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Abstract Rationale: Although convergent evidence ex-
ists for a role of glutamate in the regulation of anxiety, the
involvement of specific glutamate receptor subtypes has
yet to be defined. Objective: To evaluate the potential for
blockade of alpha-amino-3-hydroxy-5-methyl-4-isoxazole-
propionate (AMPA)/kainate receptors to produce anxiol-
tyic-like effects with the AMPA/GLUK5 (kainate) antagonist
(3S,4aR,6R,8aR)-6-[2-(1(2)H-tetrazole-5yl)ethyl]decahydro-
isoquinoline-3carboxylic acid (LY293558). Materials and
methods: Punished responding of rats was used to determine
the efficacy of LY293558. Other in vivo and in vitro studies
further characterized the specificity of LY293558 for
AMPA/kainate receptors. Results: LY293558 had a rank
order of potency of GLUK5 ≥ GLUK5/6 ≈ GLUA2i ≈ GLUK2/5

≈ GLUA1i ≈ GLUA2o ≈ GLUA3i ≈ GLUA1o ≥ GLUA3o ≥
GLUA4i ≈ GLUA4o and >100 μM affinity for rat cortical
GABAA receptors. Comparison of the blockade of AMPA-
vs N-methyl-D-aspartate (NMDA)-induced inward currents
demonstrated that LY293558 was fivefold more potent as an
antagonist at AMPAvs NMDA receptors in vitro. In keeping
with the low affinity of LY293558 for NMDA receptors,
LY293558 was not effective in preventing NMDA-induced
seizures in mice. LY293558 increased punished responding,
a preclinical predictor of anxiolytic efficacy, at a dose that
decreased unpunished responding (10 mg/kg, i.p.). Chlordi-
azepoxide produced comparable increases in both punished
and unpunished responding. The NMDA antagonist dizo-
cilpine [(+)-MK-801] also increased both punished and
unpunished responding. Conclusions: These data along
with those in the literature suggest that AMPA and/or kainate
receptor blockade may be an important component to
producing anxiolytic-like effects and may therefore be a

target for compounds with efficacy in the therapeutic treat-
ment of anxiety disorders.
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Data from convergent sources have suggested that dys-
regulation of glutamatergic neurotransmission contributes
to the pathophysiological states of epilepsy, Parkinson’s
and Huntington’s diseases, schizophrenia, and dependence
disorders (c.f., Parsons et al. 1998; Krystal et al. 1999).
Mood and anxiety disorders are also likely to involve
perturbations in glutamatergic neurotransmission (c.f.
Chojnacka-Wojcik et al. 2001; Kent et al. 2002;
Moghaddam 2002). Preclinical models of anxiety and
depression have documented that glutamatergic blockade
can result in antidepressant- and anxiolytic-like effects
(Witkin 1995; Chojnacka-Wojcik et al. 2001; Skolnick
2002), but the potential for glutamatergic blockade as a
therapeutic treatment for anxiety disorders remains uncer-
tain. Although competitive blockade of N-methyl-D-aspar-
tate (NMDA) receptors has been associated with anxiolytic-
like effects in animal models, the data are less clear for
compounds that antagonize the NMDA receptor ion channel
(see review by Witkin 1995).

The involvement of alpha-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate (AMPA) and kainate receptors in
anxiolytic drug action is even less well described. The
AMPA/kainate antagonist LY326325 produced increases in
drinking suppressed by electric shock (Kotlinska and
Liljequist 1998). However, there are data that are not
supportive of an anxiolytic profile; LY326325 has been
shown to produce anxiogenic rather than anxiolytic-like
effects on the elevated plus maze (Karcz-Kubicha and
Liljequist 1995). LY326325 is the monohydrate salt
of LY293558, (3S,4aR,6R,8aR)-6-[2-(1(2)H-tetrazole-5yl)
ethyl]decahydroisoquinoline-3carboxylic acid (Ornstein
et al. 1993), a competitive antagonist with high affinity
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for GLUK5 kainate receptors (Schoepp et al. 1995; Bleak-
man et al. 1996). LY293558 produced increases in punished
responding of pigeons (Benvenga et al. 1995).

As punished responding in pigeons may be more
sensitive to certain anxiolytic agents than in other species
(c.f. Barrett and Witkin 1991), the present study was
designed to compare LY293558 with the benzodiazepine
anxiolytic chlordiazepoxide and the NMDA receptor ion-
channel blocker (+)-MK-801 on responding suppressed by
punishment of rats. Responding suppressed by punishment
is widely used as a method for detecting anxiolytic activity
of compounds, based upon the established findings that
clinically effective agents like benzodiazepines and other
less used agents can be detected with these procedures (c.f.
Geller 1964; Cook and Davidson 1973; Barrett and Witkin
1991). As both chlordiazepoxide and LY293558 increased
food-maintained responding suppressed by punishment in
the present experiment and as chlordiazepoxide can also
increase food intake (Bainbridge 1968; Witkin and Leander
1982), we also studied the effects of both chlordiazepoxide
and LY293558 on food intake at doses that were effective
in increasing punished responding. An additional aim of
the present study was to broadly characterize LY293558 for
its affinities and selectivity for different AMPA receptor
subunits using specific cell lines expressing recombinant
human receptors in vitro.

Materials and methods

Cell culture All cell and tissue culture reagents were from
Invitrogen (Grand Island, New York). Recombinant
human AMPA receptors (GLUA1-4, both flip (i) and flop
(o) variants) were stably expressed in human embryonic
kidney (HEK) 293 cell lines, with the exception of
GLUA3o which was stably expressed in AV12 cells. Cells
were grown as monolayers under 5% CO2 at 37°C in
Dulbecco’s Modified Eagle Medium with 4.5 g/l D-
glucose, L-glutamine, and pyridoxine HCl (Invitrogen,
catalog #11965-084), with 10% fetal bovine serum and
250 μg/ml geneticin added. Medium for GLUA3o cells
contained 5% fetal bovine serum and 700 μg/ml geneticin.
It also contained 10 mM HEPES, 1 mM sodium pyruvate,
50 μg/ml streptomycin, 50 units/ml penicillin, and 300
μg/ml hygromycin.

Measurement of ion influx using Fluo-3 Cells were seeded
into poly-D-lysine-coated 96-well plates (Becton Dickinson
Labware, Bedford, MA) 1 day prior to experiments at a
density of 60,000 cells/well. Cells were washed three times
with 100 μl assay buffer composed of Hanks Balanced Salt
Solution (HBSS) without phenol red (Invitrogen) with
20 mM HEPES and 3.7 mM CaCl2 added (final [CaCl2]
=5 mM). Plates were then incubated for 2 h in the dark at
room temperature in 40 μl assay buffer with 8 μM Fluo3-
AM dye (Molecular Probes, Eugene, OR). After dye
incubation, cells were rinsed once with 100 μl assay buffer.
Finally, 50 μl assay buffer that included the AMPA receptor
potentiator LY392098 (10 μM, to prevent desensitization of

AMPA receptors) was added to wells and fluorescence
measured using a fluorometric imaging plate reader
(FLIPR, Molecular Devices, Sunnyvale, CA). A first
addition of 50 μl of LY392098-containing assay buffer
was followed by a second addition of 100 μl LY392098-
containing buffer 3 min later. LY293558 was added in the
absence of agonist during the first addition and in the
presence of 100 μM glutamate during the second addition.
Because of the high potency of glutamate at GLUA4i

receptors (EC50=2 μM, determined from pilot experi-
ments), only 1 μM glutamate was used when testing
antagonists at these receptors to provide more accurate
estimations of IC50 and Kb values.

GABAA receptor binding The affinity of LY293558 for
GABAA receptors was assessed in membranes prepared
from frozen rat brain cortex. Membranes were prepared
using freezing, thawing, and Triton X-100 extraction to
remove endogenous GABA (Williams and Risley 1979).
The final membrane pellets were resuspended in 50 mM
Tris buffer at pH 7.4. [3H]Muscimol (2 nM) was used to
label GABAA receptors and non-specific binding was
determined in the presence of 10 μM GABA.

Increasing concentrations of compound (10 μM to
0.1 nM) were incubated with radiolabel and membrane
aliquots in a final volume of 1.0 ml and incubated under
refrigeration for ≥2 h. The assay was terminated by
filtration over GF/C filters on a Packard Filtermate Cell
Harvester, followed by an ice-cold 10-ml-saline wash.
Radioactivity bound was determined after a period of
equilibration in Micoscint-20 scintillation cocktail using a
Packard Microplate scintillation counter.

Primary culture of hippocampal pyramidal neurons Hip-
pocampal pyramidal neurons were cultured via modifica-
tion of the method of Brewer et al. (1993) from E17
Sprague–Dawley rat fetuses. Neurons were mechanical-
ly dispersed in 1 ml HBSS without Mg2+ or Ca2+

supplemented with 1 mM sodium pyruvate and 5 mM
HEPES utilizing a fire-polished glass Pasteur pipette. The
suspension was then diluted with HBSS with Mg2+ and
Ca2+ supplemented as above and non-dispersed tissue was
allowed to settle for 3 min. The supernatant was
transferred to a 15-ml conical tube and centrifuged for
1 min at 200×g. The pellet was resuspended in Neurobasal
Media (Invitrogen) supplemented with B27, 0.5 mM
glutamine, and 25 μM glutamic acid. Neurons were plated
on collagen/laminin-coated glass coverslips (15 mm) at
2×105 cells per coverslip. Cultures were maintained in a
humidified 5% CO2 incubator at 37°C. On day 4 and
every seventh day after, media were half exchanged with
fresh plating media lacking glutamic acid. Neurons were
used for electrophysiological recording after 12–15 days
in vitro.

Electrophysiological recordings and drug application
Whole-cell voltage clamp recordings (Vh=−70 mV) were
made from single cells with the use of tight-seal whole-cell
configuration of the patch-clamp technique (Hamill et al.
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1981). Glass fragments of coverslips with adherent cells
were placed in a perfusion chamber and rinsed with buffer
of composition: 140 mM NaCl, 5 mM CaCl2, 5 mM KCl,
1 mM MgCl2, 10 mM HEPES, and 10 mM glucose,
pH 7.4 with NaOH (osmolality, 315 mosM/kg). Pipette
solutions contained 140 mM CsCl, 1 mM MgCl2, 14 mM
diTris creatine phosphate, 50 U/ml creatine phosphoki-
nase, 14 mM MgATP, 10 mM HEPES, and 15 mM
BAPTA, pH 7.2 with CsOH (osmolality, 295 mosM/kg).
Experiments were performed at room temperature (20–
22°C) and recorded on an Axopatch 200 A amplifier using
pClamp6 software (Axon Instruments, Foster City, CA).
Pipette resistances were typically 1.5–2.5 MΩ. Drug
application was via bath perfusion and occurred within
approximately 5 s of initiation of flow. The recording
buffer used when measuring NMDA-evoked currents
excluded MgCl2 and was supplemented with 10 μM
glycine to maximize NMDA-evoked responses. Tetrodo-
toxin (1 μM) was also included in all recording solutions
to prevent synaptic activity in these cultures. Concentra-
tion–effect curves were generated using data from a
minimum of three separate cells.

Animals Experimentally naïve, male Fischer 344 rats
(Harlan–Sprague–Dawley, Indianapolis, IN) were individ-
ually housed in a temperature-, humidity-, and light-
controlled vivarium (lights on 0600–1800 hours). The rats
for the punished responding experiments were maintained
at about 85 to 90% of their free-feeding body weights by
post-session feeding. Rats for the food intake experiments
were given continuous access to food except prior to the
feeding test as described below. Non-food-deprived, male
NIH Swiss mice (Harlan–Sprague–Dawley, Indianapolis,
IN) were used for the NMDA seizure and rotorod
experiments. The mice were housed in large cages in
groups of 12. Water was continuously available for both
species except during experimental sessions. The facilities
in which the animals were maintained are fully accredited
by the American Association for the Accreditation of
Laboratory Animal Care (AAALAC), and the studies
described herein were conducted in accordance with the
Guide for Care and Use of Laboratory Animals under
protocols approved by local institutional animal care and
use committees.

Punished responding Experiments were conducted in
standard operant conditioning chambers (Coulbourn
Instruments, Allentown, PA) containing a single response
lever. A group of twenty-four rats was used in this
experiment wherein each individual rat was used on
several occasions to construct dose–effect curves. Lever
press training was accomplished by arranging each lever
press to produce 45 mg food pellet (BioServe, French-
town, NJ). Responding was subsequently maintained
under a multiple schedule of food delivery. In the presence
of one set of stimulus lights (houselight and lever light
illuminated), responding was maintained under a variable
interval 30 s (VI 30 s) schedule in which lever presses
produced food on an average of every 30 s. In the presence

of an alternating stimulus condition (houselight + flashing
lever light), the VI 30 s schedule remained in effect but, in
addition, every tenth response produced a brief electrifica-
tion of the grid floor (0.3–0.5 mA for 100 ms). Shock
intensities were individually set to produce about 90%
suppression of responding relative to behavior in the
nonpunished schedule component. Punishment and no
punishment schedule components were separated by a
60s period during which all lights were turned off and
responding had no scheduled consequences. Training to
final baseline levels was achieved after 8–10 weeks.

Once responding had stabilized such that there was no
more than 15% variation in rates of responding from day
to day for a 4-day period, drug experiments were initiated.
Compounds and compound vehicles were generally
administered on Tuesdays and Fridays given that respond-
ing on the preceding control sessions were within
tolerance for the individual rat. Dose–effect curves were
constructed using four to six rats per dose for each
compound with vehicle control information coming from
at least 10–15 rats. Chlordiazepoxide (i.p.), and LY293558
(i.p.) (+)-MK-801 (s.c. injection) were given 30 min prior
to testing. Dose–effect curves were determined in the order
listed above with chlordiazepoxide given at a number of
different time points in the experiment to determine
stability and durability of the response.

Food intake Rats were deprived of food for 18 h prior to
testing. Chlordiazepoxide (15 mg/kg, i.p.) and LY293558
(10 mg/kg, i.p.) were administered 30 min prior to testing
in individual test chambers (17.6×28.2×12.6-cm high)
with sawdust bedding. Food (the same as used for daily
maintenance, Rodent Diet 5001, PMI Nutrition Interna-
tional, Brentwood, MO) was weighed before and after a
90-min access. Seven rats were studied under each
condition.

NMDA-induced seizures To determine whether the low-
affinity binding of LY293558 to NMDA receptors
observed in vitro could be responsible for the anxiolytic-
like efficacy of LY293558, the ability of LY293558 to
prevent convulsions induced by NMDAwere compared to
that of (+)-MK-801. The NMDA seizure/lethality test has
been used as an in vivo predictor of NMDA receptor
blockade (c.f., Leander et al. 1998). Mice were pretreated
by s.c. injection with test compound or vehicle. Thirty
minutes after pretreatment, mice were injected with
NMDA (200 mg/kg, i.p.) and observed for the presence
or absence of seizures and lethality as previously described
(Leander et al. 1988; Geter-Douglass and Witkin 1999).
Prior to treatment with NMDA, mice were tested on the
rotorod to test for possible motor effects of test
compounds.

Rotorod performance Mice were injected with vehicle or
compound and, after 30 min, were placed on a rotorod
(Ugo Basile 7650) operating at a speed of 6 rpm and
observed for falling. Mice that fell off the rotorod on two
occasions during 2 min were scored as failing. Mice were
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not pretrained on this task. After 2 min on the rotorod,
they were given NMDA and observed for seizures.

Compounds Chlordiazepoxide HCl and (+)-MK-801 ma-
leate (dizocilpine) were obtained from Sigma Chemical
Co.(St. Louis, MO), and LY293558 (synthesized in-house)
were dissolved in 0.9% NaCl. All compounds were
prepared just prior to dosing and administered in a volume
of 1 ml/kg (rats) or 10 ml/kg (mice) body weight.
Chlordiazepoxide (i.p.) and LY293558 (i.p.) were given
30 min prior to testing; (+)-MK-801 (s.c.) was adminis-
tered 20 min prior to testing. Drug doses are expressed as
drug forms noted above.

Data analysis Affinities of LY293558 in transfected cell
lines were analyzed from concentration–response curves
for LY293558 antagonism of glutamate effects. The curves
were analyzed using GraphPad Prism 3.02 software (San
Diego, CA), with the slope factor not fixed and the top and
bottom fixed at 100 and 0% inhibition, respectively. The
dissociation constant (Kb) was calculated from the IC50

value for inhibiting 100 μM glutamate-induced calcium
influx (or 1 μM glutamate for GLUA4i) according to the
Cheng–Prusoff equation (Cheng and Prusoff 1973):
Kb=IC50/(1+[Glu]/EC50 Glu) where [Glu] is the concentra-
tion of glutamate (1 or 100 μM). EC50 Glu is the EC50

value of glutamate for evoking calcium influx in a given
cell line, determined from glutamate concentration–re-
sponse curves run in the same plates as the antagonist
concentration–response curves.

Rates of responding (responses per minute) in the
punishment experiment were calculated for each compo-
nent of the multiple schedule. Dose–effect curves were
analyzed by one-way ANOVA for unpunished and
punished responding separately. Given significant dose–
effect changes, rates of responding under drug were
evaluated for significance in comparison to vehicle by
post-hoc Dunnett’s test. Food intake in grams was
compared by Student’s t test. Seizure/lethality data and

rotorod performances were analyzed by Fisher’s exact
probability test. All results were considered significant if
p<0.05.

Results

The in vitro pharmacological profile of LY293558 at
recombinant human AMPA and kainate receptors is shown
in Table 1 including data on some recombinant receptors
previously studied (Alt et al. 2004). LY293558 exhibited
antagonist activity at both AMPA and kainate receptors in
vitro, with a rank order of potency: GLUK5 ≥GLUK5/6 ≈
GLUA2i ≈ GLUK2/5 ≈ GLUA1i ≈ GLUA2o ≈ GLUA3i ≈
GLUA1o ≥ GLUA3o ≥ GLUA4i ≈ GLUA4o. LY293558 had
no effect at GLUK6 or heteromeric GLUK2/6 kainate
receptors.

The affinity of LY293558 was also determined at rat
cortical GABAA receptors using [3H]muscimol binding. At
the maximum concentration tested, no affinity for the
GABAA receptor was detected and the Ki was reported to
be >100 μM.

To determine the selectivity of LY293558 for AMPA vs
NMDA receptors in vitro, the ability of LY293558 to
antagonize inward currents evoked by AMPA or NMDA
was measured using whole-cell electrophysiological re-
cordings in primary cultures of rat hippocampal pyramidal
neurons. Figure 1 shows the ability of LY293558 to
antagonize currents evoked by either 30 μM AMPA or
10 μMNMDA. These concentrations were chosen because
they represent approximate EC80 concentrations for the
agonists (data not shown). LY293558 displayed moderate
(approximately five-fold) selectivity for AMPA vs NMDA
receptors, antagonizing AMPA-evoked currents with an
IC50 of 3 μM (95% confidence interval 2–3 μM) vs an IC50

of 13 μM (7–27 μM) for antagonizing NMDA-evoked
currents.

Responding maintained under the multiple schedule was
characterized by relatively constant rates of responding

Table 1 Potency of LY293558 for inhibition of glutamate-induced calcium influx in HEK293 cells expressing recombinant human AMPA
and kainate receptors in vitro

AMPA receptors

1i 1o 2i 2o 3i 3oa 4ib 4o

Kb 0.8 1.1 0.6 0.8 1.0 5.9 17.0 32.8
95% CI (0.6–1.0) (0.3–5.0) (0.5–0.7) (0.6–1.1) (0.9–1.0) (2.6–13.6) (12.1–23.9) (8.0–133.6)
IC50 31.0 18.5 20.9 15.0 55.0 66.7 27.2 129.2
95% CI (18.0–53.3) (6.7–50.9) (15.8–27.6) (10.2–22.0) (47.9–63.2) (21.9–203.1) (20.3–36.4) (84.4–197.9)
Kainate receptorsc

5 5/6 2/5 6 2/6
Kb 0.2 0.5 0.7 NE NE
IC50 0.7 1.0 3.2 NE NE

Values are in micromolar (μM)
NE No effect (<20% inhibition at 100 μM)
aExpressed in AV12 cells
bData listed for 4i cell line are from experiments using 1 μM glutamate (rather than 100 μM, as used for other cell lines)
cValues for LY293558 at kainate receptors are reported from Alt et al. (2004)
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with rates in the punishment component being suppressed
to about 6% of the rates of unpunished responding. Mean
non-injection control rates of responding (n=11) were
22.4±4.2 and 1.44±0.09 responses per min for unpunished
and punished responding, respectively.

Chlordiazepoxide (15 mg/kg) increased punished re-
sponding to 208% of control levels with corresponding
increases in rates of unpunished response rates (172%)
(Fig. 2). LY293558 also increased punished responding to
about the same extent as chlordiazepoxide at 10 mg/kg
(190% of control); this dose decreased unpunished
responding to 67% of control values. The uncompetitive
NMDA receptor antagonist (+)-MK-801 produced in-
creases in both punished (171%) and unpunished respond-
ing (131%) at lower doses while higher doses produced
dose-dependent decreases in rates.

Food intake was not significantly affected by either
chlordiazepoxide (15 mg/kg) or LY293558 (10 mg/kg) at
the doses that increased punished responding. Under
vehicle, rats consumed 5.8±0.5 g food. After chlordiaz-
epoxide, rats ate 7.1±1.2 g food and, after LY293558, rats
consumed 4.9±0.6 g food over the 90-min session.

To determine whether the low-affinity binding of
LY293558 to NMDA receptors observed in vitro could
be responsible for the anxiolytic-like efficacy of

LY293558, the ability of LY293558 to prevent convulsions
induced by NMDAwere compared to that of (+)-MK-801.
The NMDA seizure/lethality test has been used as an in
vivo predictor of NMDA receptor blockade (c.f., Leander
et al. 1998). NMDA-induced seizures/lethality in all of the
vehicle-treated mice (Table 2). (+)-MK-801 fully protected
mice from seizures and lethality. LY293558 (10 and 30
mg/kg) was not efficacious against NMDA-induced
seizures/lethality.

Rotorod performance of mice was studied to determine
if the doses of compounds that protect against NMDA-
induced seizures produced motor side effects. (+)-MK-801
disrupted motor performance on the rotorod in all mice
at the dose studied against NMDA-driven seizures (0.3
mg/kg) (Table 2). LY293558 showed a trend toward
rotorod disruption that did not reach statistical significance
up to 30 mg/kg.

Discussion

The increase in punished responding produced by
LY293558 was of comparable magnitude to that produced
by the benzodiazepine anxiolytic chlordiazepoxide. The
results with LY293558 substantiate the anxiolytic-like
effects of this compound and its salt form, LY326325, that
have been reported using punished responding in pigeons
(Benvenga et al. 1995) and Vogel conflict responding in
rats, and a modest effect in the rat elevated plus maze
(Kotlinska and Liljequist 1998). In one report, however,
LY326325 produced an anxiogenic rather than an anxio-
lytic effect in the elevated plus maze (Karcz-Kubicha and

Fig. 2 Effects of chlordiazepoxide, LY293558, and (+)-MK-801 on
punished and unpunished responding of rats. Nonpunished respond-
ing (squares), punished responding (circles). Each point represents

the mean±SEM of four to six rats; n=10–15 for vehicle control.
Significant differences (p<0.05, Dunnett’s test) from vehicle control
values (points above 0) are represented by asterisks

Table 2 Effects of LY293558 and (+)-MK-801 on seizures/lethality
induced by N-methyl-D-aspartic acid compared to effects on the
rotorod

Compound Seizures/lethalitya Rotorod failuresa

Vehicle 6/6 1/6
(+)-MK-801 (0.3 mg/kg) 0/6* 6/6*
LY293558 (10 mg/kg) 6/6 0/6
LY293558 (30 mg/kg) 5/6 3/6

*p<0.05 represents effects significantly different than vehicle
control values by Fisher’s exact probability test
aData are expressed as number of mice affected/mice tested-7 -6 -5 -4
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Fig. 1 Inhibition of AMPA- and NMDA-evoked inward currents by
LY293558 in cultured rat hippocampal neurons in vitro using whole-
cell voltage clamp electrophysiology. Inhibition of inward current
evoked by 30 μM AMPA resulted in an estimated IC50 value of
3 μM (filled squares). Inhibition of inward current evoked by
10 μM NMDA resulted in an estimated IC50 value of 13 μM (open
squares)
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Liljequist 1995), a finding that may be species-related
(mouse). The results of the present study using the Geller
conflict procedure (Geller 1964) provide support for the
potential of AMPA/kainate antagonism as a novel approach
to the therapeutic management of anxiety disorders. As
functional agonists of GABAA receptors can also increase
punished responding (e.g., chlordiazepoxide as shown
here), we evaluated the affinity of LY293558 to bind to
GABAA receptors. Both the low affinity of this compound
(>100 μM) compared to its higher affinity at AMPA/kainite
receptors along with the lack of chlordiazepoxide-like
effects on unpunished responding (increases) support the
conclusion that GABAA receptors are not relevant to the in
vivo effects of LY293558 reported here. Nonetheless, in
vivo experiments with selective pharmacological tools
would also be needed to substantiate this point.

The increases in punished responding produced by
LY293558 did not appear to be due to increases in food
motivation per se, as LY293558 did not increase rates of
nonpunished responding or increase food consumption at
the dose efficacious in the punishment experiment. Chlor-
diazepoxide increased rates of nonpunished responding, an
effect reported previously by a number of investigators (see
Witkin and Katz 1990 for a summary and discussion). In
addition, chlordiazepoxide has been reported to increase
feeding in rats (Bainbridge 1968; Witkin and Leander
1982), although chlordiazepoxide did not significantly
increase food consumption in the present study at the dose
that was active in the punishment experiment. It must be
noted, however, that the conditions of food deprivation
were not identical in the food intake experiments and the
experiments on punished responding.

In contrast to the effects produced by LY293558 in the
current study, 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo(F)
quinoxaline, a competitive AMPA/kainate receptor antag-
onist without the degree of specificity shown by LY293558
for GLUK5 receptors (c.f., Bleakman et al. 1999; Alt et al.
2004), did not have efficacy in the Vogel conflict test in rats
(Członkowska et al. 1997) or in the pentylenetetrazol
discrimination test (Swedberg et al. 1995) but did show
small anxiolytic-like effects in the elevated plus maze when
given directly into the nucleus accumbens of rats (Martínez
et al. 2002). Pharmacological distinctions between AMPA
and AMPA/kainate receptor antagonists are beginning to
emerge in other areas of potential psychiatric application as
well (e.g., psychosis, Vanover 1998).

There have been a number of reports that NMDA
receptor antagonists that block the ion channel do not
always produce anxiolytic-like effects in animal models
(see summary by Witkin 1995). However, increases in
punished responding of rats with phencyclidine and a
competitive NMDA receptor antagonist, NPC 12626,
have been reported previously (e.g., Wiley et al. 1992), and
(+)-MK-801 produced significant increases in punished
responding in the present experiment as noted in the
original report on this compound by Clineschmidt et al.
(1982). The ability of LY293558 to antagonize NMDA-
evoked responses in vitro, as demonstrated in the present
study in a functional electrophysiological assay, and its

affinity for [3H]CGS 19755 binding sites (IC50=12 μM vs
28 μM for [3H]kaiante) (Lodge and Schoepp 1997)
suggested the possibility that NMDA receptor blockade
may account for the anxiolytic-like effects of this com-
pound. However, the lack of stimulation in unpunished
responding by LY293558 (that was seen with (+)-MK-801)
along with the absence of significant impairment in rotorod
performance as seen with (+)-MK-801 (c.f., Ginski and
Witkin 1994) provide evidence that LY293558 and related
compounds (Benvenga et al. 1995) do not functionally
block NMDA receptors in vivo at doses that produce
anxioltyic-like activity.

As the high-affinity NMDA receptor antagonist (+)-MK-
801 increased punished responding in the present exper-
iment, we further evaluated whether LY293558 produces
blockade of the NMDA receptor in vivo by examining its
effects on NMDA-induced seizures/lethality, a test of in
vivo NMDA receptor antagonism (Leander et al. 1988).

It should be noted that the species used for the NMDA-
induced seizures/lethality experiments (mouse) differs
from that used for measuring anxiolytic-like effects (rat).
However, the inability of LY293558 to prevent NMDA-
evoked convulsions in this model differentiates it from
other low-affinity NMDA receptor ligands. LY293558
blocked NMDA currents with an IC50 of 13 μM in the
present study. Ibogaine and 5-aminocarbonyl-10,11- dihy-
dro-5h-dibenzo[a,d]cyclohepen-5,10-imine, which have
been shown to bind to NMDA receptors with Ki values of
1 and 11 μM, respectively (Monn et al. 1990; Popik et al.
1994), both inhibit NMDA-induced seizures in mice (Geter-
Douglass and Witkin 1999), suggesting that affinity is not
the only determinant of the anticonvulsant activity of these
agents. The specificity of action of LY293558 as an
antagonist for AMPA/kainate receptors over NMDA
receptors has been reported previously using rat spinal
neuron electrophysiological methods in vitro and in vivo
(Lodge and Schoepp 1997). The lack of effect of LY293558
in an in vivo assay of NMDA receptor blockade combined
with its low functional affinity against NMDA-induced
currents and its profile as an AMPA/kainate antagonist in
vitro reinforces the hypothesis that blockade of AMPA,
kainate, or AMPA/kainate receptors without blockade of
NMDA receptors is sufficient to produce anxioltyic-like
efficacy in an established animal model of anxiolytic activity.
These findings are thus consistent with the data reported
using pigeons in which similar conclusions were rendered
(Benvenga et al. 1995).

LY293558 demonstrates high affinity binding to kainate
GLUK5 receptors (Bleakman et al. 1999). As these receptors
have been shown pharmacologically (Procter et al. 1998;
Simmons et al. 1998; Blackburn-Munro et al. 2004; Palecek
et al. 2004), clinically (Gilron et al. 2000), and through the
use of transgenic mice (Ko et al. 2005; however, see Youn
and Randic 2004) to be related to the control of pain
pathways, the question of whether the anxiolytic-like
effects of LY293558 are mediated through an analgesic
effect can be raised. Although specific measurements of
reactivity or detection thresholds for the electric foot current
used as a punisher in the present experiment were not
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established, ample evidence has long been available to
document that analgesia per se is not a driver of anxiolytic-
like activity in the punishment assay used here (c.f.,
Kelleher and Morse 1968). Nonetheless, the comorbidity of
pain and anxiety states (c.f., Ploghaus et al. 2001; Sheftell
and Atlas 2002; Huckle 2004) may make such a dual-acting
molecule appealing for the treatment of chronic pain and/or
anxiety states. Other potential behavioral effects of
LY293558 that may be related to the increases in punished
responding should be investigated to further characterize
the behavioral pharmacology of this compound. However,
effects of compounds on punished responding are generally
related to their in vivo pharmacology and the baseline
behaviors rather than to effects on ancillary behavioral
processes such as analgesia, discrimination, vigilance, etc.
(c.f., Kelleher and Morse 1968).

GLUK5 receptors are localized in brain areas regulating
anxiety (e.g., basolateral amygdala; c.f., Li et al. 2001),
providing additional support to the possibility that targeting
specific glutamate receptor subtypes may prove more
reliable for generating anxiolytic activity. A recent report
using mice devoid of GLUK5- or GLUK6-containing
receptors showed through electrophysiological and behav-
ioral means that GLUK6 modulates the memory of aversive
events in fear conditioning whereas GLUK5 does not (Ko et
al. 2005). Although memory of aversive events associated
with environmental cues is not isomorphic with anxiety,
one must remain cautious about the exclusive assignment
at present a specific receptor isoform to control of anxiety
states. LY293558, despite its lack of significant interaction
with other kainate receptors, GLUK6, GLUK7, or GLUK2

(Bleakman et al. 1999; Alt et al. 2004), also has affinity for
GLUA1-4 (AMPA) as fully documented here (see also
Bleakman et al. 1999). It is also important to recognize that
the affinities and selectivities of LY293558 have largely
been defined in systems using recombinant receptors,
which may have important differences from those in native
tissues. For instance, while the affinity of LY293558 for
AMPA receptor subunits was measured using homomeric
AMPA receptors in the current study, natively expressed
AMPA receptors are likely to form heteromeric channel
assemblies (Mansour et al. 2001; Brorson et al. 2004).
Work to further define the mechanism of action of
LY293558 in vivo, along with investigation of the effects
of compounds with greater selectivity for GLUK5, will be
necessary to determine the potential utility of GLUK5

antagonists as anxiolytic compounds.
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