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Abstract: Amino acids 5 and 7, two potent and selective
competitive GluR5 KA receptor antagonists, exhibited high
GluRS5 receptor affinity over other glutamate receptors. Their
ester prodrugs 6 and 8 were orally active in three models of
pain: reversal of formalin-induced paw licking, carrageenan-
induced thermal hyperalgesia, and capsaicin-induced mechan-
ical hyperalgesia.

Glutamate is the primary neurotransmitter in the
mammalian central nervous system. Knowledge of the
existence of subtypes of glutamate receptors was ad-
vanced by the observations that excitatory amino acids
(EAA) such as N-methyl-D-aspartate (NMDA), quis-
qualate, o-amino-3-hydroxy-5-methyl-4-isoxazole pro-
pionic acid (AMPA), and kainic acid (KA) showed
different potencies on subsets of neurons. This informa-
tion, coupled with recent molecular biology studies, led
to the current classification of glutamate receptors into
metabotropic glutamate receptors! (G-protein-coupled)
and ionotropic glutamate receptors? (ligand-gated ion
channels). The latter receptors are defined, on the basis
of subtype selective agonists, as NMDA, AMPA, and KA.
Of the AMPA and KA ionotropic glutamate receptors
cloned, subunits GluR1—4 are AMPA-sensitive, while
GluR5—7 and KA1-2 are AMPA-insensitive and KA-
preferring.?

Transfer of nociceptive information from the periph-
ery to the spinal cord occurs via C-fiber primary
afferents. Within dorsal roots, dorsal root ganglion
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(DRG) cell bodies are associated with primary afferent
neurons. It was the early work of Agrawal and Evans
that identified that C-fiber afferents possess KA recep-
tors.* The biophysical and pharmacological profile of KA
receptors in DRG neurons suggests that they likely
comprise GluR5 homomers.? Recent studies in spinal
cord slices have implicated KA receptors, specifically the
GIluR5 receptor subtype, in pain transmission.® Sang et
al. showed that the decahydroisoquinoline 1 (LY293558),
a competitive AMPA/KA antagonist, significantly re-
duced pain intensity and unpleasantness in an experi-
mentally induced human pain study and reduced clini-
cal pain in a study of evoked pain.® Simmons et al.
showed that 2 (LY382884),° a selective GluR5 KA
receptor antagonist, was efficacious in the formalin
test!® (an animal model of persistent pain).!! More
recently, Filla et al. showed that 3, a highly selective
competitive GluR5 KA receptor antagonist, exhibited
high GluR5 receptor affinity and selectivity over other
glutamate receptors. Its diethyl ester prodrug 4 was
orally active in two animal models of migraine pain
(Chart 1).12

We describe here the in vitro activity of 5 and 7 as
potent and selective GluR5 KA receptor antagonists,
and the oral activity of their ester prodrugs 6 and 8, in
three animal models of pain.

The preparation of 5 (LLY458545), 6 (LY467711), 7
(LY457691), and 8 (1.LY525327) is outlined in Scheme 1.
All compounds were derived from the ketone intermedi-
ate 9, the synthesis of which has previously been
described.!®> Treatment of 9 with TMSI selectively
removed the methyl carbamate protecting group, and
the resulting amine was protected again as a Boc
derivative. Then, successful reduction of the ketone was
achieved with sodium borohydride in the presence of
cerium chloride, which provided the hydroxy ester 10
with the desired stereochemistry at C-6, as shown in
Scheme 1.7° The resulting alcohol was converted to 11
under typical Mitsunobu reaction conditions* (PPhs,
DEAD). The benzonitrile 11 was converted to the
tetrazole by treatment with neat tri-n-butyltin azide at
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@ Conditions: (a) TMSI, CHxClg, room temp; (b) BocoO, Et3N,
CHyCly, room temp (92% yield two steps); (¢) CeCls, EtOH, NaBHy,
from —78 °C to room temp. (60% yield); (d) 2-cyanophenol, PPhs,
DEAD, Py, room temp. (51% yield); (e) (i) n-BusgSnN3, 80 °C; (ii)
2.5M LiOH, THF, 50 °C; (iii) HCI (g)/EtOAc room temp. (50% yield,
three steps); (f) i-BuOH/ HCI(g), (92% yield), (g) 2-aminobenzoni-
trile, NaBH(OAc)s, CH3Cly, room temp. (32% yield); (h) (1)
n-BusSnN3, 80 °C; (i1) 6N HCI reflux (56% yield, two steps); (1)
2-ethylbutyl alcohol/ HCI(g), (87% yield).

80 °C for 3 days followed by ester hydrolysis (2.5 M
LiOH), protecting group removal (HCl(g), EtOAc), and
purification by ion exchange chromatography to yield
the amino acid 5 as a free base (97% purity). Addition-
ally, acid 5 was further esterified to provide ester 6 as
the hydrochloride salt (95% purity) under standard
conditions with isobutyl alcohol.?

Reductive amination of 9 with 2-aminobenzonitrile in
the presence of NaBH(OAc)s provided exclusively 12 in
moderate yield. Tetrazole formation and final treatment
with 6N HCI and purification by ion exchange chroma-
tography provided the desired amino acid 7 as a free
base (98% purity). The amino acid 7 was esterified with
2-ethylbutyl alcohol to yield 8 as a hydrochloride salt
(97% purity).

Amino acids 5 and 7 were evaluated in ligand binding
studies for their effectiveness in displacing binding of
[PH]AMPA to recombinant human AMPA receptors and
[*HIKA to recombinant human KA receptors expressed
in HEK 293 cell membranes.!® Table 1 shows the
affinity of 5 and 7 for the various cloned human AMPA
and KA receptors compared with the competitive AMPA/
KA antagonist 1, the selective GluR5 KA receptor
antagonist 2, and the quinoxalidinedione AMPA/KA
antagonist 13 (NBQX), a standard tool used in the study
of AMPA receptors.1”
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Figure 1. Inhibition of glutamate (100 uM)-invoked calcium
influx by 5 in the human GluR5(Q), GluR5/6, and GluR5/KA2
receptors stably transfected in HEK293 cells, with mean value
+ SEM for n = 3.
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Figure 2. Inhibition of glutamate (100 uM)-invoked calcium
influx by 7 in the human GluR5(Q), GluR5/6, and GluR5/KA2

receptors stably transfected in HEK293 cells, with mean value
+ SEM for n = 3.

Compounds 5 and 7 behaved as antagonists, inhibit-
ing glutamate-evoked calcium influx in the human
GIuR5(Q), GluR5/6, and GluR5/KA2 receptor stably
transfected in HEK293 cell membranes, with ICs
values of 0.65 & 0.10 and 0.44 £ 0.08, 0.38 4 0.07 and
0.24 + 0.04, and 0.78 £+ 0.01 and 0.65 + 0.04 uM,
respectively (Figures 1 and 2).16.18

We evaluated the oral efficacy of these GluR5 KA
receptor antagonists in three animal models of pain.
Parent amino acids 5 and 7 themselves exhibited poor
oral bioavailability in the rat; consequently, we evalu-
ated esters 6 and 8 as potential prodrugs of 5 and 7,
respectively.

Oral dosing of 6 and 8 showed rapid absortion, and
their oral bioavailabilities were determined to be 24%
and 41%, respectively. Plasma concentrations of 5 and
7 1 h after dosing following 10 mg/kg oral dose of 6 and
8 were 840 and 938 ng/mL, respectively. On the basis

Table 1. In Vitro Binding Affinities of AMPA/KA Antagonists for Recombinant Human AMPA and KA Receptors®

compd GluR2b GluR5(Q)* GluR5/6¢ GluR5/KA2¢ GluR6¢ GluR6/KA2¢
1 2.21+0.48 4.16 + 1.39 2.10 £ 0.76 16.2 £ 4.0 >100 >100
2 >100 17.13 £ 3.60 10.17 £ 6.12 >100 >100 >100
5 8.26 + 2.03 1.69 £ 0.42 1.00 £+ 0.60 7.89 + 2.16 >100 >100
6 >100 7.37 £ 1.50 598 +1.14 60.9 &+ 22.4 >100 >100
7 551+ 1.76 1.55 + 0.59 1.37 £0.87 9.86 +1.93 >100 >100
8 >100 31.75 + 3.49 13.71 + 3.63 >100 >100 >100
13 0.21 £ 0.03 11.73 £ 1.74 6.12 + 2.29 26.6 £ 7.0 132+1.9 0.6 0.1

@ Affinities for receptors (K;, uM) were determined in vitro by radioligand binding assays using HEK 293 cell membranes expressing
the appropriate human AMPA or KA receptor. Each value is the mean + SEM of at least three determinations. ® [FHJAMPA was used as
the high-affinity radioligand. ¢ [*FH]KA was used as the high-affinity radioligand.
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Figure 3. Effects of 6 and 8 on formalin-induced late-phase
paw-licking pain behavior 1 h after oral administration in
fasted male Sprague Dawley rats. Late phase behavior is
defined as 15—40 min after intraplantar injection of 50 uL of
5% formalin in the hind paw. Data are expressed as percent
of control (mean + SEM). Morphine (oral) is plotted as a
comparator: (x) p < 0.05 significantly different from vehicle.
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Figure 4. Dose-related reversal of carrageenan-induced

thermal hyperalgesia by 6 and 8 in comparison with ibuprofen
in rats (n = 6 per group).

of these results, we concluded that esters 6 and 8 would
act as prodrugs of amino acids 5 and 7.

In the formalin model, 6 and 8 produced dose-
dependent reversal of formalin-induced late-phase paw-
licking pain behavior and were highly efficacious after
oral administration (Figure 3). Statistically significant
effects were evident beginning at 3 mg/kg po with 6 and
5 mg/kg po with 8. In comparison, morphine was much
less potent and efficacious, with a minimal effective dose
of 40 mg/kg po (Figure 3).

Both 6 and 8 produced dose-related reversals of
carrageenan-induced thermal hyperalgesia with mini-
mal effective doses (MEDs) of 1.0 and 3.0 mg/kg po,
respectively (Figure 4). In comparison, the nonsteroidal
antiinflammatory drug ibuprofen also reversed carra-
geenan-induced hyperalgesia with an MED of 1000 mg/
kg po.

In addition, 6 and 8 also produced dose-related
reversals of capsaicin-induced mechanical hyperalgesia
with MEDs of 1.0 and 10 mg/kg po, respectively (Figure
5). Morphine also produced a dose-related reversal of
capsaicin-induced hyperalgesia with an MED of 3.0 mg/
kg sc.

Compound 6 caused deficits in the rotorod test of
neurological function at 30 mg/kg po, whereas 8 showed
performance deficits beginning at 20 mg/kg po (Figure
6). Importantly, the effects of 6 and 8 in the persistent
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Figure 5. Dose-related reversal of capsaicin-induced mechan-

ical hyperalgesia by 6 and 8 in comparison with morphine in
rats (n = 6 per group).
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Figure 6. Effects of 6 and 8 on performance on the rotorod 1
and 2 h after oral administration in fasted male Sprague
Dawley rats. Baseline performance was 40 s. Data are
expressed as time on rotorod in seconds (mean + SEM): (%) p
< 0.05 significantly different from no drug.

pain models occurred at several doses that did not show
significant performance deficits in the rotorod test.

In summary, 6 and 8, the ester prodrugs of amino
acids 5 and 7, demonstrated oral efficacy in three well-
established animal models of pain.

Supporting Information Available: Experimental pro-
cedures, including analytical and spectral data, for the prepa-
ration of 5—8 and 10—12 and experimental details for the
functional studies in recombinant human GluR5 KA receptors
and for the three animal models of pain. This material is
available free of charge via the Internet at http://pubs.acs.org.
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