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Abstract 
 
 The excitatory neurotransmitter glutamate has been implicated in both migraine 

and persistent pain. The identification of the kainate receptor GLUK5 in dorsal root 

ganglia, the dorsal horn, and trigeminal ganglia make it a target of interest for these 

indications. We examined the in vitro and in vivo pharmacology of the competitive 

GLUK5-selective kainate receptor antagonist LY466195, the most potent GLUK5 

antagonist described to date. Comparisons were made to the competitive GLUK5/AMPA 

receptor antagonist LY293558, other decahydroisoquinoline GLUK5 receptor antagonists, 

and the non-competitive AMPA receptor antagonist LY300168. When characterized 

electrophysiologically in rat dorsal root ganglion neurons, LY466195 antagonized kainate 

(30 µM)-induced currents with an IC50 value of 0.045 ± 0.011 µM. In HEK293 cells 

transfected with GLUK5, GLUK2/GLUK5 or GLUK5/GLUK6 receptors, LY466195 

produced IC50 values of 0.08 ± 0.02 µM, 0.34 ± 0.17 µM, and 0.07 ± 0.02 µM, 

respectively. LY466195 was efficacious in a dural plasma protein extravasation (PPE) 

model of migraine with an ID100 value of 100 µg/kg; i.v. LY466195 was also efficacious 

in the c-fos migraine model, with a dose of 1 µg/kg; i.v. significantly reducing the 

number of Fos-positive cells in the rat nucleus caudalis following electrical stimulation of 

the trigeminal ganglion. Furthermore, LY466195 showed no contractile activity in the 

rabbit saphenous vein in vitro. The diethyl ester prodrug of LY466195 was also 

efficacious in the same PPE and c-fos models following oral administration at doses of 10 

and 100 µg/kg, respectively while having no NMDA antagonist-like behavioral effects at 

oral doses up to 100 mg/kg.   
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Introduction 

Glutamate is the major excitatory neurotransmitter in the central nervous system 

and can act at three major types of ligand-gated ion channels that are defined by the 

activity of the subtype-selective agonists N-methyl-D-aspartate (NMDA), kainate, and α-

amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) (Collingridge and 

Lester, 1989). Five kainate receptors subtypes have been cloned and classified as either 

high affinity (GLUK1 and GLUK2) or low affinity (GLUK5, GLUK6, and GLUK7) kainate 

receptors. GLUK5, GLUK6, and GLUK7 receptors form functional ion channels when 

expressed in homomeric configurations, whereas GLUK1 and GLUK2 receptors do not 

(Hollmann and Heinemann, 1994). Human GLUK5, when expressed in its homomeric 

configuration, is activated by kainate and only weakly activated by AMPA (Korczak et 

al., 1995), whereas GLUK6 forms a homomeric receptor channel that can be selectively 

activated by kainate but not by AMPA (Hoo et al., 1994).  

Both trigeminal neurons (Sahara et al., 1997) and dorsal root ganglion (DRG) 

neurons appear to express functional kainate receptors. In DRG neuron cell bodies, 

receptors are preferentially activated by kainate (Huettner, 1990) and (RS)-2-α-amino-3-

hydroxy-5-tert-butyl-4-isoxazolepropionic acid (ATPA) (Bortolotto et al., 1999). 

Northern blot analysis for probes of individual AMPA and kainate receptor subunits 

demonstrates that GLUK5 mRNA predominates in DRG cell bodies (Partin et al., 1993). 

This observation, coupled with the selective modulation of kainate responses in DRG 

neurons by concanavalin A and not the AMPA receptor modulator cyclothiazide, 

suggests that GLUK5 receptors mediate the observed kainate-induced currents in DRG 

neurons (Huettner, 1990; Partin et al., 1993). 
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There is growing evidence for a role of kainate receptors in migraine 

pathogenesis. In addition to the demonstration that GLUK5 and GLUK2 receptors are 

expressed on trigeminal neurons (Sahara et al., 1997), it has been shown that kainate 

receptor antagonists are effective in a dural protein plasma extravasation (PPE) model of 

migraine in rats (Filla et al., 2002). Using similar models, it has been demonstrated that 

several clinically effective anti-migraine drugs including sumatriptan, zolmitriptan, and 

LY334370, a 5HT1F agonist, block neurogenic inflammation and plasma protein 

extravasation in the dura (Buzzi and Moskowitz, 1990; Johnson et al., 1997). 

Furthermore, non-NMDA glutamate receptors have been implicated in the expression of 

early genes in the nucleus caudalis, specifically c-fos, as a consequence of electric 

stimulation of the trigeminal ganglion. Using a similar version of this animal model, it 

has been demonstrated that non-NMDA glutamate receptor antagonists such as 6-cyano-

7-nitroquinoxaline-2,3-dione (CNQX) and 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-

benzol[f]quinoxaline-7-sulphonamide (NBQX) block Fos expression following 

intrathecal injection of capsaicin (Mitsikostas et al., 1999).  

 LY466195 belongs to a series of decahydroisoquinoline compounds that includes 

the competitive GLUK5/AMPA receptor antagonist LY293558 and the competitive 

GLUK5 receptor antagonist LY382884 (Bleakman et al., 1996; O’Neill et al., 1998; Alt et 

al., 2004). Several compounds belonging to this series have no effect at the GLUK6 

receptor, and varying degrees of selectivity for kainate receptors versus AMPA receptors 

(Clarke et al., 1997; Savidge et al., 1997; Vignes et al., 1997). In the present studies, the 

in vivo and in vitro activity of LY466195 is compared to other decahydroisoquinolines, 
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and to the non-competitive AMPA antagonist LY300168 (GYKI53655), a selective 

antagonist of AMPA receptors (Paternain et al., 1995). 
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Methods 

Stable transfections. Stable cell lines of human embryonic kidney (HEK) 293 

cells transfected with cDNA coding for human GLUK5(Q), GLUK5(R)/GLUK6(Q) and 

GLUK2/GLUK5(Q) receptors were established as reported previously for hGLUK5(R) 

(Korczak et al., 1995; Clarke et al., 1997). The GLUK5, GLUK5/GLUK6 and 

GLUK2/GLUK5 human cDNA was incorporated into the mammalian expression vector 

pRc/CMV (Invitrogen, Carlsbad, CA) and transfected into the HEK293 cells. Transfected 

GLUK5, GLUK5/GLUK6 and GLUK2/GLUK5 cells were selected on the basis of G418 

resistance and mRNA confirmed by reverse transcriptase-polymerase chain reaction. 

GLUK2/GLUK5 cells were also selected via blasticidin resistance.  

Ligand binding measurements. Ligand binding studies were performed on 

human recombinant AMPA and kainate receptors as previously described (Small et al., 

1998). Cell membranes were prepared from frozen HEK293 cells expressing either 

recombinant AMPA or kainate receptors by resuspending the cells in ice-cold distilled 

water, sonicating and centrifuging at 50,000 x g for 20 min. The membrane pellets were 

then washed in >100 X volumes of 50 mM Tris-HCl buffer, pH 7.5 and centrifuged to 

remove endogenous glutamate. Binding reactions were performed at 4oC for 60 min in a 

total volume of 250 µL containing 50 µL of membrane suspension (100-150 µg protein). 

For kainate receptor binding, the reaction mixture consisted of 150µL 50 mM Tris-HCl, 

pH 7.5, 25 µL [3H]kainate (DuPont NEN Research Products, Boston, MA) and 25 µL 

unlabelled competitor (10-11-10-3 M). The final [3H]kainate concentration used in the 

competitive inhibition experiments was 20 nM for GLUK5-7, GLUK1 and GLUK2 

receptors. For AMPA receptor binding, 20 nM [3H]AMPA (DuPont NEN Research 
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Products, Boston, MA) was used for each receptor subtype and 100 mM potassium 

thiocynate was added to the Tris-HCl buffer. Following the 60 min incubation, the 

membranes were centrifuged at 50,000 x g for 20 min to separate bound from free ligand 

and the pellets were washed 3 times in cold assay buffer. Non-specific binding was 

determined by incubation in the presence 10 mM glutamate. Ki values were estimated 

from 11-point competition assays from 3 separate preparations. All data were analyzed 

by GRAFIT 2.0 software. Radioligand binding studies were also performed using 

[3H]ATPA as a selective high affinity GLUK5 kainate receptor ligand (Bleakman et al., 

1999). 

Selectivity profiling at other neurotransmitter receptors was performed according 

to standard procedures available in the literature. Membrane homogenates obtained from 

frozen rat brain tissue or commercially available transfected cell lines were used as a 

receptor source. Standard prototypic unlabelled ligands were used in each assay to serve 

as a positive control. Dimethylsulfoxide (final concentration of ≤1% in the assay) was 

used to solubilize the test article. After an appropriate incubation at room temperature, 

assays were terminated by filtration and radioactivity bound was determined using 

scintillation counting. The results reported are from 11-point concentration curves run in 

at least two separate experiments. Metabotropic glutamate receptor studies were 

performed on AV12/RGT cells transfected with human mGluR2, 3, 6, 7, and 8 using 

[3H]LY341495 as described previously (Johnson et al., 1999).  

Calcium influx measurements. Functional receptor activity of stably transfected 

kainate receptors was examined as previously described (Alt et al., 2004). Cells were 

plated on 96-well plates (Biocoat, Poly-D-Lysine, Becton Dickinson Labware, Franklin 
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Lakes, NJ) containing confluent monolayers of HEK293 cells stably expressing GLUK5, 

GLUK5/GLUK6 or GLUK2/GLUK5 kainate receptors. Cell plates were washed three times 

with 100 mL assay buffer (Hanks Balanced Salt Solution, Invitrogen, Carlsbad, CA) with 

20% 1M HEPES and 1.48% 2.5M CaCl2. Plates were incubated for 3 hours at room 

temperature with 40 mL of assay buffer with 8 µM Fluo3-AM dye (Molecular Probes 

Inc., Eugene, OR). Cells were washed and loaded with 100 mL of assay buffer containing 

250 µg/mL concanavalin A (Sigma, St. Louis, MO) solution and incubated for 30 min at 

room temperature. Plates were washed with concanavalin A-containing assay buffer and 

fluorescence measured using a fluorometric imaging plate reader (FLIPR; Molecular 

Devices, Sunnyvale, CA). Data were calculated using Graph Pad Prism (SanDiego, CA) 

and expressed relative to fluorescence induced by 100 µM glutamate. 

Animal use. All experiments were conducted in accordance with the NIH 

regulations of animal care covered in “Principals of Laboratory Animal Care”, NIH 

publication 85-23, and were approved by the Institutional Animal Care and Use 

Committee of Eli Lilly and Company. 

Electrophysiology. Functional GLUK5 receptor activity was recorded in dorsal 

root ganglion (DRG) neurons; NMDA and AMPA receptor activities were recorded in 

hippocampal neurons as previously described using whole cell voltage clamp recordings 

(Bleakman et al., 1996; 1999). Cells used for recordings were chosen at random (i.e. no 

particular size/phenotype was selected). Curve fitting was to the following equation: 

Percent inhibition (y) = 100([D]/([D] + IC50)), where [D] is the antagonist concentration. 

Rabbit saphenous vein contractility model. Male New Zealand white rabbits 

(6.6-13.2 kg) were sacrificed prior to removal of the saphenous vein, which was 
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cannulated with polyethylene tubing prior to ring preparations being processed. Tissues 

were mounted in organ baths containing a modified Krebs’ solution maintained at 37o C 

and aerated with 95% O2 and 5% CO2. An initial optimum resting force of 4 g was 

applied and isometric contractions recorded as changes in grams of force following a 1-2 

hour equilibration period. Cumulative agonist concentration-response curves were 

generated. All results are expressed as a percent of the response to 67 mM KCl (mean + 

SE).   

 Dural plasma protein extravasation model of migraine. Male Sprague Dawley 

rats (Harlan Industries, Indianapolis, IN) weighing 250 to 350 g were anesthetized with 

intraperitoneal sodium pentobarbital (65 mg/kg) and positioned in a stereotaxic apparatus 

with the incisor bar set at –2.5 mm. Core body temperature was maintained at 37° C 

using a rectal thermometer as an input to a proportional controller and an electric heating 

pad. Following a midline sagital scalp incision, two pairs of bilateral holes were drilled 

through the skull (3.2 mm posteriorly, 1.8 and 3.8 mm laterally with respect to bregma). 

Pairs of stainless steel stimulating electrodes insulated, except at the tips, were lowered 

through the holes in both hemispheres to a depth of 9.2 mm below dura. Prior to electrical 

stimulation, the femoral vein was exposed and LY466195 or saline vehicle was delivered 

intravenously via the femoral vein 10 minutes prior to trigeminal ganglion stimulation.   

 Two minutes before stimulation, a 20-mg/kg dose of fluorescein isothiocyanate-

labeled bovine serum albumin (FITC-BSA) was injected intravenously as a marker of 

protein extravasation. The left trigeminal ganglion was stimulated for 5 minutes at a 

current density of 1 mA (5 Hz, 5 millisecond pulse duration) and the animals were 

euthanized by exsanguination 5 minutes following stimulation. Dural tissues were 
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collected from both hemispheres and the amount of fluorescence in each tissue due to 

extravasation of the FITC-BSA was determined spectrophotometrically. The 

extravasation ratio (ratio of the amount of extravasation in the dura from the stimulated 

side compared to the unstimulated side) was calculated. Statistical analysis was 

performed by comparison to the saline control group using a one way analysis of variance 

(ANOVA) and Dunnett’s Method. 

The diethyl ester prodrug of LY466195 was evaluated following oral dosing. 

Male Sprague Dawley rats (250-350 g; Harlan Industries, Indianapolis, IN), fasted 

overnight prior to use, were dosed with either the diethyl ester prodrug of LY466195 or 

saline vehicle via oral gavage (2 mL/kg) and anesthetized with Nembutal (60 mg/kg, i.p.) 

approximately 45 minutes later. Once anesthetized, the animals were placed in a 

stereotaxic frame and dosed with FITC-BSA. The remainder of the protocol was carried 

out as described above. 

Central c-fos expression model of migraine. LY466195 was dissolved in 

isotonic saline. Male, sodium pentobarbital-anesthetized (50 mg/kg, i.p.) Sprague Dawley 

rats (Harlan Industries, Indianapolis, IN) were placed in a stereotaxic frame with the 

incisor bar set at -3.5 mm. Core body temperature was maintained at 37° C using a rectal 

thermometer as an input to a proportional controller and an electric heating pad. A 

midline incision was then made in the skin covering the dorsal surface of the skull and 

the skin was retracted to expose the skull. Small holes were drilled in the skull to allow 

electrode placement. Rats were then pretreated with intravenous LY466195 or saline 

vehicle. Ten minutes later the left trigeminal ganglion was stimulated using a pair of 

stainless steel unipolar electrodes spaced 2 mm apart in order to bracket the ganglion in 
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the medial to lateral axis. The stereotaxic coordinates used were: 6 mm posterior to 

bregma, 2 mm and 4 mm lateral to bregma, and 9 mm ventral from dura. The trigeminal 

ganglion was stimulated for 3 minutes at a current intensity of 10 mA (5 Hz, 4 msec 

duration) using a model 273 galvanostat (EG&G Princeton Applied Research, Princeton, 

NJ). Animals were removed from the stereotax and allowed to survive for 90 min before 

transcardial perfusion with 120 mL phosphate buffered saline (PBS; Sigma Chemical Co, 

St. Louis, MO) followed by 120 mL of 4% paraformaldehyde dissolved in phosphate 

buffer (pH 7.4). For each animal, the brainstem and cervical spinal cord were removed 

and post-fixed for 2 h in 4% paraformaldehyde before being placed in a 30% sucrose 

solution for 2 days. Coronal sections (40 µM thick) of the brainstem were cut using a 

cryostat set at -20°C. Free-floating sections were stained using a typical protocol. Tissue 

was pretreated in 10% triton X-100 and 2% normal goat serum for 1 h. Subsequently, 

sections were incubated with primary antisera directed against Fos protein (1:1000) in 

PBS containing 10% triton X-100 and 2% normal goat serum, overnight at 4°C. The 

rabbit polyclonal antibody used (Santa Cruz Biotechnology, 7202, Santa Cruz, CA) was 

raised against residues 2-16 of the N-terminal region of the Fos protein. After six washes 

in PBS (10 min), sections were placed in biotinylated anti-rabbit IgG antiserum (1:200 in 

PBS) and allowed to incubate for 1 h at room temperature. After two additional 10 min 

PBS washes, sections were placed in avidin-biotin-peroxidase complex (Vectastain Elite 

ABC, Vector Labs, Burlingame, CA) for 1 h at room temperature. After three additional 

PBS washes sections were placed in a 0.05% solution of 3,3’-diaminobenzidine tetra 

hydrochloride (Sigma Chemical Co, #D-5905, St. Louis, MO), 0.03% hydrogen peroxide 

in 0.1 M Tris-HCl, and nickel ammonium sulfate buffer (pH 7.4) for approximately 1 
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min. After the 3,3’-diaminobenzidine tetra hydrochloride reaction, sections were washed 

again with PBS, and then placed on gelatin-coated slides, air-dried, dehydrated, and 

cover-slipped. Quantification of cells showing Fos-like immunostaining was performed 

by a blinded individual using computer-assisted image analysis (Quantimet 970, Leica 

Microsystems, London, UK). For each animal, approximately fifteen randomly selected 

coronal sections through the cervical spinal cord (C1) or the caudal brainstem were 

examined. The number of cells staining with Fos protein-like immunoreactivity in the 

nucleus caudalis ipsilateral and contralateral to the stimulation were quantified. A mean 

number of ipsilateral and contralateral cells per section were calculated for each animal. 

Animals were grouped by treatment and compared using a one-way analysis of variance 

followed by a post-hoc Dunnett’s test (GraphPad Prism, San Diego, CA). 

The ability of the diethyl ester prodrug of LY466195 to inhibit Fos protein 

expression in the nucleus caudalis was also evaluated following oral dosing. Male 

Sprague Dawley rats (250-350 g; Harlan Industries, Indianapolis, IN), fasted overnight 

prior to use, were dosed with either the diethyl ester prodrug of LY466195 or saline 

vehicle via oral gavage (2 mL/kg) and anesthetized with Nembutal (60 mg/kg, i.p.) 

approximately 45 minutes later. Once anesthetized, the animals were placed in a 

stereotaxic frame the remainder of the protocol was carried out as described above. 

PCP-induced motor activation in rats. Behaviors were monitored in 

transparent, plastic shoe-box cages of dimensions 45 x 25 x 20 cm, with 1 cm depth of 

wood chips as bedding, and a metal grill on top of the cage. Motor monitors (Hamilton 

Kinder, Poway, CA) consisted of a rectangular rack of 12 photobeams arranged in an 8 x 

4 formation. Shoe box cages were placed inside these racks, and the lower rack was 
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positioned at a height of 5 cm. Male Sprague Dawley rats (225-275 g; Harlan Industries, 

Indianapolis, IN) were placed in the cage for an acclimation period of 30 min, then were 

removed, administered compound or saline (1mL/kg) (controls), and then returned to the 

same cages. Activities including total ambulations, fine movements, and time at rest were 

continuously monitored for four hours post-dosing. The diethyl ester prodrug of 

LY466195 was administered orally at doses of 30, 50, 100 mg/kg and phencyclidine 

(PCP; 5 mg/kg s.c.) was used a positive control in the same experiment. In another 

experiment, the potent decahydroisoquinoline competitive NMDA antagonist compound 

LY235959 (Ornstein et al., 1992) was tested at doses of 3, 10, and 30 mg/kg s.c. 

Statistical analyses of behaviors were carried out using the GraphPad Prism statistical 

program (San Diego, CA). Data were analyzed by a one way ANOVA, and then post-hoc 

comparisons for each dose group versus saline control and test compounds were made 

using Newman-Keuls Multiple Comparison Test. A P <0.05 was considered significant. 
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Results 

Ligand binding studies. The binding affinity of LY466195 to both recombinant 

human kainate and AMPA receptor subtypes was evaluated. Table 1 summarizes the 

estimated Ki values for LY466195 at human AMPA or kainate receptors stably expressed 

in HEK293 cells. Comparisons with other decahydroisoquinolines are provided. The Ki 

value for LY466195 at GLUK5 kainate receptors was 52 ± 22 nM, measured by the 

displacement of [3H]kainate. LY466195 displaced [3H]ATPA from GLUK5 receptors with 

similar affinity (Ki = 128 ± 15  nM). LY466195 produced no measurable inhibition of 

[3H]kainate binding in cells recombinantly expressing GLUK6. In addition, a greater than 

100-fold selectivity for displacement at GLUK5 versus the other kainate and AMPA 

receptor subtypes was observed for LY466195. By comparison, LY293558 displaced 

binding to both AMPA and GLUK5 kainate receptors but not other kainate receptor 

subtypes (Bleakman et al., 1999). LY382884 selectively displaced binding to GLUK5 

receptors, but with approximately 100-fold lower affinity than LY466195 Bortolotto et 

al., 1999).  

 LY466195 binding affinity was evaluated at a wide range of neurotransmitter 

receptors. Neither LY466195 nor LY466195 monohydrate demonstrated any appreciable 

affinity for the receptors listed in Table 2 at the concentrations shown.  

Functional calcium influx activity. The ability of LY466195 to antagonize 

glutamate-evoked calcium influx was measured in HEK293 cells stably transfected with 

kainate receptors. Cells were pretreated with concanavalin A in order to block agonist-

induced desensitization, allowing for glutamate to produce a measurable calcium signal. 

LY466195 produced a concentration-dependent inhibition of glutamate (100 µM)-evoked 
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influx with IC50 values of 0.08 ± 0.02 µM, 0.34 ± 0.17 µM, and 0.07 ± 0.02 µM at 

GLUK5, GLUK2/GLUK5, and GLUK5/GLUK6 receptors, respectively (Figure 2(a)). The Kb 

value for LY466195 was calculated as 0.024 ± 0.006 µM against glutamate-evoked 

calcium influx into HEK293 cells stably transfected with GLUK5. LY466195 (up to 100 

µM) had no effect on glutamate-evoked calcium influx in cells expressing homomeric 

GLUK6 receptors. Table 3 compares LY466195 antagonist activity to the antagonist 

activity of the decahydroisoquinolines LY293558 and LY382884.  

Electrophysiological studies. Electrophysiology performed at rat dorsal root 

ganglion (DRG) neurons demonstrated that LY466195 is a competitive antagonist at 

GLUK5 receptors in native tissue. Inward currents associated with activation of GLUK5 

receptors were recorded in cells that had been pre-incubated with concanavalin A 

(250µg/mL for 10 min). Under these conditions in rat DRG neurons the EC50 value for 

kainate-evoked inward currents was 12 ± 1 µM (Alt et al., 2004). Concentration-response 

curves for LY466195 were determined versus 30 µM kainate (approximate EC80 value). 

The IC50 value for LY466195 was 0.045 ± 0.011 µM, corresponding to an estimated Kb 

value of approximately 13 nM (Figure 2(b)).  

LY466195 was also evaluated against NMDA receptor-mediated responses in 

cultured hippocampal neurons. The estimated EC50 value for NMDA under the current 

experimental conditions was 7.2 ± 0.2 µM (Bleakman et al., 1999). For comparative 

purposes we have also evaluated PCP and MK-801, two non-competitive NMDA 

receptor antagonists, and LY235959, a competitive NMDA receptor antagonist (Schoepp 

et al., 1991). PCP and MK-801 antagonized inward currents activated by 10 µM NMDA 

in a concentration-dependent manner with estimated IC50 values of 1.0 ± 0.8 µM and 0.3 
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± 0.1 µM, respectively. As shown in Figure 3(a), LY466195, LY293558 and LY235959 

produced IC50 values of 2.5 ± 0.9 µM, 12.2 ± 0.7 µM and 0.12 ± 0.06 µM, respectively. 

The NMDA receptor antagonist activity of LY466195 was competitive (data not shown). 

The AMPA receptor antagonist activity of LY466195 was compared to the non-

competitive 2,3 benzodiazepine AMPA receptor antagonist LY300168 (GYKI 53655) 

and to LY293558 (Figure 3(b)). The EC50 value for AMPA in cultured hippocampal 

neurons was 4.0 ± 0.6 µM (Bleakman et al., 1999). LY300168, LY293558, and 

LY466195 inhibited AMPA (30 µM)-induced currents with IC50 values of 1.6 ± 0.16 µM, 

8.0 ± 3.1 µM, and 54 ± 13 µM, respectively. The low-potency AMPA antagonist activity 

of LY466195 was competitive in nature (data not shown). 

Dural PPE model of migraine. Dural plasma protein extravasation was observed 

ipsilateral to the stimulated trigeminal ganglion, which allowed the unstimulated half of 

the dura to be used as a control. Animals dosed with vehicle alone or an ineffective dose 

of the test compound had an extravasation ratio of approximately 2, while totally 

effective treatments resulted in a ratio of approximately one. LY466195 significantly 

blocked dural extravasation following an intravenous dose of 10 and 100 µg/kg, but not 1 

µg/kg in Sprague Dawley rats (Figure 4). The diethyl prodrug of LY466195 was also 

examined in this assay. Preliminary pharmacokinetic studies in rats indicated that a 30 

mg/kg dose of the LY466195 prodrug had approximately 40% bioavailability following 

oral dosing (estimated plasma concentration = 11 µg/ml (tmax ~5 min) and a half-life in 

plasma of 0.8 h). Like LY466195, the diethyl ester prodrug of LY466195 significantly 

inhibited dural extravasation following oral doses of 10 and 100, but not 1 µg/kg. 
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LY466195 (i.v.) and its prodrug ester (p.o.) did not differ significantly in either their 

potency or maximum effect produced in this assay. 

C-fos expression in rat nucleus caudalis. The number of Fos-positive cells on 

the contralateral, nonstimulated side of the rat brain was subtracted from those on the 

ipsilateral side in order to derive a stimulation-induced average cell number per section. 

Numerous cells in the ipsilateral nucleus caudalis were Fos-positive after trigeminal 

neuron stimulation. A consistent but significantly lower number of Fos-positive cells 

were observed in the brainstem nucleus caudalis contralateral to the stimulation. 

Pretreatment with LY466195 significantly attenuated the trigeminal stimulation-induced 

increases in the number of Fos-positive ipsilateral cells. Significant decreases in the 

difference scores were seen at doses of 1, 10, and 100 µg/kg but not at 0.1 µg/kg for 

LY466195 i.v. (Figure 5). A maximum inhibition of approximately 50% was seen 

following administration of 100 µg/kg LY466195. The diethyl ester prodrug of 

LY466195 also produced significant decreases in the number of Fos-positive cells 

following oral doses of 0.1, 1 and 10, but not 0.01 mg/kg.  

Motor activity in rats. In vitro pharmacological studies with LY466195 

demonstrated antagonist activity of LY466195 at NMDA receptors. Studies were then 

designed to examine potential NMDA receptor antagonist activity in vivo using an 

automated activity monitoring system in rats. Rats administered oral doses of 30, 50 or 

100 mg/kg. of LY466195 diethyl ester prodrug showed no significant changes in motor 

activities when compared to the saline control animals. In contrast, PCP administration 

induced rapid and prominent increases in total ambulations, fine movements, and marked 

decreases the animal’s rest time (seconds in a session with no new photobeams broken). 
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These effects of PCP were rapid in onset (observed within 30 min) and significant for the 

entire four hour test period. Additionally, the competitive NMDA receptor antagonist 

LY235959 also produced dose-related motor activation. No significant effects were 

observed at a dose of 3 mg/kg LY235959. However, at 10 mg/kg LY235959 produced 

significant effects that were somewhat delayed (significant onset of fine movements at 90 

min) but prolonged (present for the 4 h duration of the experiment). The higher dose of 

LY235959 induced prominent increases in fine movements within one hour, but this 

activity lessened at the later time periods by the prominent onset of motor ataxia in the 

animals. No LY235959-like motor ataxia was noted in animals receiving up to 100 mg/kg 

p.o. of LY466195 prodrug ester. 

Vasoconstriction in the rabbit saphenous vein. Concentration-response curves 

were generated for LY466195 individually, as well as in the presence of sumatriptan in 

order to assess the ability of LY466195 to significantly enhance or inhibit the contractile 

properties of sumatriptan. LY466195 alone was completely devoid of contractile activity 

in the rabbit saphenous vein preparation at concentrations up to 100 µM (Figure 6(a)). In 

addition, LY466195 (3 µM) neither enhanced nor inhibited sumatriptan-induced 

contraction (Figure 6(b)). 
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Discussion 

 Ligand binding studies demonstrate that the decahydroisoquinoline LY466195 is 

a potent antagonist of GLUK5–containing kainate receptors. LY466195 shows greater 

selectivity for GLUK5 versus AMPA receptors than many other decahydroisoquinolines 

such as LY293558, and is approximately 100-fold more potent than similarly selective 

compounds such as LY382884 (Table 1).  

LY466195, like other decahydroisoquinolines, also displaced the binding of 

[3H]ATPA, the GLUK5-selective agonist (Bortolotto et al., 1999), in addition to 

[3H]kainate. Moreover, LY466195 had no appreciable affinity for other neurotransmitter 

receptors tested, including adrenergic, dopaminergic, serotonergic (5-HT2), histaminergic 

(H1), and muscarinic receptors. LY466195 also had no appreciable affinity for any 

metabotropic glutamate receptor subtypes examined. Table 1 summarizes and compares 

the relative in vitro activities of LY466195 and previously examined 

decahydroisoquinoline antagonists that have demonstrated activity at GLUK5.  When 

compared to these compounds, LY466195 is the most potent GLUK5 antagonist described 

to date. Interestingly, LY466195 also shows low micromolar affinity for GLUK7 

receptors, although the functional significance of this activity is not known. The binding 

affinity of ethyl (3S,4aR,6S,8aR)-6-(4-ethoxycarbonylimidazol-1-

ylmethyl)decahydroisoquinoline-3-carboxylic acid (compound 3 from Filla et al., 2002) 

is approximately 3-fold less than LY466195 at GLUK5, and 5-fold less at GLUK7.  

 Functional competitive antagonism by LY466195 was examined using agonist-

dependent calcium influx at recombinant GLUK5-containing receptors. For heteromeric 

combinations of GLUK5 receptors with other GLUK2 or GLUK6 subunits, LY466195 
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exhibited functional antagonism of glutamate-induced calcium influx. As previously 

reported for LY293558 and LY382884 (Alt et al., 2004; Christensen et al., 2004a), 

functional antagonists of heteromeric receptors appear to be determined by the presence 

of a GLUK5 subunit.  

 We also demonstrated that LY466195 acted as a competitive antagonist at rat 

GLUK5-containing receptors in dorsal root ganglion neurons. In agreement with the 

results using recombinant human receptors, LY466195 was more potent at rat GLUK5 

receptors in DRG neurons than either LY293558 (Bleakman et al., 1996) or LY382884 

(Smolders et al., 2002) (approximately 45- and 20-fold, respectively). LY466195 also 

demonstrated marked selectivity when examined against NMDA and AMPA-mediated 

responses in cultured hippocampal neurons.  

 It is interesting to note that, while LY466195 shows only a 3-fold greater binding 

affinity to recombinant human GLUK5 receptors than ethyl (3S,4aR,6S,8aR)-6-(4-

ethoxycarbonylimidazol-1-ylmethyl)decahydroisoquinoline-3-carboxylic acid (compound 

3 from Filla et al., 2002), this difference in potency widens to 10-fold for functional 

antagonism of recombinant human GLUK5 receptor activity.  In addition, this difference 

further widens to 20-fold for functional antagonism of native GLUK5-containing receptors 

in DRG neurons (using kainate as the agonist in both the binding experiments and to 

activate currents in DRG neurons). Whether this reflects the difference in species (human 

versus rat), experimental conditions, or subunit composition of native versus 

recombinantly expressed receptors has yet to be determined. 

The in vitro selectivity and potency of LY466195 compares favorably to other 

known antagonists of GLUK5 kainate receptors. For example, the willardiine derivative 
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UBP296 inhibits both homomeric and heteromeric GLUK5-containing receptors with 

approximate Kb values of 0.6 ± 0.1 µM, 0.8 ± 0.1 µM, and 1.0 ± 0.4 µM at GLUK5, 

GLUK5/GLUK6 and GLUK2/GLUK5 receptors, respectively (More et al., 2004). UBP296 

did not, however, have any appreciable activity at NMDA receptors (More et al., 2004). 

The antagonist derivative of ATPA, (S)-2-amino-3-[5-tert-butyl-3-(phosphonomethoxy)-

4-isoxazolyl]propionic acid (ATPO), has been reported to be an antagonist at both GLUK5 

and AMPA receptors, with a Ki value of 23 µM. ATPO was also reported to not 

significantly attenuate NMDA-mediated currents in the rat cortical wedge model (Møller 

et al., 1999). Another recently reported AMPA and kainate receptor antagonist, a 3-(5-

tetrazolylmethoxy) analog of AMPA, inhibits GLUK5 receptors (IC50 = 131 ± 4 µM), but 

is seven-fold more potent at the GLUK2/GLUK6 receptor (IC50 = 19 ± 1 µM), while also 

inhibiting AMPA receptors with IC50 values ranging from 48 - 161 µM (Frolund et al., 

2005). The analogs tested by Frolund et al. showed very low potency antagonist effects 

on NMDA-mediated currents in the rat cortical wedge preparation.   

Kainate receptor antagonists that are non-competitive in nature have also been 

reported. Christensen et al. (2004b) reported that the non-competitive kainate receptor 

antagonists NS3763 and NS1209 inhibited domoic acid-induced calcium influx at GLUK5 

with IC50 values of 1.6 ± 0.2 µM and 0.63 ± 0.09 µM, respectively. Both NS3763 and 

NS1209 showed at least 30-fold selectivity for GLUK5 versus GLUK6 homomeric 

receptors. NS3763 was further shown to be selective for homomeric GLUK5 receptors 

versus heteromeric conformations containing GLUK2 or GLUK6 subunits (Christensen et 

al., 2004a). Other reported antagonists of GLUK5 kainate receptors are non-selective 

and/or low-potency molecules such as NBQX, CNQX, kynurenic acid and GAMS that 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 11, 2006 as DOI: 10.1124/jpet.106.101428

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #101428 

 24

act at multiple kainate and AMPA receptors (Wilding and Huettner, 1996; Alt et al., 

2004). 

LY466195 had significant inhibitory effects in two preclinical models of 

migraine. In particular, intravenously-administered LY466195 was able to block PPE in 

the dural membranes of rats induced by electrical stimulation of the trigeminal ganglion. 

The diethyl ester prodrug of LY466195 was also active in a dural PPE model following 

oral dosing. LY466195 dosed intravenously and its prodrug ester administered orally 

both had an ID100 of approximately 100 µg/kg, with significant reductions in 

extravasation observed at 10 µg/kg. At 10 µg/kg it appeared that the prodrug of 

LY466195 (p.o.) was slightly more potent than LY466195 itself (i.v.). However, the 

different pretreatment times used (1 h p.o. versus 10 min i.v.) may preclude direct 

comparisons of potencies.  

LY466195 and the diethyl ester prodrug of LY466195 also decreased the number 

of Fos-positive cells in the trigeminal nucleus caudalis following electrical stimulation of 

the trigeminal ganglion. Significant reductions in the number of Fos-positive cells were 

achieved with LY466195 at doses of 1-100 µg/kg i.v., and for the prodrug of LY466195, 

starting at 100 µg/kg. LY466195 (i.v.) appeared to exhibit greater potency than its 

prodrug (p.o.) in its ability to inhibit Fos expression, whereas both compounds were 

approximately equipotent in their inhibition of dural extravasation. Although the 

pretreatment times for each compound (10 min i.v. for LY466195, 1 h p.o. for the 

prodrug) were the same in both assays, differences in the duration and intensity of the 

electrical stimulation used, or in the time following stimulation at which the effects were 
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measured may account for the difference in relative potency observed between the two 

assays.  

Another decahydroisoquinoline GLUK5 antagonist prodrug has previously been 

shown to be active in both the c-fos migraine model and a slightly different version of the 

PPE model (Filla et al., 2002). Additionally, LY293558, a decahydroisoquinoline 

GLUK5/AMPA receptor antagonist, has been shown to be efficacious in the clinical 

treatment of acute migraine (Sang et al., 2004). However, the affinity of both of these 

compounds for AMPA receptors (Filla et al., 2002; Alt et al., 2006) makes it difficult to 

conclusively ascribe their effects in these models to antagonism of GLUK5 receptors. 

While LY466195 also displays some affinity for AMPA receptors (Table 1), its improved 

potency at GLUK5 receptors results in a greater selectivity for GLUK5 versus AMPA 

receptors than is displayed by either of these other described compounds. A comparison 

of the relative affinity of several decahydroisoquinoline GLUK5 antagonists for kainate 

and AMPA receptors is provided in Table 1. In addition to its improved selectivity for 

kainate versus AMPA receptors, LY466195 was found to have no measurable affinity for 

any of a wide range of other receptor types tested (Table 2).  

Due to the modest antagonist effect observed with LY466195 at NMDA receptors 

when evaluated in an in vitro assay, the diethyl ester prodrug of LY466195 was evaluated 

in a behavioral test paradigm designed to detect NMDA antagonist activity in vivo. Two 

well-characterized NMDA antagonists, PCP and LY235959, were also evaluated as 

positive controls. PCP and LY235959 induced significant dose-related motor activation 

as expected. In contrast, the level of motor activity exhibited by animals treated with the 

diethyl ester prodrug of LY466195 was not different from the vehicle-treated group. 
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These data suggest that LY466195 has no functional NMDA antagonist-like activity in 

vivo. Further, these data suggest that the in vivo activity of LY466195 and the diethyl 

ester prodrug of LY466195 observed in the PPE and c-fos models is unlikely to be due to 

antagonism of NMDA receptors. The current data are consistent with the hypothesis that 

the observed efficacy of LY466195 in preclinical migraine models is due to antagonism 

of GLUK5 receptors. In addition, the data suggest a selective GLUK5 antagonist such as 

LY466195 and its diethyl ester prodrug could represent a novel, efficacious migraine 

therapy. 

Many of the clinical therapies for the acute treatment of migraine attacks have 

potent vasoconstrictor properties. For instance, the triptan molecules such as sumatriptan, 

rizatriptan, naratriptan and zolmitriptan all potently constrict human coronary arteries in 

vitro (Maassen VenDenBrink et al., 1998). This pharmacological property has resulted in 

these drugs being contraindicated in some patients. We have previously shown that the in 

vitro contraction of the rabbit saphenous vein is predictive of contraction of isolated 

human coronary and cerebral vessels (Cohen et al., 1997). LY466195 was shown to have 

no vasoconstrictive properties in the rabbit saphenous vein up to a concentration of 100 

µM. Also, LY466195 did not affect the contractile profile of sumatriptan in the rabbit 

saphenous vein preparation. These data suggest that the vasoconstrictive properties of the 

triptan molecules are not required for efficacy in either the PPE or c-fos assays. Further, 

the selective 5-HT1F agonist LY334370 and the GLUK5/AMPA antagonist LY293558 

which had no vasoconstrictive effects in the rabbit saphenous vein were both efficacious 

in the clinic for the acute treatment of migraine (Goldstein et al., 2001; Sang et al., 2004). 
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In summary, LY466195 is a potent, competitive, selective GLUK5 antagonist with 

inhibitory effects in preclinical models of migraine. The compound is also devoid of 

vasoconstrictive properties in the rabbit saphenous vein and functional in vivo NMDA 

receptor activity. The relative roles of AMPA and kainate receptors in the initiation and 

maintenance of migraine are unknown. However, the current data support a potential role 

of GLUK5 receptors in migraine as inferred from the prevention of electrically stimulated 

dural extravasation and Fos expression in the current study. It will be of great interest to 

determine whether a GLUK5 mechanism is associated with the establishment of migraine 

in man. 
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Figure legends 

 

Fig. 1. Structures of antagonists used in this study.  

 

Fig. 2. Functional characterization of LY466195. (A), Inhibition of glutamate (100 µM)-

induced calcium influx by LY466195 at HEK293 cells stably transfected with GLUK5, 

GLUK2/GLUK5, and GLUK5/GLUK6 receptors. Each data point represents the mean ± 

SEM for three experiments, each performed in triplicate. Data were analyzed with slope 

factor (Hill slope) not fixed and maximum and minimum inhibition set at 100% and 0%, 

respectively. Shown are GLUK5 (●; IC50 = 0.08 ± 0.03 µM), GLUK2/GLUK5 (▲; IC50 = 

0.13 ± 0.02 µM), and GLUK5/GLUK6 (□; IC50 = 0.0052 ± 0.006 µM). (B), Inhibition of 

kainate (30 µM)-induced currents in acutely isolated rat DRG neurons by LY466195 

using whole-cell voltage-clamp electrophysiology (Vh = -70 mV). Data points represent 

mean ± SEM from 3-5 separate cells. IC50 = 0.045 ± 0.011 µM. IC50 values for 

LY293558 and LY382884 in DRG neurons against kainate (30 µM)-evoked currents 

have been reported as 2.9 ± 0.2 µM (Bleakman et al., 1996), and 0.95 ± 0.16 µM 

(Smolders et al., 2002), respectively. 

 

Fig. 3. Electrophysiological characterization of LY466195 in cultured hippocampal 

neurons. (A), Inhibition of NMDA (10 µM)-induced currents in cultured hippocampal 

neurons in vitro by LY466195, LY293558 and LY235959 using whole-cell voltage-

clamp electrophysiology (Vh = -70 mV). Data points represent mean ± SEM from 3-5 

separate cells. Shown are LY466195 (○; IC50 = 2.5 ± 0.9 µM), LY293558 (▲; IC50 = 
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12.2 ± 0.7 µM) and LY235959 (■; IC50 = 0.12 ± 0.06 µM ). (B), Inhibition of AMPA (30 

µM)-induced currents in cultured hippocampal neurons in vitro by LY466195, 

LY293558, and LY300168 using whole-cell voltage-clamp electrophysiology (Vh = -70 

mV). Data points represent mean ± SEM from 3-5 separate cells. Shown are LY466195 

(○; IC50 = 54 ± 13 µM), LY293558 (▲; IC50 = 8.0 ± 3.1 µM), and LY300168 (□; IC50 = 

1.6 ± 0.16 µM).  

 

Fig. 4. Dose-response curve of LY466195 and LY466195 diethyl ester prodrug in the 

PPE model after oral administration. Values are the mean ratio of extravasation in the 

stimulated side of the dura to that in the unstimulated side ± SEM (n = 3). A compound 

was considered fully efficacious at a ratio of approximately 1 and ineffective at a ratio of 

approximately 2.2. 

 

Fig. 5. Suppression of Fos expression by LY466195 in the rat nucleus caudalis ipsilateral 

to trigeminal ganglion stimulation. (A), Animals pretreated with LY466195 

monohydrate. (B), Animals pretreated with LY466195 prodrug ester. For each animal, 

10-15 sections were analyzed to provide an average number of stained cells per section. 

These averages were combined for vehicle and compound pretreated animals. Asterisks 

denote a significant difference from the vehicle group (P < 0.05), and vertical bars 

represent the SEM from 4-9 animals.  

 

Fig. 6. (A), Contractile concentration-response curves for LY466195 and sumatriptan in 

the rabbit saphenous vein. (B), Contractile concentration-response curves for sumatriptan 
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and sumatriptan in the presence of LY466195 (3 µM) in the rabbit saphenous vein. Points 

are mean values, and vertical bars represent the SEM from 3-4 experiments.  
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TABLE 1        

Binding affinity of LY466195 at AMPA and kainate 
receptors compared to reported values for other 
decahydroisoquinoline kainate receptor antagonists.    

Ki (µM) values for LY466195 were determined at each receptor 
from 11-point competition assays from 3 separate preparations 
against either [3H]AMPA or [3H]kainate.    
        
        

Compound GLUA1 GLUA2 GLUA3 GLUA4 GLUK2 GLUK5 GLUK7 

        
LY466195 75 ± 7 269 ± 22 312 ± 62 432 ± 76 270 ± 31 0.05 ± 0.02 8.9 ± 0.2 
        

Compound 31 134 117 247 262  0.16 48 

LY4576912  5.5    1.55  

LY4585452  8.3    1.69  

LY2944863  35.3    3.06  

LY3026793  0.82    3.41  

LY3828844 >100 >100 >100 >100 >100 4.0 >100 

LY2935585 9.2 3.2 32 51 >100 4.2 >100 

LY4677112  > 100    7.4  

LY5253272  > 100    31.8  
        
       
1Reported from Filla et al. (2002). 
2Reported from Dominguez et al. (2005). 
3Reported from O'Neill et al. (1998). 
4Reported from Bortolotto et al. (1999). 
5Reported from Bleakman et al. (1999). 
 
None of the above compounds show 
measurable affinity at GLUK6 receptors.      
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TABLE 2         

Pharmacological Selectivity Profile of LY466195.      

         

A. Ki (µM) values for compound activity at each receptor determined from at least two 
separate experiments in an 11-point concentration curve for LY466195 and its monohydrate. 

    

         

Compound α1-adrenerg α2-adrenerg β-adrenerg D1 D2 5-HT2 H1 muscarinic 

         

LY466195 >10  >10  >10  >10  >10  >10  >10  >10  

LY466195 
monohydrate 

>100  >3  >100  >100  >100  >100  >100  >100  

 

B. Ki values (µM) for LY466195 at metabotropic glutamate receptors expressed in AV12/RGT cells. 
      

Compound 
HmGluR2     

[3H]LY341495 
HmGluR3     

[3H]LY341495 
HmGluR6     

[3H]LY341495 
HmGluR7     

[3H]LY341495 
HmGluR8     

[3H]LY341495 

      

LY466195 >100  >100  >100  >100  >100  
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TABLE 3        

Functional activity of LY466195 in FLIPR compared to reported values for LY293558  
and LY382884. 
Inhibition of glutamate (100 µM) -induced calcium influx in HEK293 cells expressing human kainate  
receptors (FLIPR). Shown are mean IC50 values (µM) ± SEM from three experiments; calculated Kb values  
are indicated in parentheses. 
       

Compound GLUK5  GLUK6  GLUK2/GLUK5 GLUK5/GLUK6   

       

LY466195 
0.08 ± 0.02 

(0.024 ± 0.006) 
>100 

0.34 ± 0.17 
(0.054 ± 0.027) 

0.07 ± 0.02  
(0.024 ± 0.007) 

  

LY293558 
0.7 ± 0.41 

(0.2)2 
>1001 

5 ± 11 

(0.7) 2 
2 ± 11 

(0.5) 2 
  

LY382884 
2 ± 11 

(0.6) 2 
>1001 

4 ± 11 

(0.6) 2 
4 ± 11 

(1.3) 2 
  

       
1 Reported from Alt et al. (2004). 
2 Calculated from values reported in Alt et al. (2004). 
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