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Activation and Desensitization of Hippocampal Kainate Receptors

Timothy J. Wilding and James E. Huettner

Department of Cell Biology and Physiology, Washington University School of Medicine, St. Louis, Missouri 63110

We have used whole-cell recordings and rapid agonist appli-
cations to characterize the physiological properties of kainate
receptors expressed by rat hippocampal neurons in dissoci-
ated cell culture. Activation of NMDA and AMPA receptors was
prevented by inclusion of the noncompetitive antagonists MK-
801 (2 mwm) and GYKI 53655 (100 wwm), respectively. In the
presence of these inhibitors, both kainate (EC55 = 23 um) and
glutamate (EC5, = 310 um) evoked desensitizing currents.
Maximal peak currents for kainate with GYKI 53655 were 15 =
3% as large as in control solutions without GYKI. In contrast to
currents mediated by AMPA receptors, kainate currents re-
corded in GYKI were blocked potently by lanthanum (IC5, = 2
umM) and were desensitized by 1 um 2S,4R-4-methylglutamate
(SYM 2081). Coapplication of either 5 um AMPA or 500 um
aspartate had little effect on responses to kainate, although
AMPA alone elicited current at 1 mm. In most cells, the currents
evoked by kainate, glutamate, and SYM 2081 varied linearly
with membrane potential and reversed near 0 mV. Kainate
elicited substantial current at steady state (~30% of peak),

whereas responses to glutamate and SYM 2081 desensitized
almost completely within 0.2-2 sec. Inhibition produced by a 10
sec desensitizing prepulse was half-maximal at 0.22 um for
SYM 2081 and 13 um for glutamate. Recovery from desensiti-
zation to kainate and glutamate was >80% complete within 60
sec but was three- to fourfold slower after exposure to SYM
2081. Exposure to Concanavalin A blocked desensitization of
the currents but also reduced the peak current amplitudes.
Collectively, these results confirm that kainate-preferring re-
ceptors underlie the currents evoked by kainate, glutamate, or
SYM-2081 in the presence of GYKI 53655; they are not medi-
ated by electrogenic transport or by AMPA-preferring receptors
that are insensitive to GYKI. In contrast to previous work on
embryonic hippocampal neurons, our results show that the
properties of kainate receptors expressed by cells from older
animals are distinct from those displayed by homomeric as-
semblies of the GIuR6 subunit.
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Neurons in the brain and spinal cord express several different
glutamate receptor subtypes, including at least three distinct re-
ceptors that directly gate ion channels. These three subtypes have
been named for the agonists NMDA, AMPA, and kainate
(Watkins and Evans, 1981; Hollmann and Heinemann, 1994).
Both NMDA and AMPA receptors have been studied extensively,
and the roles that they play in synaptic transmission are fairly well
established. In contrast, much less is known about the properties
of kainate receptors, and very little has been determined concern-
ing their function in the nervous system.

Analysis of cloned receptor subunits expressed in Xenopus
laevis oocytes or mammalian cell lines suggests that AMPA re-
ceptors are composed of subunits GluR1 through GluR4 (Boulter
et al., 1990; Keindnen et al., 1990), whereas GluR5 through
GIuR7 and the KAl and KA2 subunits contribute to kainate
receptors (Bettler et al., 1990, 1992; Egebjerg et al., 1991; Sommer
et al., 1992). GluRS5 and GluR6 can form functional homomeric
channels (Bettler et al., 1990; Egebjerg et al., 1991; Sommer et al.,
1992). The other kainate receptor subunits apparently do not
form homomeric ion channels but, instead, can contribute to
heteromeric assemblies with GluR5 and GluR6 (Herb et al., 1992;
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Lomeli et al., 1992; Sakimura et al., 1992). The anatomical distri-
bution of kainate receptor subunits has been studied by in situ
hybridization (Wisden and Seeburg, 1993; Bahn et al., 1994) and
immunocytochemistry (Huntley et al., 1993; Petralia et al., 1994).
In hippocampus, mRNAs for all five subunits are expressed
throughout development in the majority of cell types (Bahn et al.,
1994); however, physiological detection of kainate receptor-
mediated currents in hippocampal neurons has proven difficult
(Patneau et al., 1993; Spruston et al., 1995).

Recent work from Lerma’s group has demonstrated the expres-
sion of functional kainate receptors by embryonic hippocampal
neurons in culture (Lerma et al., 1993; Paternain et al., 1995). In
the majority of cells that they studied, the physiological properties
of currents mediated by kainate receptors were very similar to
those displayed by homomeric GluR6 receptors. Analysis of sub-
unit expression by single-cell PCR confirmed that most of the cells
expressed mRNA for GluR6 and that a few cells expressed
GluRS5, but mRNAs for the GluR7, KA1, and KA2 subunits were
not detected (Ruano et al., 1995).

In the present study, we have used the selective AMPA receptor
antagonist GYKI 53655 (Paternain et al., 1995; Wilding and
Huettner, 1995) to isolate currents mediated by kainate receptors
in cultured hippocampal neurons from 2- to 5-d-old rats. In
contrast to the properties observed for homomeric GluR6 recep-
tors, currents mediated by kainate receptors in postnatal hip-
pocampal neurons show incomplete desensitization to kainate and
a reduction in peak amplitude after exposure to Concanavalin A.

A preliminary report of these results has appeared (Wilding
and Huettner, 1996).
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MATERIALS AND METHODS

Cell culture. Primary cultures of hippocampal neurons were prepared
from 2- to 5-d-old Long Evans rats. Hippocampi from two rat pups were
cut into 500 wm slices with a Mcllwane tissue chopper. Subiculum and
entorhinal cortex were removed from each slice with fine forceps, and the
slices were transferred to a vial containing a micro stir bar. The tissue was
incubated with gentle stirring at 30-35°C in Earle’s balanced salt solution
(EBSS) containing papain (20 U/ml; Worthington Biochemical, Free-
hold, NJ). After 90 min, the tissue was rinsed with EBSS containing BSA
and ovomucoid at 1 mg/ml. Cells were dissociated by trituration with a
fire-polished Pasteur pipette and then plated onto glass coverslips coated
with poly-DL-ornithine or matrigel (Becton Dickinson, Mountain View,
CA). In some cases the freshly dissociated neurons were plated onto a
preestablished layer of cortical astrocytes. Cultures were maintained at
37°C in Eagle’s MEM with 20 mM glucose, 0.5 mM glutamine, 100 U/ml
penicillin, 0.1 mg/ml streptomycin, and 5% rat serum. Most recordings
were obtained from cells that had been in culture for 7-21 d; however, a
few experiments were performed at earlier or later times in vitro. Current
amplitude increased with time in culture, but no other systematic varia-
tions were observed.

Electrophysiology. Culture dishes were perfused at a rate of 1-2 ml/min
with Tyrode’s solution, which contained (in mm) 150 NaCl, 4 KCI, 2
MgCl,, 2 CaCl,, 10 glucose, and 10 HEPES, pH-adjusted to 7.4 with
NaOH. Recording pipettes were pulled from Boralex glass and filled with
an internal solution composed of (in mm) 10 EGTA, 5 CsCl, and 10
HEPES, pH-adjusted to 7.4 with CsOH and either 140 mM CsF or
CsCH;SO;. The open tip resistance of whole-cell pipettes was 1-5 MQ).
An agar bridge prepared in 4 M KClI connected the bath to a ground well,
filled with internal solution, that contained the reference electrode.
Whole-cell currents were recorded with an Axopatch 200A amplifier
(Axon Instruments, Foster City, CA), filtered at 1 kHz (=3 dB, 4-pole
Bessel), and digitized at 5-10 kHz. Membrane potentials have been
corrected for a junction potential of —10 mV between the Tyrode’s
solution, in which seals were formed, and the internal solution.

Drug applications. Control or agonist-containing solutions were applied
to cells by local perfusion from a multibarreled pipette. One end of a 250
wl microcap [1.58 mm inner diameter (i.d.); Drummond Scientific,
Broomall, PA] was fire-polished to yield an opening of ~400-500 pm.
Eight fused silica tubes (320 um i.d.; J & W Scientific, Folsom, CA) were
aligned within the microcap to yield a dead volume of much less than 1
wl. For rapid applications, the drug reservoirs were held under static air
pressure (10-15 psi), and solution flow to the delivery tubes was con-
trolled by computer-gated electronic valves (General Valve or The Lee
Company). The speed of extracellular solution exchange was determined
by monitoring the holding current while switching from control to a high
potassium test solution (10 mm KCI). In the whole-cell recording mode
exposure to the test solution developed along an approximately exponen-
tial time course with a time constant of 5-15 msec. Solution exchange at
the open tip of a patch electrode was complete in 0.5-1 msec.

Because ECs, and IC5 are expected to exhibit log-normal distributions
(see Hancock et al., 1988), concentration-response relations were fit by
nonlinear regression (Sigma Plot, Jandel Scientific, San Rafael, CA) with
a form of the logistic equation (De Lean et al., 1978) that is designed to
yield logarithmic error estimates (Woodward et al., 1995). For receptor
activation the normalized peak current was fit with: I/I . = 1/(1 +
(10"PEC/[agonist])"), in which ECs, is the concentration that produced
half-maximal activation ( pECs, = —log ECs,) and n is the slope factor.
For steady-state inhibition the normalized peak current was fit with: 1/1
controt = 1/(1 + ([antagonist]/10~P*“3%)") in which ICs, is the concentra-
tion that produced half-maximal inhibition (pICs, = —log ICs) and n is
the slope factor. The 95% confidence intervals for pECs, and pICs, were
obtained as the product of the standard deviation times the appropriate
value from the ¢ distribution. In the text, confidence limits (95% CI) have
been transformed to a linear scale. Except as noted, results are presented
as mean * SEM. GYKI 53655 generously was provided by Eli Lilly and
Company. Symphony Pharmaceuticals kindly supplied SYM 2081. All
other compounds were from Research Biochemicals International
(Natick, MA) or Sigma (St. Louis, MO).

RESULTS
Inhibition of AMPA receptors by GYKI 53655

AMPA receptors expressed by cultured hippocampal neurons
mediate substantial whole-cell currents when activated by either
kainate or glutamate. As previously described for both native
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Figure 1. Currents mediated by AMPA and kainate receptors in

cultured hippocampal neurons. 4, Whole-cell currents evoked by 300
uM kainate (left) and 1 mm AMPA (right) in the absence or (superim-
posed) presence of 100 um GYKI 53655. All four traces are from the
same cell. Currents in the presence of GYKI are shown on an expanded
scale in B. GYKI was added to both the vehicle and the agonist-
containing solutions. C, In a different cell, current recorded during
application of 500 uMm aspartate (top) or 300 um kainate (bottom), both
in the continuous presence of 100 um GYKI 53655 and 2 um MK-801.
D, Currents elicited by 300 uMm kainate with 100 uM GYKI in the
absence (left) or presence (right) of 5 um AMPA.

(Kiskin et al., 1986; Patneau and Mayer, 1991) and recombinant
(Sommer et al., 1990) AMPA receptors, the whole-cell currents
evoked by kainate displayed very little desensitization, whereas
currents elicited by glutamate or AMPA decayed significantly
over a time course of 20-50 msec (Figs. 14, 2C). To determine
whether hippocampal neurons express functional kainate-
preferring receptors, we applied kainate, glutamate, and AMPA
together with the noncompetitive AMPA receptor antagonist
GYKI 53655. Previous work on native AMPA receptors expressed
by cortical (Wilding and Huettner, 1995) and hippocampal
(Donevan et al., 1994; Paternain et al., 1995) neurons has shown
that GYKI 53655 produces virtually complete block of AMPA
receptors, with an ICs, of ~1 um. For all of our experiments,
GYKI 53655 was used at 100 uM to ensure >99% inhibition of
AMPA receptors. Figure 14,B shows the whole-cell currents
evoked by rapid applications of kainate and AMPA in the con-
tinuous presence or absence of GYKI 53655. For the cell shown in
Figure 1A4,B, the peak current evoked by kainate in the presence
of GYKI 53655 was 13% of the current evoked in control solution
without the AMPA antagonist. In eight cells tested with and
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without 100 um GYKI 53655, kainate plus GYKI evoked, on
average, 15 * 3% of the peak current elicited by kainate alone.

Our first priority in evaluating the current that remained in
the presence of GYKI 53655 was to determine whether or not
it was mediated by kainate receptors. In particular, we were
concerned that all of the various AMPA receptor subunit
combinations might not be equally sensitive to inhibition by
GYKI 53655 (Johansen et al., 1995; Partin and Mayer, 1996).
Several lines of evidence, however, indicate that AMPA recep-
tors contribute very little to the residual current. As shown in
Figure 1D, steady-state application of 5 um AMPA, which is
sufficient to elicit 50% of maximal activation at AMPA recep-
tors (Wong et al., 1994; Woodward et al., 1995), produced little
or no inward current and, more importantly, caused very little
change in the whole-cell current evoked by kainate. In record-
ings from six cells, the peak current evoked by 300 um kainate
in the presence of 5 um AMPA was 98 * 3% of that recorded
in control solution. At much higher concentrations (0.5-1 mm),
AMPA alone evoked a small and slowly desensitizing current in
the presence of GYKI 53655 (Fig. 1A4,B).

Differential inhibition of AMPA and kainate receptors
by lanthanum and SYM 2081

In addition to the selective antagonism of AMPA receptors by
2,3-benzodiazepines (Paternain et al., 1995; Wilding and Huett-
ner, 1995), kainate- and AMPA-preferring receptors also show
differential sensitivity to inhibition by lanthanum (Huettner, 1991)
and by SYM 2081, which is the 2S,4R diastereomer of
4-methylglutamate (Jones et al.,, 1997; Zhou et al., 1997). As
shown in Figure 2A4,C, activation of AMPA receptors by kainate
or glutamate in the absence of GYKI 53655 was potentiated by
lanthanum (15 um), as previously described by Reichling and
MacDermott (1991). In contrast, the currents evoked by kainate
or glutamate in the presence of GYKI 53655 were strongly inhib-
ited by 15 um lanthanum (Fig. 2B,D). Blockade of kainate recep-
tor currents was half-maximal at 2 um lanthanum (n = 5), whereas
a much higher concentration was required to suppress the cur-
rents via AMPA receptors (IC5, >100 um; see Reichling and
MacDermott, 1991).

As shown in Figure 2E, whole-cell currents mediated by AMPA
receptors were nearly unaffected by low concentrations of SYM
2081. In the absence of GYKI 53655, 1 uMm SYM 2081 blocked 4 +
2% of the current evoked at steady state (n = 5). By contrast,
continuous application of 1 um SYM 2081 in the presence of
GYKI 53655 produced much greater inhibition of peak kainate
current (Fig. 2F; 88 = 3% inhibition, n = 6). At higher concen-
trations, SYM 2081 evoked desensitizing currents in the presence
of GYKI 53655 (Figs. 3, 4), with an EC5, of ~50 um.

The residual current is not mediated by

electrogenic uptake

In addition to gating ion channels, certain excitatory amino acids
also can elicit membrane currents by serving as substrates for
electrogenic carrier proteins. Although classical uptake mecha-
nisms display strongly rectifying current—voltage relations that do
not reverse polarity (Cull-Candy et al., 1988), more recent work
(Arriza et al., 1994; Wadiche et al., 1995) on cloned glutamate
transporters has revealed several electrogenic isoforms that sup-
port both inward and outward currents during applications of
transported substrates. At least one of these cloned transport
proteins has been shown to bind kainate with micromolar affinity,
but unlike transported substrates, kainate was not able to elicit
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Figure 2. Differential inhibition of AMPA and kainate receptors by
lanthanum and SYM 2081. Currents evoked by 100 uM kainate (4) and
500 uM glutamate (C) in the absence of GYKI 53655 were potentiated
by coapplication of 15 uM lanthanum. In the presence of 100 uM GYKI
53655, currents elicited by 300 um kainate (B) and 1 mM glutamate (D)
were strongly inhibited by 15 uM lanthanum. Traces in A-D are from
four different cells. SYM 2081 (1 wm) had little effect on current
elicited by 100 uMm kainate in the absence of GYKI 53655 (E) but in a
different cell caused strong inhibition of current evoked by 300 um
kainate in the presence of GYKI 53655 (F). Lanthanum and SYM 2081
were added both to the control and to the agonist-containing solutions.
Holding potential, —90 mV.

currents (Arriza et al., 1994; Wadiche et al., 1995). To determine
whether the currents elicited by kainate in the presence of GYKI
53655 might involve a novel transport mechanism, we compared
the current evoked by kainate with that elicited by L-aspartate.
Because all of the known transport proteins show little selectivity
between glutamate and aspartate (Arriza et al., 1994), we rea-
soned that aspartate should elicit a substantial current if a carrier
were involved. As shown in Figure 1C, L-aspartate (in the pres-
ence of 10 uM MK-801) elicited little or no current when applied
to cells that displayed a substantial response to kainate. In five
cells tested with rapid applications of both compounds, aspartate
evoked only 7 + 3% of the current elicited by kainate. Further-
more, the currents elicited by kainate were unaffected by coappli-
cation of aspartate (I/1, =97 * 6%,n =)5).

control
Current-voltage relations
Figure 3 shows the current—voltage relations for whole-cell cur-
rent activated by kainate, glutamate, and SYM 2081 in the pres-
ence of GYKI 53655. Peak current was determined at a series of
different holding potentials from —90 to +30 mV and plotted as
a function of potential. In most of the cells tested with kainate
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(n = 18 of 23), glutamate (n = 7 of 8), or SYM 2081 (n = 5 of 5),
the I-V relations were relatively linear, and the currents reversed
polarity between —10 and +10 mV. In a few cells (6 of 36) the
peak current displayed inward rectification (data not shown).
Analysis of data from cells with linear I-V relations yielded
reversal potentials of —5.2 = 1.2 mV (n = 14) for kainate, —2.8 =
3.1 mV (n = 7) for glutamate, and +4.6 * 4.2 mV (n = 5) for
SYM 2081. Differences among the means were not significant
(p < 0.05), as determined by one way ANOVA and Student-
Newman-Keuls test.

Time course of desensitization and recovery

The onset of desensitization to kainate showed considerable
variability from one cell to the next. In most cells the decay of
current during a continuous application of kainate was poorly
fit by a single exponential function but was well described by a
sum of two exponentials plus a steady-state component that
ranged between 10 and >60% of the initial peak current (Table
1). Many of the cells displayed a rapid component of desensi-
tization with a time constant of ~30 msec, whereas all of the
cells had a slower component of decay with 7 in the range of

V(my -5

Vmy) -50

200 +
glutamate T
IR T R S S S PRI

300-600 msec (Table 1). In contrast to kainate, the currents
elicited by glutamate and SYM 2081 displayed much lower
steady-state currents relative to their peak amplitudes.

The recovery of peak current amplitude after a 2 sec agonist
pulse was monitored for glutamate, kainate, and SYM 2081 (Fig.
4). For all three agonists the recovery of peak current was best
described by two exponentials. Recovery was significantly more
rapid for kainate and glutamate than for SYM 2081. Even for
glutamate and kainate, however, the recovery of currents medi-
ated by kainate receptors was much slower than previous studies
had observed for AMPA receptors (Patneau and Mayer, 1991).

Concentration-response relations
The plots in Figure 5 show the concentration dependence of
receptor activation by kainate and glutamate. Activation of cur-
rent was detected first at concentrations near 0.5 uM kainate or 10
uM glutamate. Peak current was half-maximal at 23 um for kainate
and 310 um for glutamate. The steady-state current elicited by
kainate was half-maximal at 7 um.

As shown in Figures 2-5, exposure to glutamate or SYM 2081
produced virtually complete desensitization. To determine the con-
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Table 1. Peak and steady-state whole-cell currents and desensitization time constants in the presence of 100 um GYKI 53655

Peak 1 Steady Amp 1°¢ 72b Amp 2°¢
Agonist pPA state,” (%) msec (%) msec (%) n
Kainate (300 uM) —649 = 42 272 27+3 783 405 = 31 22=+3 21
Glutamate (1 mm) —831 = 142 8§x+1 384 9% =1 393 = 67 4+1 15
SYM 2081 (500 um) —698 = 102 62 28+3 981 391 =99 2x1 14

All values are mean = SEM. The holding potential was —90 mV.

“ Steady-state current at the end of a 2 sec application as a percentage of the initial peak.
® Time constants for the best fit of two exponentials to the decaying component of current.
¢ Fractional amplitude of each exponential component as a percentage of the total decay.

centration dependence of steady-state desensitization, we applied the
agonists for 10 sec, and they were followed immediately by a test
application of a near-saturating agonist dose. Inhibition of the peak
current elicited by the test application was half-maximal at 13 um for
glutamate and 0.22 um for SYM 2081 (Fig. 6).

Action of Concanavalin A

Incubation with lectins, including Concanavalin A (Con A), has
been shown to eliminate desensitization of native kainate recep-
tors in dorsal root ganglion neurons (Huettner, 1990; Wong and
Mayer, 1993) as well as recombinant kainate receptors expressed
in Xenopus oocytes (Egebjerg et al., 1991) or HEK 293 cells
(Partin et al., 1993). In these earlier studies, the currents elicited
by kainate showed very little desensitization after exposure to Con
A and were typically 1.5- to twofold larger than the peak currents
elicited before lectin treatment. By contrast, exposure of hip-
pocampal neurons to Con A invariably led to a decrease in the
maximum current amplitude (Fig. 7). In individual cells tested
before and after exposure to Con A, peak current amplitude after
treatment with the lectin was 45 + 6% (kainate, n = 6) and 54 =
11% (glutamate, n = 5) of that recorded before exposure.

After treatment with Con A, the currents evoked by kainate,
glutamate, and SYM 2081 all showed a lower ratio of peak to
steady-state current amplitude. With kainate as the agonist, the
absolute level of steady-state current was the same as or slightly
larger than before exposure to the lectin, whereas for glutamate
and SYM 2081 the increase in steady-state current was more
substantial (Fig. 74). Current—voltage relations and sensitivity to
lanthanum were unchanged in Con A-treated cells (data not
shown). As shown in Figure 7, however, the concentration-re-
sponse relations for kainate and glutamate were shifted slightly to
the left after exposure to Con A. The ECs, values for activation of
whole-cell current were 7 uM for kainate and 168 um for gluta-
mate in cells that had been treated with Con A.

DISCUSSION

Isolation of current mediated by kainate receptors

Our recordings from cultured hippocampal neurons have demon-
strated the selective activation of kainate receptors during con-
tinuous exposure to the noncompetitive AMPA receptor antago-
nist GYKI 53655. In previous studies, this drug was shown to
exhibit >200-fold selectivity for native AMPA versus kainate
receptor subtypes (Paternain et al., 1995; Wilding and Huettner,
1995). More recent work on GYKI compounds, however, revealed
a lower potency of inhibition for currents recorded in cells ex-
pressing specific combinations of cloned AMPA receptor subunits
(Johansen et al., 1995; Partin and Mayer, 1996). In addition, a
voltage-dependent component of AMPA receptor blockade by
GYKI 52466 has been observed in some neuronal cell popula-

tions. Collectively, these studies raised the possibility that currents
recorded from neurons in the presence of GYKI 53655 might be
mediated by a subpopulation of AMPA receptors with lower
sensitivity to the drug or with novel time- or use-dependent
inhibition. Our results with chronic application of AMPA (5 um),
lanthanum (15 pm), or SYM 2081 (1 um) argue against this
possibility and, instead, provide strong evidence that currents
recorded in GYKI 53655 receive very little contribution from
unblocked AMPA receptors.

In previous work, exposure to low micromolar concentrations
of AMPA or glutamate has been shown to produce significant
desensitization of AMPA-preferring receptors (Kiskin et al., 1986;
Trussell and Fischbach, 1989; Patneau and Mayer, 1991). How-
ever, in the present study 5 um AMPA had little effect on either
the rise time or amplitude of currents evoked by coapplication of
kainate, which suggests that AMPA receptors do not underlie the
currents recorded during continuous exposure to GYKI.

Our experiments with lanthanum confirmed the dual action of
this ion at neuronal AMPA receptors, which was described pre-
viously by Reichling and MacDermott (1991). Currents mediated
by AMPA receptors were blocked by lanthanum concentrations
>100 uM (data not shown) but were potentiated by application of
15 uM lanthanum. In contrast, 15 uM lanthanum produced strong
inhibition of currents recorded in the presence of GYKI 53655, a
result that is consistent with previous evidence for blockade of
both native (Huettner, 1991) and recombinant (E. Stack, T. Wild-
ing, J. Huettner, unpublished observations) kainate receptors by
micromolar lanthanum.

Finally, the glutamate analog SYM 2081, which recently was
shown to produce potent desensitization of kainate receptors
(Jomes et al., 1997; Zhou et al., 1997), caused nearly complete
blockade of currents recorded in the presence of GYKI 53655. In
solutions that lacked GYKI, the small fraction of steady-state
current inhibited by application of SYM 2081 was approximately
the same amplitude as the kainate receptor-mediated currents
that were recorded in the presence of GYKI. We did not attempt
to demonstrate a lack of potentiation by the AMPA receptor-
selective modulator cyclothiazide (Wong and Mayer, 1993; Partin
et al., 1993). Previous work has shown that cyclothiazide causes an
allosteric reduction in the potency of GYKI inhibition at AMPA
receptors (Johansen et al., 1995; Partin and Mayer, 1996; Yamada
and Turetsky, 1996), which would have made experiments with
cyclothiazide difficult to interpret.

Physiological properties

The currents we recorded in cells from postnatal animals dis-
played two major differences from earlier results obtained in
embryonic hippocampal neurons (Lerma et al., 1993; Paternain et
al., 1995; Ruano et al., 1995). In all of the cells that we studied,
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Figure 4. Recovery from desensitization. Whole-cell currents evoked by
300 um kainate (4), 1 mm glutamate (B), and 500 um SYM 2081 (C) in the
continuous presence of 100 uM GYKI 53655. Each panel shows a control
response to the agonist and currents evoked at recovery times of 1, 3, 6, 12,
24, 48, and 96 sec after a 2 sec agonist application. D, Peak current
(mean = SEM) evoked by kainate (O, 7 cells), glutamate ([, 13 cells), and
SYM 2081 (A, 8 cells) as a fraction of the control response plotted as a
function of time. Time constants for the rapid (7,) and slow (7,) phase of
recovery are provided in seconds (% contribution by each phase is given
in parentheses).

kainate evoked currents with a prominent slow phase of desensi-
tization and a substantial maintained component of steady-state
current. Furthermore, the current-voltage relation in most cells
was relatively linear, with only a few cells displaying prominent
inward rectification. In contrast, Lerma and colleagues (1993)
found that desensitization to kainate was fast and complete in
>80% of the embryonic cells expressing kainate receptors. In
addition, the currents mediated by these receptors had rectifying
I-V relations in nearly all cases (Ruano et al., 1995). Using
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Figure 5. Concentration-response relations for receptor activation by
kainate and glutamate in the presence of 100 um GYKI 53655. A4,
Currents evoked by 2.5, 10, 40, 160, and 630 uM and 2.5 mM kainate. Peak
(O) and steady-state ([]) current as a fraction of the peak currents evoked
by 2.5 or 10 mm kainate (mean = SEM) are plotted as a function of
kainate concentration. Data from 7 to 20 cells contributed to each point.
Smooth curves show the best fits of the logistic equation (see Materials and
Methods). For peak current (O), ECs, = 23 um (95% CI, 19-27 um), n =
0.8 = 0.1. At steady-state (L), ECso = 7 um (95% CI, 4-12 uM), n = 0.9 =
0.2. B, Currents elicited by 16, 63, 250, and 500 um and 1 and 4 mMm
glutamate. Normalized peak current is plotted as a function of glutamate
concentration; 6-19 cells were tested at each concentration. ECy5, = 310
uM (95% CI, 240-390 um), n = 1.1 = 0.1. Holding potential, —90 mV.

RT-PCR to analyze the kainate receptor subunits expressed by
individual embryonic neurons, Ruano et al. (1995) observed that
in the majority of cells only mRNA for the GluR6 subunit was
detected, although a few neurons contained mRNA for GluRS as
well as GIuR6. This result fits reasonably well with the physiolog-
ical profile of embryonic cells (Lerma et al., 1993), because
previous work has shown that kainate produces faster, more
complete desensitization of receptors composed of GluR6 sub-
units than for GIuRS (Herb et al., 1992; Sommer et al., 1992). In
contrast, the desensitization properties, as well as the currents
activated by high concentrations of AMPA (Fig. 14,B), that we
observed in postnatal neurons are inconsistent with the properties
of homomeric GluR6 receptors (Herb et al., 1992; Sakimura et al.,
1992; Sommer et al., 1992). Indeed, it is tempting to speculate that
the kainate currents in neurons from postnatal animals reflect the
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Figure 6. Concentration—response relations for steady-state desensitiza-
tion by glutamate and SYM 2081. Traces show currents evoked by 300 um
kainate after a 10 sec exposure to (from fop to bottom) 250, 63, 16, 4, 1, and
0 uMm glutamate (all in the presence of 100 um GYKI 53655). Holding
potential, —90 mV. Peak current (mean = SEM) elicited immediately
after a 10 sec agonist prepulse is plotted as a function of the prepulse
concentration. The ICs, for SYM 2081 ([J) was 0.22 um (95% CI,
0.19-0.27 um), n = 0.9 = 0.1. For glutamate (O), IC5y = 13 um (95% CI,
12-14 um), n = 1.9 = 0.2.

developmental increase in hippocampal GluRS5 expression that
has been described in vivo (Bahn et al., 1994). One argument
against this hypothesis, however, is that Ruano et al. (1995) found
virtually no correlation between GluRS mRNA expression and
desensitization kinetics in their sample of embryonic neurons.

The linear I-V relations we observed suggest that postnatal
neurons achieve relatively efficient editing at the Q/R site (Som-
mer et al., 1991), which is known to govern channel permeation
and rectification (Kohler et al., 1993). Previous studies have
demonstrated a progressive increase in the extent of Q to R
editing for both GluRS5 and GluR6 during development in vivo
(Bernard and Khrestchatisky, 1994). Analysis of editing at the
Q/R site in embryonic neurons showed that unedited GluR6(Q)
mRNA predominates (Ruano et al., 1995), which is consistent
with the strong rectification observed in these cells (Lerma et al.,
1993; Ruano et al., 1995).

In contrast to AMPA receptors, which display relatively rapid
recovery from desensitization (Patneau and Mayer, 1991), cur-
rents mediated by kainate receptors invariably recover more
slowly (Huettner, 1990; Wong et al., 1994). In the present study,
the time course of recovery from desensitization and the potency
of steady-state desensitization by glutamate were in fairly close
agreement with earlier work on kainate receptors (Wong et al.,
1994; Jones et al., 1997). Similarly, the much slower recovery from
desensitization induced by SYM 2081, as well as the difference in
the slopes of steady-state desensitization curves for SYM 2081
and glutamate, have been observed in previous studies of native
and recombinant receptors (Jones et al., 1997; Zhou et al., 1997).
In contrast, however, SYM 2081 was found to be significantly less
potent for both activation (EC5, ~50 uM) and desensitization
(ICs, = 220 nm) in hippocampal neurons than in HEK cells
expressing GluR6 (0.1-1 um and 8 nm, respectively; Jones et al.,
1997; Zhou et al., 1997) or in DRG cells (160 nm and 11 nm,
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Figure 7. Action of Con A on hippocampal kainate receptors. A, Cur-
rents evoked by 300 um kainate before and after exposure to Con A are
shown superimposed (left); also shown are currents evoked in a different
cell by 1 mM glutamate (right). B, Currents evoked by 0.63, 2.5, 10, 40, 160,
and 630 uM kainate in a cell exposed to Con A. Normalized current in
12-16 cells that had been exposed to Con A is plotted as a function of
kainate concentration. EC5y = 7 uM (95% CI, 6-8 um), n = 0.8 £ 0.1.
Smooth curves for peak and steady-state kainate current from Figure 5 are
shown for comparison. C, Currents elicited by 1, 4, 16, 63, and 250 um and
1 and 4 mm glutamate in a cell exposed to Con A. Normalized peak
current is plotted as a function of glutamate concentration; 5-17 cells were
tested at each concentration. ECy5, = 168 uM (95% CI, 129-218 um), n =
0.9 = 0.1. The smooth curve for peak current before Con A exposure from
Figure 5 is shown for comparison. All traces were recorded in the contin-
uous presence of 100 uM GYKI.
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respectively; Jones et al., 1997). Further work will be needed to
understand the structural and mechanistic bases of these
differences.

Our EC4, values for activation of peak current by kainate (23
uM) and glutamate (310 um) were relatively consistent with pre-
vious work on native and recombinant kainate receptors. Kainate
evoked half-maximal currents at 22 uM in embryonic hippocampal
neurons (Lerma et al.,, 1993), 6-15 um in freshly isolated DRG
neurons (Huettner, 1990; Wong et al., 1994), and 3-6 uM in a
cultured glial cell line (Patneau et al., 1994). Studies of cloned
receptor subunits indicate ECs, values for kainate of 1-2 um for
cells expressing GluR6 (Sommer et al., 1992; Jones et al., 1997)
and 34 uMm for homomeric GluRS receptors (Sommer et al., 1992).
By comparison, neuronal AMPA receptors typically require 120—
160 uM kainate for half-maximal activation (Huettner, 1990; Pat-
neau and Mayer, 1991), although more potent action by kainate
has been reported at homomeric recombinant AMPA receptors
(ECs, values of 30-50 um; see Hollmann and Heinemann, 1994).

Action of Con A

Earlier studies have shown that exposure to lectins, including Con
A, will block desensitization of both native (Huettner, 1990; Wong
and Mayer, 1993) and recombinant kainate receptors (Egebjerg et
al.,, 1991; Partin et al., 1993). In cases in which individual cells
have been tested with agonists before and after treatment with
Con A, the loss of desensitization usually was associated with an
increase in the maximal current amplitude on the order of 1.5- to
twofold (Huettner, 1990; Partin et al., 1993; Wong and Mayer,
1993) (but see Patneau et al., 1994). In cultured hippocampal
neurons, by contrast, exposure to Con A caused substantial re-
duction of the maximal currents elicited by kainate, glutamate, or
SYM 2081 and only modest increases in the steady-state currents
evoked by kainate. The weak effect of Con A on hippocampal
currents in the absence of GYKI previously was taken as evidence
against expression of functional kainate receptors by these cells
(Wong and Mayer, 1993). The results of the present study, how-
ever, suggest that the effect of Con A on steady-state currents will
be relatively subtle in solutions lacking GYKI—even for cells in
which kainate receptors contribute 10-15% of the total current
mediated by non-NMDA receptors.

Most studies of kainate receptors report little or no change in
agonist ECs,, values after exposure to Con A (Huettner, 1990;
Wong et al., 1994), although in some cases a modest increase in
potency has been observed (Jones et al., 1997). In the present
study, the ECs, values for kainate and glutamate were slightly
lower (i.e., higher potency) after treatment with Con A. This shift
in ECy, values might represent a genuine change in apparent
affinity, as can occur when AMPA receptor desensitization is
blocked by cyclothiazide (Patneau et al., 1993); however, it also
might reflect limitations in the rate of extracellular solution ex-
change during our whole-cell recordings. For example, previous
experiments have shown that AMPA receptor kinetics are signif-
icantly faster in outside-out patches than in whole-cell recordings
(Raman and Trussell, 1992; Patneau et al., 1993), yet it remains to
be determined whether this difference is entirely owing to faster
solution exchange or whether channel properties are modified
during the process of patch excision (Margulis and Tang, 1996).
Given these concerns, our ECs, values for peak current, as well as
the time constants for the onset of desensitization, provide a basis
for comparison with previous whole-cell experiments, but our
results probably should be considered as upper limits for these
values.
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Functional implications

Although much circumstantial evidence for expression of kainate
receptors in the CNS has been reported, until recently there was
relatively little direct information concerning their functional
properties. The results of the present study confirm the reports by
Lerma and colleagues (Lerma et al., 1993; Paternain et al., 1995)
that a majority of cultured hippocampal neurons express both
kainate- and AMPA-preferring receptors. In our experiments on
postnatal neurons virtually every cell displayed functional kainate
receptors by 6—10 d in culture. Furthermore, as discussed above,
the differences between our results and their work on embryonic
cells are in broad agreement with known developmental changes
in subunit expression and processing.

The role that these receptors play in hippocampal physiology
and their precise relationship to high affinity kainate binding
sites (London and Coyle, 1979), remain to be determined.
Anatomical studies in rat and monkey hippocampus (Huntley
et al., 1993; Petralia et al., 1994) suggest that kainate receptor
subunits predominantly are localized to postsynaptic struc-
tures, although the existence of presynaptic receptors has not
been ruled out. Early work in rat hippocampus demonstrated
that low nanomolar doses of kainate, which should activate
kainate receptors preferentially, elicit an increase in neuronal
excitability (Robinson and Deadwyler, 1981; Westbrook and
Lothman, 1983) and eventually produce selective neurotoxicity
(Nadler et al., 1978). More recent efforts to detect a contribu-
tion by postsynaptic kainate receptors to excitatory synaptic
transmission have gone unfulfilled, for the most part (Paternain
et al., 1995; M. Finley and J. Huettner, unpublished observa-
tions); however, exposure of slices to nanomolar kainate has
been shown to modulate the strength of evoked synaptic trans-
mission (Chittajallu et al., 1996) by a mechanism that is likely
to involve presynaptic kainate receptors. Additional work
clearly is needed to establish the function of neuronal kainate
receptors. Our results provide a better understanding of kai-
nate receptor properties in postnatal neurons and therefore
should aid in the design of further experiments to determine
their role in synaptic physiology.
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