.5H), 3.52−
3.64 (m, 0.5H), 4.29−4.41 (m, 0.5H), 4.79 (usp, 0.5H), 5.54 (d,
J = 3.0 Hz, 0.5H), 7.41−7.50 (m, 1H), 7.51−7.64 (m, 3H), 7.79−7.87
(m, 2H), 7.88−7.95 (m, 1H), 8.02−8.11 (m, 3H), 8.19−8.24 (m, 1H).
MS (ES−) m/z: 403 (M − H, 100). Anal. (C23H20N2O5·2.88H2O)
C, H, N.

(2R*,3S*)-1-(9-Bromophenanthrene-3-carbonyl)piperazine-
2,3-dicarboxylic Acid (18h). 15h (1.00 g, 3.32 mmol) and thionyl
chloride were reacted in anhydrous benzene. The resulting acid
chloride 16h (1.06 g, 3.32 mmol) in anhydrous dioxane and cis-
piperazine-2,3-dicarboxylic acid (17) (646 mg, 3.32 mmol) and
sodium hydroxide (398 mg, 9.96 mmol) in water/dioxane (1:1)
afforded the monosodium salt of 18h as an off-white solid (696 mg,
44%). Mp: 232−237 °C (dec). 1H NMR (400 MHz, D2O/NaOD, pH
11) δ 2.15−2.28 (m, 0.5H), 2.47−2.59 (m, 0.5H), 2.71−2.84
(m, 0.5H), 3.00−3.31 (m, 2H), 3.35 (d, J = 13.8 Hz, 0.5H), 3.42
(d, J = 3.6 Hz, 0.5H), 4.39 (d, J = 13.8 Hz, 0.5H), 4.91 (d, J = 3.6 Hz,
0.5H), 5.60 (d, J = 3.6 Hz, 0.5H), 6.43−6.68 (m, 2H), 6.86 (s, 1H),
7.04 (s, 1H), 7.12 (s, 1H), 7.45 (s, 1H), 7.82 (s, 1H), 7.94 (s, 1H). MS
(ES−) m/z: 457 (M − H, 100). Anal. (C21H16BrN2O5Na·1.61H2O)
C, H, N.

(2R*,3S*)-1-(9-Iodophenanthrene-3-carbonyl)piperazine-
2,3-dicarboxylic Acid (18i). 7 (1.00 g, 2.87 mmol) and thionyl
chloride were reacted in anhydrous benzene. The resulting acid
chloride 16i (1.05 g, 2.87 mmol) in anhydrous dioxane and cis-
piperazine-2,3-dicarboxylic acid (17) (551 mg, 2.87 mmol) and
sodium hydroxide (344 mg, 8.61 mmol) in water/dioxane (1:1)
afforded 18i as a light orange solid (457 mg, 32%). Mp: 205−210 °C
(dec). 1H NMR (400 MHz, DMSO-d6) δ 2.86−3.06 (m, 1.5H), 3.64
(usp, 3H), 4.44−4.54 (m, 0.5H), 4.67−4.75 (m, 0.5H), 5.51−5.67 (m,
0.5H), 7.74−7.88 (m, 2.5H), 8.06 (dd, J = 8.4, 2.8 Hz, 1H), 8.13−8.21
(m, 1H), 8.67 (s, 0.5H), 8.71 (s, 0.5H), 8.79−8.97 (m, 1.5H), 9.19
(s, 0.5H), 9.35 (s, 0.5H). MS (ES−) m/z: 503 (M − H, 100). Anal.
(C21H17IN2O5·2.06H2O) C, H, N.

(−)-1-(Phenanthrene-2-carbonyl)piperazine-2,3-dicarboxylic
Acid (S)-(−)-1-Phenylethylamine Salt (30). (S)-(−)-1-Phenyl-
ethylamine (32) (3.40 mL, 26.44 mmol) was added to a stirred
suspension of (±)-4 (5.00 g, 13.22 mmol) in water/dioxane (1:1,
100 mL) and the resultant solution allowed to stir for 30 min at room
temperature. Concentration in vacuo afforded a white solid, which was
suspended in acetone (30 mL), stirred for 10 min, and then filtered to
afford a white powder. This was crystallized from boiling water
(200 mL) with dioxane being added slowly to the boiling solution
until the solid had dissolved (approximately 25 mL). The solution was
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filtered while hot and then allowed to stand at room temperature
overnight. 30 formed as white crystals which where filtered off and
then crystallized a further 3 times until a constant optical rotation was
obtained (4.03 g, 61%). [α]23D −136° (c 0.25, 1:1 dioxane/H2O).
MS (ES−) m/z: 377 (M − H, 100). Anal. (C29H29N3O5·2.31H2O) C,
H, N.
(−)-1-(Phenanthrene-2-carbonyl)piperazine-2,3-dicarboxylic

Acid ((−)-4). 30 (1.00 g, 2.00 mmol) was suspended in THF/water
(1:1, 100 mL) and acidified to pH 1 using 2 M aqueous HCl. The
THF was removed in vacuo leading to the formation of a white
precipitate which was filtered off and washed copiously with cold
water. The solid was suspended in ethanol (15 mL) and stirred at
room temperature for 10 min. Filtration afforded (−)-4 as a white
solid which was washed with cold ethanol and diethyl ether and then
air-dried (607 mg, 80%). [α]23D −104° (c 0.25, DMSO). Mp: 215−
221 °C (dec). 1H NMR (270 MHz, D2O/NaOD, pH 11) δ 2.59−3.35
(m, 3H), 3.37 (d, J = 3.6 Hz, 0.5H), 3.45 (d, J = 3.6 Hz, 0.5H), 3.59
(d, J = 13.9 Hz, 0.5H), 4.47 (d, J = 13.9 Hz, 0.5H), 4.79 (usp, 0.5H),
5.57 (d, J = 3.6 Hz, 0.5H), 7.55−8.00 (m, 7H), 8.47−8.71 (m, 2H).
MS (ES−) m/z: 377 (M − H, 100). Anal. (C21H17N2O5Na·1.51H2O)
C, H, N.
(+)-1-(Phenanthrene-2-carbonyl)piperazine-2,3-dicarboxylic

Acid (R)-(+)-1-Phenylethylamine Salt (31). (R)-(+)-1-Phenyl-
ethylamine (33) (3.40 mL, 26.44 mmol) was added to a stirred
suspension of (±)-4 (5.00 g, 13.22 mmol) in water/dioxane (1:1, 100 mL).
The resultant solution was allowed to stir at room temperature
overnight during which time a white solid precipitated from solution.
This was filtered off and washed with water and then acetone. The
solid was crystallized from boiling water (200 mL) with dioxane being
added slowly to the boiling solution until the solid had dissolved
(approximately 10 mL). The solution was filtered hot and then
allowed to stand at room temperature overnight. 31 formed as a white
solid which was filtered off and then crystallized a further 2 times until
a constant optical rotation was obtained (4.42 g, 67%). [α]23D +152°
(c 0.25, 1:1 dioxane/H2O). MS (ES−) m/z: 377 (M − H, 100). Anal.
(C29H29N3O5·2.18H2O) C, H, N.
(+)-1-(Phenanthrene-2-carbonyl)piperazine-2,3-dicarboxylic

Acid ((+)-4). 31 (1.00 g, 2.00 mmol) was suspended in THF/water
(1:1, 50 mL) and acidified to pH 1 using 2 M aqueous HCl. The
resultant solution was stirred for 5 min before the pH was adjusted to
3 using 1 M aqueous LiOH. The THF was then removed in vacuo
leading to the formation of a white precipitate which was filtered off
and washed copiously with cold water followed by ethanol and diethyl
ether. Air drying afforded (+)-4 as a white solid (685 mg, 91%). [α]23D
+108° (c 0.25, DMSO). Mp: 207−213 °C (dec). 1H NMR (270 MHz,
D2O/NaOD, pH 11) δ 2.48−2.64 (m, 1H), 2.71−2.87 (m, 1H),
2.93−3.23 (m, 1.5H), 3.30−3.45 (m, 1.5H), 4.37 (d, J = 13.0 Hz,
0.5H), 4.79 (usp, 0.5H), 5.54 (d, J = 3.5 Hz, 0.5H), 7.49−7.63 (m,
4H), 7.65−7.71 (m, 1H), 7.73−7.84 (m, 1H), 7.86 (d, J = 1.6 Hz,
0.5H), 8.00 (d, J = 1.6 Hz, 0.5H), 8.38−8.44 (m, 0.5H), 8.46 (d, J =
8.6 Hz, 0.5H), 8.50−8.56 (m, 0.5H), 8.62 (d, J = 8.6 Hz, 0.5H). MS
(ES−) m/z: 377 (M − H, 100). Anal. (C21H17N2O5Na·2.58H2O)
C, H, N.
Modeling Studies. The X-ray crystal structure of 11 (Figure 1) in

complex with the LBD of rat GluK1 (PDB code 2F34)24 was used for
docking experiments. The structures of the ligands used in docking
experiments were built with Maestro, a module of the Schrödinger
molecular modeling suite and energy minimized using the MMF94s
force field in Macromodel. In all cases carboxylic acids were built in the
negatively charged form and the secondary amine was positively
charged. Docking of the ligands into the LBD of GluK1 was carried
out using the Induced Fit workflow within Maestro, which carries out
an initial docking using Glide, followed by side chain optimization
within 5 Å of ligand poses with Prime and then a more precise Glide
docking in XP mode.25 The centroid of 12 (Figure 1) in the LBD of
GluK1 was used to obtain the box center for grid setup to enable Glide
docking of ligands into GluK1. All other settings in the Induced Fit
workflow were left at default, and the final Glide docking was carried
out in XP mode. Ligand poses shown in Figure 3 were prepared using
Accelrys DS Visualizer 2.0 (Accelrys, Inc., San Diego, CA, U.S.).

Biology. Electrophysiological Assays Using Recombinant
Rat NMDAR Subtypes. Electrophysiological responses were mea-
sured using a standard two-microelectrode voltage clamp as previously
described.32 The voltage clamp used was a Warner Instruments
(Hamden, CT, U.S.) model OC-725B oocyte clamp, designed to
provide fast clamp of large cells. The recording buffer contained
116 mM NaCl, 2 mM KCl, 0.3 mM BaCl2, and 5 mM HEPES, pH
7.4. Response magnitude was determined by the steady plateau
response elicited by bath application of 10 μM L-glutamate plus 10 μM
glycine at a holding potential of −60 mV. The presence of a plateau
response was taken as an indication of the lack of significant activation
of the endogenous Cl− current by Ba2+ in these cells. Antagonist
inhibition curves were fit (GraphPad Prism, ISI Software, San Diego,
CA, U.S.) according to the equation I = Imax − Imax/[1 + (IC50/A)

n],
where Imax is the current response in the absence of antagonist, A is the
antagonist concentration, and IC50 is the antagonist concentration
producing half-maximal inhibition. Apparent Ki values were
determined by correcting for agonist affinity according to the equation
Ki = IC50(obs)/1 + ([agonist]/EC50) as described.

33

Calcium Fluorescence Assays Using Recombinant Human
KAR Subtypes. The previously characterized HEK293 cell lines
stably expressing GluK1(Q)34 or GluK2(Q)35 containing homomeric
KARs were used for calcium fluorescence assays. To address the
possibility that changes in receptor expression levels over time could
influence experimentally determined IC50 values, the EC50 value for
L-glutamate and the IC50 values for routinely used control antagonists
such as 9 (Figure 1) were continuously monitored, and no significant
drift in these values was ever observed. Additionally, cells were never
passaged more than 20 times.

Cell growth and ion influx studies using a Flexstation (Molecular
Devices, Inc., Sunnyvale, CA, U.S.) were carried out in the presence of
concanavalin A exactly as described previously.15 A range of con-
centrations of the test compound were prepared in assay buffer
containing concanavalin A. During the first run, the plate reader added
the test compound, buffer (control wells for subsequent L-glutamate
application), or L-glutamate (to obtain a dose−response curve to
L-glutamate). During the second run, L-glutamate plus antagonist was
added to give a final L-glutamate concentration of either 10 μM
(GluK2) or 30 μM (GluK1).

Concentration−response curves were analyzed using GraphPad
Prism 3.02 software (San Diego, CA), with slope factor fixed at 1 and
with top and bottom fixed at 100% and 0% inhibition, respectively.
The dissociation constant (KB) was calculated according to the
Cheng−Prusoff equation36 from the IC50 value for inhibiting
L-glutamate-induced calcium influx.

Electrophysiological Assays Using Recombinant Human
KAR Subtypes. Recombinant homomeric KARs containing GluK1,
GluK2, or GluK3 subunits were stably expressed in HEK293
cells.34,35,37 Cells were incubated at 37 °C in Dulbecco’s modified
Eagle medium (DMEM; Sigma, Gillingham, U.K.) supplemented with
2 mM L-glutamine, 10% fetal calf serum, penicillin, and streptomycin. Cells
were then plated onto glass coverslips 1−3 days before experiments.

Coverslips plated with HEK293 cells were placed in the
experimental chamber and perfused with HEPES buffer solution
(HBS) (in mM; 145 NaCl, 2 KCl, 2 MgCl2, 2 CaCl2, 10 glucose,
10 HEPES, pH 7.4, 320 mOsm/L) at 20 °C. Patch pipettes were
pulled at 1.5−3.5 MΩ and filled with intracellular solution (in mM;
130 CsCH3SO3, 2 NaCl, 2 MgCl2, 10 EGTA, 10 HEPES, 4 Na2ATP,
0.1 spermine, pH 7.2, 315 mOsm/L). Whole cell patch clamping was
performed on single cells, voltage clamped at −70 mV. Cells were then
carefully lifted up from the coverslip and placed into the flow of the
upper barrel of a θ tube, supplying HBS. The lower barrel supplied
30 mM glutamate. The θ tube was connected to a piezo device,
positioned so that its sideways movement would immerse the cell in
the glutamate flow for 100 ms. Recordings were taken every 20 s.
When the glutamate response had stabilized, six recordings were made
and averaged and then an antagonist was applied through both barrels
of the θ tube, dissolved to the same concentration in both the HBS
and the glutamate. When the drug was in equilibrium, six recordings
were made and averaged and then the solutions switched back to the
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original solutions to determine the wash off time of the drug. The
current setup allows five concentrations of the drug to be tested on
each cell, allowing a dose−response curve to be generated for each cell.
Antagonists were applied for approximately 2 min or until the
response stabilized. Exchange of solutions was complete in 20−40 s.
Electrophysiological Assay on Native AMPARs Expressed in

the Hippocampus. Field excitatory postsynaptic potentials
(fEPSPs) recordings were performed on transverse rat hippocampal
slices (400 μm) using a standard technique.38 Briefly, slices were
perfused with extracellular solution containing (mM): NaCl, 124; KCl,
3; NaH2PO4, 1.25; MgSO4, 1; NaHCO3, 26; D-glucose, 10−15; CaCl2,
2; at 29 °C. Recordings were made using microelectrodes containing
3 M NaCl. Synaptic responses were evoked by stimulation of the
dentate granule cell layer (mossy fiber pathway) at a baseline interval
of 60 s. Data were collected and analyzed online using the WinLTP
software (www.ltp-program.com39). The fEPSPs were signal averaged
every 2 min and the slope between 20% and 80% of maximum was
measured and plotted online.
Binding Assays on Wildtype and Point Mutated GluK3. Muta-

genesis was carried out on human GluK3a encoding cDNAs using
the QuikChange XL site-directed mutagenesis kit from Stratagene
(La Jolla, CA, U.S.) according to the manufacturer’s protocol. All
residue numbering excludes the signal peptide. All mutants were
verified by full-length sequencing (Geneservice, Oxford, U.K.).
HEK293 cells were maintained in Dulbecco’s modified Eagle’s

medium (Sigma, Gillingham, U.K.) supplemented with 10% (v/v) fetal
calf serum (Invitrogen Ltd., Paisley, U.K.), 2 mM L-glutamine, 50 U/mL
penicillin, and 50 μg/mL streptomycin (all from Invitrogen Ltd.,
Paisley, U.K.) at 37 °C in a humidified atmosphere of 5% CO2. Cells
were transiently transfected using linear polyethylenimine (PEI;
molecular weight ∼25 000; Polysciences, Warrington, PA).40 In
brief, DNA and PEI were mixed in 150 mM NaCl at an N/P ratio
of 5:8, incubated for 20 min, and added dropwise to cells.
For membrane binding assays, 10 μg of DNA was mixed with 40 μL

of PEI (1 mg/mL) in 500 μL of NaCl (150 mM), added to cells in a
175 cm2 flask, and incubated for 48 h. HEK 293 cells stably transfected
with GluK3 were grown in the presence of 0.2 mg/mL hygromycin B
(Invitrogen) as described previously.34,35,37

Membrane fractions were prepared from both stably and transiently
transfected cells harvested in hypotonic solution (10 mM NaHCO3
and complete protease inhibitor cocktail; Roche Diagnostics GmbH,
Mannheim, Germany) and disrupted using sonication (2 × 10 s bursts
at 10 W, with 20 s incubation on ice in between). Cell homogenates
were then spun at 1000g for 20 min at 4 °C to remove cellular debris.
Membranes were pelleted at 40000g for 20 min at 4 °C and washed
three times by resuspension in binding buffer (50 mM Tris, buffered
with citric acid, pH 7.4) and centrifugation (40000g, 20 min, 4 °C).
After the measurement of protein concentrations using the Bio-Rad
protein assay kit (Bio-Rad Laboratories, Hemel Hempstead, U.K.),
membrane fractions were separated into aliquots, snap-frozen in liquid
nitrogen, and stored at −80 °C. Ligand binding to wild type and point
mutated GluK3 was determined in a filtration binding assay using a
Brandel cell harvester (model M-30; Brandel, Gaithersburg, MD) as
described previously.41 Competition binding assays were run with
20 nM [3H]kainate and 1 mM kainate to determine nonspecific
binding. Kainate was obtained from Ascent Scientific (Avonmouth,
U.K.). [3H]Kainate was purchased from PerkinElmer Life and
Analytical Sciences. Data were analyzed using GraphPad Prism,
version 3.02 (San Diego, CA).
Effect of 18i on Nociceptive Behavior in Rats. Nociceptive

behavioral testing was performed on 10 male Wistar rats (∼250 g).
These were kept on a standard 12:12 h light/dark cycle and fed
standard chow and water ad libitum. All experimental procedures were
carried out in accordance with the United Kingdom Animals
(Scientific Procedures) Act 1986 and with the approval of the
University of Bristol Ethical Review Panel.
Nerve Injury Surgery. All Wistar rats underwent surgery for

nerve injury (PSNI).27 Anesthesia was induced using ∼3% isoflurane
in oxygen and maintained with ∼2% isoflurane in oxygen. Animals
were maintained areflexive throughout surgery.

A ∼1 cm incision was made along the inguinal fossa region (from
mid thigh to below knee). Blunt dissection was used to remove
superficial connective tissue, and the saphenous nerve was isolated
from muscle and vasculature with fine forceps. The saphenous nerve
was split and ∼50% tightly ligated using sterile 4.0 silk suture. The
incision was sutured with sterile 4.0 silk suture, and animals were
allowed to recover.

Nociceptive Behavior. Rats were habituated to the testing
environment the day prior to testing. All animals underwent a
habituation period (10 min) prior to each testing session. Nociceptive
testing was carried out after injection of 18i in normal animals prior to
saphenous nerve injury and in the same animals once behavioral
hypersensitivity had developed, 7 days after PSNI.

Mechanical withdrawal thresholds were measured using calibrated
Von Frey (vF) hairs as previously described.27 vF hairs were applied to
the plantar surface of the hindpaw for a maximum of 5 s or until the
animal withdrew from the stimulus. Each vF hair was applied a total of
five times to each hindpaw, and both left and right hindpaws were
tested. Stimulus/response curves were constructed and threshold
values calculated from these curves.

Standard thermal withdrawal latencies were determined after
mechanical nociceptive testing.42 The radiant heat source was
positioned under the plantar surface of the hindpaw, and latency to
withdrawal was recorded. Both right and left hindpaws were tested,
and each hindpaw was stimulated a total of three times on each test
occasion. A mean of the three measurements was used as the
withdrawal latency.

Drug or vehicle (n = 5/group) was administered via intraperitoneal
injection, and animals were left for 15 min before nociceptive testing
began.
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