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Summary-The potenciesof kainate, glutamateand diastereomersof 4-methylglutamatewere determinedfor
activation and steady-state desensitization of G1uR6and dorsal root ganglion-type kainate receptors using
whole-cell voltage clamp. In HEK293 cells expressing G1uR6,all four diastereomers induced desensitizing
inward currents at relatively high concentrations (>50 PM), however, the 2S,4R diastereomer (2S,4R-4MG;
SYM 2081) was approximately 100-foldmore potent than the other three. The EC.XIfor receptor activation by
2S,4R-4MG (1.0 pM) was similar to that for kainic acid (1.8 ,uM),but 2S,4R-4MG was significantly more
potent than kainate, glutamate or the other diastereomers of 4-methylglutamate at producing steady-state
desensitizationof GluR6receptors.IC50Sfor desensitizationquantifiedusing a fixed concentrationof kainate as
a test agonistwere 7.6,31 and 667 nM for 2S,4R-4MG,kainate and glutamate,respectively.In addition,2S,4R-
4MG fully desensitizednative kainate receptors(of the G1uR5subtype)in dorsalroot ganglionneuronswith an
IC50of 11nM, comparedto 3.4 PM for glutamate.For G1uR6,recovew fromdesensitizationdisplayeda similar
time course for kainate and glutamate (z= 3-4s) but was roughly 20-fold slower for 2S,4R-4MG, which
suggeststhat the rate of recoveryis not entirelydependenton the affinityof ligandfor the desensitizedreceptor.
Followingexposureto concanavalinA, applicationof kainate, glutamateand 2S,4R-4MGevoked very similar
maximal currents that showedlittle or no desensitization.Lectin pretreatmentproduced a leftward shift in the
concentration-response relationship for 2S,4R-4MG with an 1l-fold reduction in the EC50;however, no
significant change in the EC50for kainate was observed. The characteristic of 2S,4R-4MG to potently and
completelydesensitizeboth recombinantG1uR6receptorsand native receptorson dorsalroot ganglionneurons
suggeststhat this compoundwill be useful to study selectiveblockadeof these receptors in the nervoussystem.
@ 1997Elsevier Science Ltd.
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dorsal root ganglia.

Of the three subclasses of monotropicglutamate receptors,
kainate receptors are the least well studied because they
are expressed at lower levels than u-amino-3 -hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA) or IV-methyl-
D-aS13ZU_tiCacid (NMDA) receptors (Paternain et al.,
1995; Spruston et al., 1995) and because most agonists
and antagonists of non-NMDA receptors show only
limited selectivity between the AMPA and kainate
subtypes (Wong et al., 1994; Wilding and Huettner,
1996). Nevertheless, studies of native kainate receptors
on peripheralneurons (Huettner, 1990;Wong and Mayer,
1993) and more recently on immature hippocampal
neurons (Lerma et al., 1993;Paternain et al., 1995)have

*To whom correspondence should be addressed at: Synaptic
PharmaceuticalCorp., 215 CollegeRd, Paramus,NJ 07652-
1431, U.S.A. Tel: 201 261-1331 ex. 176; Fax: 201 261-
0623; e-mail: kjones@synapticcomp.com

ka.inatereceptor, glutamate receptor, G1uR5,G1uR6,

broadly defined the unique physiologicaland pharmaco-
logical signature of these receptors. This work has been
greatly advancedby the cloning of five subunits, (Bettler
et al., 1990;Egebjerg et al., 1991;Werner et al., 1991;
Bettler et al., 1992; Herb et al., 1992; Sormner et al.,
1992)that, when expressedin heterologouscells, display
most of the characteristicsdescribedfor native receptors.
In particular, there is good evidence that receptors on
neurons of sensory dorsal root ganglia (DRG) are
composed of G1uR5 and KA2 subunits (Bettler et al.,
1990;Herb et al., 1992;Somrneret al., 1992;Partin et al.,
1993), whereas kainate receptors in hippocampus are
likely to be composedof the G1uR6subunit(Ruanoet al.,
1995), possibly in combination with KAl or KA2
(Wisden and Seeburg, 1993).

A prominentphysiologicalfeature of kainate receptors
is their rapid desensitization in response to kainic acid
and glutamate. This rapid desensitizationplays a major
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role in determining the kinetics of kainate receptor
channelsand has been useful as a pharmacologicaltool to
selectively block the activity of kainate receptors on
neurons containing mixed populations of glutamate
receptors (Lerma et al., 1993). The densensitizationof
DRG cell kainate receptors has been studied in some
detail (Huettner, 1990;Wong et al., 1994),but compar-
able work has not yet been reported for receptors
composed of the G1uR6 subunit. Also, in general, the
steady-state potency of the various agonists to induce
desensitizationof kainate receptors has not been studied
at all.

The cloning of distinctAMPA-preferringand kainate-
preferring glutamate receptor subunits has intensified
efforts to synthesizecompoundsshowingpharmacologi-
cal specificityfor either receptor subtype.Recently, two
classes of heterocyclic compounds,modified 2,3 benzo-
diazepines (Tarnawa et al., 1993) and substituted
dihydrophthalazines (Pelletier et al., 1996) have been
shown to exhibit selectiveblockade of AMPA receptors
(Paternain et al., 1995; Wilding and Huettner, 1995;
Pelletier et al., 1996). The active site for these
compounds is not equivalent to the ligand binding site
for glutamate (Donevan and Rogawski, 1993;Zorumski
et al., 1993; Li et al., 1995) or for positive modulators
such as aniracetam and cyclothiazide(Tang et al., 1991;
Yamada and Tang, 1993;Kessler et al., 1996;Partin and
Mayer, 1996).To gain additionalinformationconcerning
the ligand binding preferences for the major glutamate
receptor subtypes, a series of 4-alkyl substituents of
glutamate has been synthesized recently and tested for
binding, activity (Gu et al., 1995). From this series, the
(2S,4R) diastereomer of 4-methylglutamate (2S,4R-
4MG) was the most potent competitor for high affinity
kainic acid binding sites. The compoundalso displayeda
low affinityfor NMDA and AMPA receptorbindingsites
(Gu et al., 1995). A prelimin~ electrophysiological
characterizationsuggestedthat 2S,4R-4MGactivatesand
desensitizes G1uR6kainate receptors, but exhibits much
weaker activity at AMPA receptors (Zhou et al., 1997).
The present study compares the potency of 2S,4R-4MG,
glutamate and kainate for activation, as well as steady-
state desensitizationof recombinantG1uR6receptorsand
native kainate receptors expressed by sensory neurons.

MATERIALS AND METHODS

Electrophysiological recordings

The whole-cell configuration of the patch-clamp
technique was performed with glass pipettes having a
resistance of 2-4 Mf2 when filled with the pipette
solution. Solutions used were (in mM): CSC1, 140;
MgC12,2; EGTA, 1.1;CaC12,1.0;HEPES, 1.0;pH 7.3 for
the pipette and NaCl, 150; KC1,4; CaC12,2; MgC12,1;
HEPES, 10 at pH 7.4 for the bath. When recording from
DRG cells and cortical neurons, Na+ currents were
blocked by external TTX (300 nM). Voltage ckunp
recordings from HEK293 cells were made with an

EPC-9 amplifierusing Pulse+ PulseFit software (HEKA
Elektronik).Currentswere low-passfilteredat 1kHz and
digitized at a rate of 5 kHz. Responses from DRG cells
were recorded with an Axopatch 200 amplifier using in-
house software in the Basic-Fastlab environment (Indec
Systems Inc., Capitola, CA, U.S.A.). Unless otherwise
noted, experiments were performed on cells voltage
clamped at a holding potential of –70 mV. Rapid
application of agonists was realized using a gravity-fed,
perfusion system consisting of six microcapillary tubes
measuring 0.32 mm diameter (J and W Scientific) placed
concentrically inside a 1.7 mm O.D. glass tube. The outer
tube was heated and pulled around the inner tubes to form
a blunt nozzle having a final diameter of 0.3 mm O.D.
Dead space between the ends of the perfusion tubes and
the tip of the nozzle was 2–3 pl. Solution exchange times
measured 4-6 msec (10-90% of steady-state current) at
the tip of a patch pipette placed in the position of a cell.
The bath was constantly perl%sed at a low rate with
control solution.

Because some agonists when applied even for brief
periods (l–2 see) inducedreceptor desensitizationlasting
many seconds, care was taken to utilize a low frequency
of agonist stimulation that would not interfere with the
construction of concentration-response relationships.
Therefore, for EC50and IC50determinations, agonist
pulseswere appliedevery 5 tin, a period found to permit
full recovery of maximul currents. Often this lengthy
“wash” period did not allow us to apply the full range of
agonist concentrations in a single cell; EC50Sand IC5@
were calculated from single curve fits constructed from
the normalized response amplitudesfrom multiple cells.
Concentration-responsecurves for agonists and antago-
nists were fitted with logistic equations of the form I =
1/(1+ (Ec5~[Agonist])”) for agonists and 1= 1/(1+
([Antagonist]/IC50)n)for antagonists, where EC50is the
concentration of agonist that produced half-maximal
activation, IC50is the concentration of antagonist that
produced half-maximal inhibition and n is the Hill
coefficient.Fits were made with a Marquardt-Levenberg
non-linear least-squares curve fitting algorithm. All
values are expressed as meant standard error of the
mean. Statistical analysis was performed using a two-
tailed paired t-test.

Cell cultures

HEK293 cells stably expressing the fully edited
version (VCR) of the G1uR6 subunit (Howe et al.,
1995), under the control of an inducible promoter
(Marshall and Howe, 1994), were obtained from J. R.
Howe, Yale University (New Haven, CT, U.S.A.). Cells
were maintained in continuous culture in MEM-E
medium (Sigma, St. Louis, MO, U.S.A.) containing
10%fetal bovineserum,2 pg/ml tetracyclineand 0.5 mg/
ml G-418. Two to four days prior to an experiment cells
were trypsinized, seeded onto 35 mm tissue culture
dishes and fed with medium lacking tetracycline to
induce expression of the G1uR6 subunit. Dorsal root
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Fig. 1.Activationof currentsby the four diastereomersof 4-methylglutamateand kainate (KA)in HEIC293-G1UR6
cells. (A) Inward current responses in a single cell voltage clamped at –70 mV. All compoundswere tested at a
concentration of 100pM. “2S,4R” is 2S,4R-4-methylglutamate.In this and subsequentfigures,bars indicate the
duration of application of the specifieddrug. (B) Concentration-response profiles for 2S,4R-4MG and kainate.
Each data point represents an average of responsesfrom fivecells for each concentrationof kainate and three cells
for each concentraticmof 2S,4R-4MG.Values are normalizedto the current at 100KMfor kainate and 300 pM for
2S,4R-4MG.n =0.9for 2S,4R-4MG;n = 1.1 for kainate. Curve fits were applied as described in Materials and

Methods.

ganglion (DRG) cells were isolated as described (Wild-
ing and Huettner, 1995)from Long Evans rats 2–20 days
after birth. Ganglia were incubated for 20-30 minutes
with protease type XXIII (Sigma), then dissociated by
trituration in buffered saline containingtrypsin inhibitor.

Drugs

The four diastereomers of 4-methylglutamate were
prepared using a stereo-synthetic pathway (Gu et al.,
1995). Purity of the enantiomers was determined by
HPLC to be >99.9%. All other compoundswere obtained
from Sigma, unless otherwise noted.

RESULTS

Activation of kainate receptors by diastereomers of
4-methylglutamate

Rapid delivery of micromolarconcentrationsof any of

the four diastereomers of 4-methylglutainate produced
inward currents in HEK293 cells expressing the G1uR6
subunit (Fig. 1A). Untransfected HEK293 cells were
unresponsive to applications of 2S,4R-4MG (60 PM),
kainate (300 PM) or domoate (3 vM). The enantiomers
were initially tested at 1 and 100VM to obtain
preliminary information on their potencies and general
response properties. At the higher concentration, each
compound elicited an inward current that subsequently
decayed to baseline (Fig. 1A). Only one of the
enantiomers,2S,4R-4MG, induced substantialcurrent at
1PM. Comparison of peak inward currents, normalized
to the peak current elicited in the same cell by a near
maximal concentration of kainate, confirmed the higher
potency of 2S,4R-4MG (Table 1). These results are
consistentwith earlier studies (Gu et al., 1995) showing
high affinity binding of (2S,4R)-4-methylglutamate,but
not the (2R,4R), (2S,4S) or (2R,4S) stereoisomers, to
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Table1.Peakcurrentsevokedbyglutamateandtbefourdiastereomersof4-methylglutarnaterelativeto kainate

Compound

4-methylglutamate

Concentration Glutamate 2S,4R 2R,4R 2S,4S 2R,4S

1 /.LM n.t. 0.42~ 0.08
(7) (:) (!) ($

100pm 0.53* 7 1.89~ 0.22 0.48 0.43~ 0.06 0.40t 0.06
(4) (9) (2) (3) (6)

1000pm 1.07* 0.11 n.t. n.t. n.t. n.t.
(4)

All values are normalized to the response to 100 PM kainate in the same cell and expressed as meanf SEM of n
cells; n.t., not tested.

high affinity kainate binding sites in brain. Therefore, suring peak inward currents over a range of ligand
2S,4R-4MG was selected for detailed analysis. concentrations (Fig. lB). Curve-fitting with the logistic

The relative potencies of 2S,4R-4MG and kainate for equation yielded EC511values of 1.78 + 0.07 and
activating whole-cell currents were compared by mea- 1.05 ~ 0.11 PM for kainate and 2S,4R-4MG, respec-

A 2S,4B4MG
K/4 ~------
0 m n

~r

... ... ... ... . .~--..........—. ................................. .. .. ....

Ir

A40 pA 1
2.5S

c 2S,4R-4MG Kainate Glutamate

~r,00PA

Fig. 2. Blockadeof homo-and cross-desensitizationby Con A. (A)Rapid applicationof 60 W 2S,4R-4MGcauses
a small current (secondtrace from left) and subsequentinsensitivityto kainate. Kainate responsivityreturns after a
3 rnin wash. Open bars indicate times of kainate application (KA, 100PM here and in (B)); solid bars indicate
times of 2S,4R-4MGapplication;dashed line between bars represents a 1 ruin gap in the record. (B) Following a
10ruin treatment of the cell in (A) with Con A (0.3 mg/ml), kainate generates a sustained current and 60 nM
2S,4R-4MGelicits a substantial sustained current. Coapplication of kainate induces the same amount of inward
current as kainate alone. (C) In a different cell, near maximal concentrations of 2S,4R-4MG (60 uM), kainate

(300 pM) and glutamate (300 pM) induce similar inward currents in the presence of Con A.
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tively. Hill slopesmeasured0.9–1.1for both ligands.Full
concentration-response data for glutamate was not
obtained, but our data are consistent with an EC50
between 100 and 1000PM; Raymond et al. (1993)
reported an EC50Value of 270 PM for glutamate at
homomeric G1uR6receptors.

In measurements taken from the same cells, peak
responses to 2S,4R-4MG were significantly larger
(p< O.01) than those stimulated by kainate (Fig. 1A);
the amplitude ratio (2S,4R-4MG:kainate) was
1.89 + 0.22. The lower apparent efficacy of kainate
compared to 2S,4R-4MG was not an artifact resulting
from incomplete recovery from desensitization or run-
down, since both were controlled for by routinely
reversing the order of agonist application. Desensitiza-
tion during the rising phase of the response to kainate,
however, could potentially reduce the peak response,
since, at least for DRG-type kainate receptors, responses
to glutamate are dependent on the speed of agonist
application (Huettner, 1990).

Steady-state potency in cells treated with concanavalin A

In order to study differences in the steady-state
activation of G1uR6receptors, we treated cultures with
concanavalin A (Con A), a lectin that is known to block
desensitization of kainate receptors (Huettner, 1990;
Wong and Mayer, 1993).The effects of Con A treatment
on responses to 2S,4R-4MG and kainate are shown in
Fig. 2. In the absence of Con A, a low concentration of
2S,4R-4MG (60 nM) evoked a threshold current and
completely desensitized the receptors (Fig. 2A). In the
same cell, after a 5 tin treatment with Con A (0.3
mg/ml), both kainate and 2S,4R-4MG elicited sustained
currents. In addition, the current evoked by co-applica-
tion of kainate and 2S,4R-4MGwas equal to that elicited
by kainate alone, consistent with the activation of a
common pool of receptors by both agonists. Therefore,
Con A treatment abolished the rapid desensitization
producedby high concentrationsof kainate, as well as the
cross desensitizationof kainate by low concentrationsof
2S,4R-4MG. Following exposure to Con A, near
maximal concentrations of 2S,4R-4MG, kainate and
glutamate evoked inward currents of similar amplitude
(Fig. 2C). 2S,4R-4MG (100 ,uM)and glutamate (1 mM)
activated 101.3 f 1.6 (n= 11) and 99.2 + 0.8 (n= 4)
percent, respectively, of the current activated by kainate
(100 ,uM)in the same cells.

The observation that threshold concentrations of
2S,4R-4MG were able to elicit substantial currents in
Con A-treated cells (Fig. 2B) suggested that lectin
treatment had significantly altered the concentration-
response function for this compound (see Discussion).
Therefore, we repeated concentration–responseexper-
imentsfor 2S,4R-4MG and kainate in cells that had been
pretreated with Con A. For 2S,4R-4MG the ECW
decreased n-fold from 1050nM (in the absence of
Con A) to 91 uM, whereas for kainate the EC50changed
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Fig. 3. Concentration-response relationships for 2S,4R-4MG
and kainate in the presence of Con A. ■ (2S,4R-4MG)and ●
(kainate) indicate averaged responses to three cells pretreated
with Con A. n = 1.0 for 2S,4R-4MG; n = 1.5 for kainate.
Concentration-response data in the absence of Con A from

(Fig. IB) is shownfor comparison (O, ❑).

only slightly, decreasing from 1780 to 980 nM after
treatment with Con A (Fig. 3).

Potencies for desensitization by 2S,4R-4A4G, kainate and
glutamate

In cells that had not been exposed to Con A, both
2S,4R-4MG and kainate caused rapid and complete
desensitization of G1uR6 receptors at all concentrations
that elicited substantial currents. To determine whether
desensitization was produced by concentrations of
2S,4R-4MG near the threshold for current activation,
we applied 1 tin prepulses of the drug at 100 nM and
tested for inhibition of the current evoked by a much
higher concentration (30 MM). Although the low con-
centration of 2S,4R-4MG stimulated very little inward
current, it completely eliminated the response to a
saturating dose of the compound (Fig. 4A). One minute
preapplications of 2S,4R-4MG caused a similar reduction
of currents stimulated by a near saturating concentration
of kainate (Fig. 4B) or glutamate (data not shown). We
also observed cross desensitization of 2S,4R-4MG
responsivity by pre-application of 1 PM kainic acid (data
not shown).

The potencies of 2S,4R-4MG, kainate and glutamate
for inducing steady-state desensitization of G1uR6
receptors were determined using the same procedure as
outlined above. Peak currents in response to kainate
(100 PM) were measured before and immediately
following a 1 min pre-application of one of the three
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Fig. 4. Inhibitionof currentsgeneratedby 2S,4R-4MGandkainate by low concentrationsof 2S,4R-4MG.(A) One
minute preapplication of 100UM 2S,4R-4MG completely blocks (center trace) currents produced by a near
maximal concentrationof 2S,4R-4MG.(B) A similarpreapplicationof 2S,4R-4MGabolishescurrent inducedby a

near saturating concentrationof kainate. Responsesin (A) and (B) are fmm the same cell.
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Fig. 5.Concentration-inhibitioncurvesfor 2S,4R-4MG,kainate and glutamate.Each compoundwas tested for its
ability to inhibit the response to a 100PM application of kainate. Compounds were applied for 1 min before
application of kainate. Data points represent the average of responsesfrom 5–12cells for 2S,4R-4MG,4-10 cells
for kainate and three to five cells for glutamate. Hill slope n = 1,1 for 2S,4R-4MG,0.7 for kainate and 0.9 for

glutamate.

ligands. As shown in Fig. 5, 2S,4R-4MG desensitized tamate also produced approximately half-maximal stea-
G1uR6receptors with an IC50of 7.6 nM, whereas kainate dy-state desensitizationat a concentrationof 1 PM (data
and glutamate were significantlyless potent, displaying not shown).
IC50Sof 31 and 667 nM, respectively. For all three
agonists, desensitization was complete at the highest Kinetics of onset and recoveryfiom desensitization

concentrations tested. Preliminary experiments revealed To determine if the larger transient currents observed
that the three low potency diastereomersof 4-methylglu- for 2S,4R-4MG compared to kainate were due to
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Fig. 6. Kinetics of entrv and recovery from desensitization in HEK293-G1uR6cells. (A) Rate constants of entrv
in~odesensitizationby kainate, gluta&ate and 2S,4R-4MG.Inwardcurrents were elicited by the concentration~f
compounds as shown. The rate of current decay was measured by fitting a portion of the curve using the
exponentialcurve-fittingroutine in Pulse + PulseFit (HEKAElektronik).Rate constantsfor these examplesare as
shown.Note that the trace for 2S,4R-4MGis scaled to match the amplitude of the other traces. All responses are
from the same cell. (B) Rates of recoveryfrom desensitizationby kainate, 2S,4R-4MGand glutamate. A pulse of
domoic acid (Dom; 2 PM) elicits a non-desensitizingcurrent in an HEK293-G1uR6cell. Subsequently,kainate
(3 PM) is applied for 1 rnin (indicated by dotted line) to induce desensitization. The solution is then rapidly
switched from kainate to domoic acid (2 pM). Single exponential fit of the data (continuousdark curve) yields a
rate constantof 5 sec. The sameprotocolwasused to measurethe rate of recoveryfrom desensitizationinducedby
2S,4R-4MG(1 PM) and glutamate (100 pM). All traces are from the same cell. The concentrationof domoate is

2 pM throughout.

differences in desensitization kinetics, the decaying
phasesof whole-cellcurrentswere fittedwith exponential
functions. In general, the time courses of desensitization
elicited by all three agonists were well fit by single
exponential functions (Fig. 6A). In the few cases where
time courses were better fit by double exponential
functions, the slower time constant accounted for less
than 15% of the total amplitude of the decay and,
therefore, only the faster time constants were included
in the data analyzes. Exponential decay times were
similar for 2S,4R-4MG, kainate and glutamate, having
mean values of 26 ~ 5 (n = 5), 31 & 5 (n = 5) and
23 f 8 msec (n= 4), respectively.

In early experiments, we noticed that currents took
longer to recover from pre-exposureto 2S,4R-4MGthan

they did to either kainate or glutamate. We quantified
rates of recovery from desensitizationusing domoic acid,
an agonist that stimulates a large steady-statecurrent in
cells expressingthe G1uR6receptor (Kohleret al., 1993).
In control cells, the rising phase of current evoked by
2 pM domoic acid was well fit by a single exponential
having a time constantof 182 ~ 42 msec (n = 4; data not
shown). After a 1 min application of a maximal
concentration of kainate, glutamate or 2S,4R-4MG,
however, the onset of current elicited by domoic acid
was slowed considerably (20-400-fold), reflecting the
slow kinetics of recovery from desensitization(Fig. 6B).
For each of the compounds,recoveries from desensitiza-
tion were well fit by single exponential, but for 2S,4R-
4MG the rate constant for recovery (83.0 ~ 3.1 see) was
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20-fold slower than for either kainate (4.0 f 0.4 see) or
glutamate (3.2 f 0.4 see).

Activation and desensitization of kainate receptors in
DRG cells by 2S,4R-4A4G

In contrast to the large transient currents elicited by
2S,4R-4MGat G1uR6receptors,rapid applicationsof this
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compoundto freshly dissociatedDRG cells evoked much
smallerpeak currentsthan kainateor glutamate(Fig.7A).
Compared to 300PM kainate, the amplitudesof currents
evoked by 4 and 16 PM 2S,4R-4MGwere 20 ~ 1’-ZOand
45 f 6%, respectively (n = 4 cells). Higher concentra-
tions of 2S,4R-4MG did not evoke larger currents (data
not shown). Similar to the G1uR6 receptors, however,
pre-exposure to 2S,4R-4MG caused complete desensiti-
zation of kainatecurrentsin the DRG cells (Fig. 7B). The
IC50for steady-statedesensitizationproduced by a 10 sec
prepulse of 2S,4R-4MG or glutamate was determined
from the reduction in peak current elicited by 300 ~M
lminate. As shown in Fig. 7C, 2S,4R-4MG desensitized
DRG kainate receptors with an IC50of 11 nM, whereas
glutamate was significantlyless potent (IC~o= 3.4 PM).
Full recovery from desensitizationto 2S,4R-4MGtook at
least 5–7 rein, even when drug concentrations of 0.25–
1 PM were applied for only 1–10sec.

As previously described (Huettner, 1990; Wong and
Mayer, 1993), brief exposure of DRG cells to Con A
eliminated kainate receptor desensitization. As in the
HEK293 cells expressing the G1uR6 subunit, 2S,4R-
4MG, kainate and glutamate activated sustainedcurrents
with very similar maximal amplitudes following treat-
ment with Con A. The EC50for activation of whole-cell
current by 2S,4R-4MG was 163nM (Fig. 7D) in Con A
treated cells, a concentration that did not produce any
discernible current prior to incubation with the lectin.
Coapplication of the competitive antagonists ACEA-
1011 (30 PM) and NS-102 (10 PM) produced 93 f 2%
and 46 & 5% inhibitionof currents activated by 250 nM
2S,4R-4MG, respectively, which is consistent with the
potency of these drugs against DRG kainate receptors
(Wilding and Huettner, 1996).

DISCUSSION

This study has demonstrated the potency of kainate, 4-
methylglutamate and glutamate to induce steady-state
desensitization of cloned and native kainate receptors.
One of the 4-methylglutamate diastereomers, 2S,4R-
4MG, was the most potent of all tested compounds,

Fig. 7. Activation and desensitization of kainate receptors, by
2S,4R-4MGin DRG neurons. (A) Whole cell currents evoked
by 300PM kainate and 16MM2S,4R-4MG in a single DRG
cell held at –80 mV. (B) Desensitization induced by a 10 sec
prepulse of 2S,4R-4MG. Traces show the effect of (top to
bottom)250,63, 16,4, 1and OnM 2S,4R-4MG(shadedbar) on
current evokedby 300 pM kainate (openbar). (C) Desensitiza-
tion induced by 2S,4R-4MG (.; six to eight cellslpoint) or
glutamate (0; three to five cells/point). Points show the
mean f SEM of peak current as a fraction of the maximal
response to kainate alone. Curves were fit as described in
Materialsand Methods.For 2S,4R-4MG,lCW= 11nM, n = 1.0;
glutamate IC50= 3.4 pM, n = 1.7.(D) Concentration-response
relation for 2S,4R-4MG in cells exposed to Con A (meant

SEM for 5-14 cells/data point). EC50= 163nM, n = 0.98.
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producing half maximal desensitization at 7.6 nM for
GIuR6 receptors and 11 nM for native receptorson DRG
neurons. Kainate and glutamate produced steady-state
desensitization of G1uR6receptors with IC50values of
31 nM and 667 nM, respectively. The three other
diastereomers of 2S,4R-4MG had potencies roughly
equal to glutamate. At DRG neurons the IC50 for
glutamatewas 3.4 pN; kainate producedonly incomplete
desensitizationin these cells (Huettner, 1990).Receptors
that include the GIuR5 subunit, found in DRG neurons
(Bettler et al., 1990; Herb et al., 1992; Somrner et al.,
1992; Partin et al., 1993), are known to show less
complete desensitization than those containing G1uR6
(Huettner, 1990;Herb et al., 1992;Sommer et al., 1992;
Patneau et al., 1994). The present study highlights the
fact that glutamate, and close glutamate analogs such as
2S,4R-4MG, induce rapid and complete desensitization
of both G1uR6 and GIuR5 (DRG) subtypes of kainate
receptors.

The activityof 2S,4R-4MGwas highly stereoselective,
confirmingan earlier binding study (Gu et al., 1995).All
four of the 4-methylglutamatediastereomers stimulated
inward currents at high concentrations, but only the
2S,4R diastereomer evoked current at micromolar
concentrations. In addition, only 2S,4R-4MG produced
desensitizationat nanomolar concentrations.

As has been suggested for AMPA receptors (Patneau
and Mayer, 1991; Raman and Trussell, 1992), our IC50
determinations are likely to reflect the affinitiesof each
ligand for the binding site of the kainate receptor in the
desensitized conformation. A comparison of our IC50
values with those obtained from equilibrium measure-
ments of [3H]kainate displacement suggests that this
relationship is true for the G1uR6 kainate receptor.
Previousstudiesusing [3H]kainatehave reportedIC5@for
2S,4R-4MG, kainate and glutamate of 19, 28 and
540 nM, respectively (Verdoom et al., 1994; Zhou et
al., 1997).

Strong evidence that the mechanism of inhibition of
GIuR6 and DRG receptors by 2S,4R-4MG involves
desensitization came from the cross-desensitization
observed between kainate and 2S,4R-4MG, and from
the currents recorded following exposure to Con A.
Previouswork has shownthat Con A selectivelyprevents
the desensitization of native and recombinant kainate
receptors by kainate, glutamate and other agonists
(Huettner, 1990; Partin et al., 1993;Wang et al., 1993;
Wong and Mayer, 1993).In the present study,Con A pre-
treatment abolished the steady state inhibitionproduced
by low concentrations(nM)of 2S,4R-4MG.Furthermore,
the currents evoked by near saturating concentrationsof
kainate, glutamate and 2S,4R-4MG were of comparable
amplitudesand were maintained for many secondsin the
continued presence of agonist following exposure to the
lectin.

We compared agonistEC@ of kainateand 2S,4R-4MG
using both steady-state (Con A pretreatment) and non-
steady-state conditions. Because of limitations on the

exchange of extracellular solutions during whole-cell
recordings, our steady-state EC50values are inherently
more reliable than those derived from peak current
amplitudes. Nevertheless, the values we obtained for
kainate were virtuallyidenticalbefore and after exposure
to Con A (EC50Sof 1.8 and 0.98 PM with Con A; see also
Huettner (1990) and Wong et al. (1994)) and were
comparable to those reported by others for the G1uR6
receptor (0.8 pM; Howe et al., 1995;1.0 pM with Con A;
Egebjerg et al., 1991). In contrast, EC5CIdeterminations
for 2S,4R-4MGin the presence and absence of the lectin
differed approximately n-fold (1050 nM versus 91 nM
with Con A). This shift in the apparentaffinityfor 2S,4R-
4MG, but not kainate, may have resulted from desensi-
tization during the onset of agonist exposure, which
would be most pronounced for a high affinity agonist at
low agonistconcentrations.On the otherhand, we can not
rule out the possibilitythat exposureto Con A may have
produced a genuine change in receptor activation by
2S,4R-4MG. For example, previous work on recombi-
nant AMPA receptors has shown that blockade of
desensitization by cyclothiazide is associated with an
increase in agonist potency for specific subunit splice
variants (Partin et al., 1994). Further work using
techniques that allow for more rapid solution exchange,
such as recordingsfrom outside-outpatches (Trusselland
Fischbach, 1989;Patneau et al., 1993),will be necessary
to resolve these possibilities.

The characteristicof kainate receptors to desensitizeat
agonist concentrationsfar below those required to elicit
detectable currents appears to be an intrinsic property of
the receptor. All three agonists, kainate, glutamate and
2S,4R-4MG, displayed a difference between IC50Sfor
desensitization and EC50Sfor activation of 1.8–2.1 log
units. This difference in apparent affinity for activation
versus desensitization is similar to that described for
AMPA receptors (Kiskin et al., 1986; Trussell and
Fischbach, 1989)where additionalwhole-cell and single
channeldata supportthe interpretationthat channelsmay
enter a desensitizedstate before going into a measurable
open conformation.

In earlier work on a series of halogenatedwillardiines,
Wong et al. (1994)observed that for short agonistpulses
(2 see), the rate of recovery from desensitizationin DRG
neurons was inversely dependent on agonist potency.
This result led them to propose that the time course of
recovery was governed mainly by the rate of agonist
unbinding from desensitized receptors. In the present
study of G1uR6receptors, which employed desensitizing
prepulses of longer duration (1 rein), 2S,4R-4MG
appeared to fit with this pattern, because it was the most
potent desensitizing agent and also showed the slowest
rate of recovery. Comparison of kainate and glutamate,
however,revealed very little correlationbetweenpotency
and recovery rate. Therefore, recovery from desensitiza-
tion proceeded at very similar rates for kainate and
glutamate (Huettner, 1990),despite more than a 20-fold
difference in their potency for inducing steady-state
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desensitization. These results suggest that, at least for
long prepulses, the time course of recovery from
desensitization is not strictly linked to agonist potency.
Further work will be needed to determine whether the
same holds true for shorter agonist applications or
whether there exist multiple, time-dependent desensi-
tized states for kainate receptors (Wong et al., 1994).

Desensitizationplays an important role in the physio-
logical and pathological regulation of glutamate recep-
tors (Zorumski and Mennerick, 1994).The present study
suggests that for homomeric G1uR6 and DRG-type
kainate receptors, concentrations of glutamate of ap-
proximately 1 PM produce considerable desensitization.
Although it is difficult to estimate the concentration of
glutamate in synaptic spaces in vivo, micro-dialysis of
extracellular fluid suggests that tonic levels of glutamate
may be as high as 2-4 PM (Jacobsonet al., 1985;Lerma
et al., 1986); much higher concentrations are expected
when ischemic or traumatic injury occurs (Benvenisteet
al., 1984;Rothman and Olney, 1986;Choi, 1988).Recent
work suggeststhat one role of kainatereceptorsmaybe to
regulate presynaptic release of glutamate (Chittajallu et
al., 1996). Pharmacological control of their desensitiza-
tion by drugs such as 2S,4R-4MGmay offer a new route
to the study of kainate receptor function in normal and
pathological processes. 2S,4R-4MG displays a high
potency for kainate receptors relative to AMPA receptors
(ECSI325PM on rat cortical neurons;Zhou et al., 1997)
therefore, its subtypeselectivityprofilemay be useful for
distinguishing kainate from AMPA receptor mediated
responses at synapses with mixed populations of
receptors.
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