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Subunit-Dependent Modulation of Kainate Receptors by
Extracellular Protons and Polyamines

David D. Mott,' Mark S. Washburn,? Sunan Zhang,' and Raymond J. Dingledine'
Department of Pharmacology, Emory University School of Medicine, Atlanta, Georgia 30322, and 2Merck Research Laboratories, San Diego,
California 92121

Synaptic activity causes significant fluctuations in proton concentrations in the brain. Changes in pH can affect neuronal excitability by
acting on ligand-gated channels, including those gated by glutamate. We show here a subunit-dependent regulation of native and
recombinant kainate receptors by physiologically relevant proton concentrations. The effect of protons on kainate receptors is voltage-
independent and subunit dependent, with GIuR5(Q), GluR6(Q), GluR6(R), and GIuR6(R)/KA2 receptors being inhibited and GIuR6(R)/
KALI receptors being potentiated.

Mutation of two acidic residues (E396 and E397) to neutral amino acids significantly reduces the proton sensitivity of the GluR6(Q)
receptor, suggesting that these residues influence proton inhibition. The endogenous polyamine spermine potentiated GluR6(R) kainate
currents in a pH-dependent manner, producing an acidic shift in the IC;, for proton inhibition. Spermine potentiation of GluR6(R) is
voltage independent, does not affect receptor desensitization, and only slightly shifts the agonist affinity of the receptor. These results
suggest that, similar to its action on NMDA receptors, spermine potentiates kainate receptors by relieving proton inhibition of the
receptor. Furthermore, they suggest that fluctuations in brain pH during both normal and pathological processes could regulate synaptic

transmission and plasticity mediated by kainate receptors.
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Introduction

Electrical activity in the brain results in significant pH shifts in
neurons, glia, and the interstitial space. The magnitude of pH
fluctuations varies depending on the stimulus delivered, reaching
several tenths of a pH unit during repetitive stimulation (Chessler
and Kaila, 1992). During pathophysiological insults, such as
spreading depression and ischemia, interstitial pH can fall to 6.5
and below for prolonged periods (Somjen, 1984; von Hanwehr et
al., 1986). Many ligand-gated channels, including those gated by
glutamate, are sensitive to extracellular pH. Much attention has
focused on the pH sensitivity of the NMDA class of glutamate
receptor (GluR) (Tang et al., 1990; Traynelis and Cull-Candy,
1990). NMDA receptors that lack exon 5 and NR2C are half-
maximally inhibited by protons at approximately pH 7.3, sug-
gesting that activity-dependent changes in interstitial pH could
regulate their function. In contrast, AMPA receptors are much
less proton sensitive, with half-maximal inhibition at pH 6.1 (Lei
etal., 2001). Thus, it seems likely that AMPA receptors would be
inhibited by protons only during strong pathophysiological in-
sults. Kainate receptors were reported to be only weakly inhibited
by protons (Tang et al., 1990; Traynelis and Cull-Candy, 1990).
However, these early studies were hampered by the inability of
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investigators to separate responses mediated by AMPA and kai-
nate receptors. Only recently, with the development of more se-
lective agonists and antagonists, as well as the use of recombinant
receptor subunits, has it been possible to study kainate receptors
in isolation.

The family of kainate receptors is composed of five different
genes that code for the subunits GluR5, GluR6, GluR7, KA1, and
KA2 (Chittajallu et al., 1999). These subunits can combine to
create a variety of distinct kainate receptors that play different
functional roles. For example, in CA3 pyramidal cells of the hip-
pocampus, GluR6-containing kainate receptors participate in
synaptic transmission at the mossy fiber—CA3 pyramidal cell syn-
apse but not at commissural synapses (Castillo et al., 1997). In
CA1 stratum radiatum interneurons, postsynaptic kainate recep-
tors contain both GluR5 and GluR6 subunits; however, presyn-
aptic kainate receptors that modulate synaptic transmission be-
tween these interneurons contain GluR6 but not GluR5 subunits
(Mulle et al., 2000). KA1 and KA2 subunits appear to modify the
pharmacological and physiological properties of kainate recep-
tors when coexpressed in heteromeric complexes (Herb et al.,
1992; Swanson et al., 1998).

Given the highly specialized roles of different kainate recep-
tors, it is important to understand whether receptor activation is
modulated by endogenous agents in a subunit-dependent man-
ner. In this study, we identified a prominent subunit-dependent
regulation of recombinant kainate receptors by protons and
polyamines. Protons inhibit most tested kainate receptors but,
surprisingly, potentiate GluR6/KA1 receptors. We focused on the
mechanism by which protons inhibit kainate receptors, finding
strong similarity between the action of protons on kainate and
NMDA receptors. These results suggest that changes in intersti-
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tial pH may tonically regulate the function of kainate receptors in
a subunit-dependent manner. They also add another layer of
complexity to our understanding of kainate receptor function in
the brain.

Materials and Methods

Primary hippocampal cell culture. Primary cultures of hippocampal neu-
rons were prepared using a modified version of our method for preparing
cortical cultures (Mott et al., 1998). Briefly, the hippocampi were dis-
sected from the brains of embryonic day 19 Sprague Dawley rat pups,
dissociated by trituration, and suspended in DMEM supplemented with
L-glutamine (2 mm), penicillin (100 U/ml)-streptomycin (100 ug/ml),
and B27 supplement. Cells were plated onto 12 mm glass coverslips
precoated with poly-p-lysine (1 mg/ml, 12 hr exposure) and laminin (50
pg/ml, 1 hr exposure) and maintained at 37°C in a humidified 5% CO,
incubator.

Electrophysiological recording from primary hippocampal neurons. After
7-15 d in culture, a coverslip containing neurons was placed in the re-
cording chamber and continually perfused with warmed (30-32°C),
bubbled (95% O,-5% CO,) artificial CSF (ACSF) at a rate of 2 ml/min.
The ACSF contained the following (in mm): 125 NaCl, 2.8 KCl, 25
NaHCO;, 1.00 NaH,PO,, 2 CaCl,, 1.5 MgSO,, and 25 glucose at pH 7.3.
Cells were observed with an upright Olympus Optical (Melville, NY)
BX50WI microscope equipped with a 40X water immersion differential
interference contrast objective coupled to an infrared camera system
(Hamamatsu, Tokyo, Japan). Neurons selected for recording were large
and had a pyramidal appearance with two to three dendritic processes.

Recordings were made using conventional whole-cell voltage-clamp
techniques (Mott et al., 2001) with a MultiClamp 700A amplifier (Axon
Instruments, Union City, CA). Pipettes (resistance ~5 M()) were filled
with the following solution (in mm): 110 CsGluconate, 20 CsCl, 4 NaCl,
10 HEPES, 0.5 CaCl,, 5 BAPTA, 2 MgATP, and 0.3 NaGTP, pH 7.3
(285-295 mOsm). Cells were held in voltage clamp at —70 mV through-
out the experiment. Data were filtered at 1 kHz and digitized at 2 kHz
using a Digidata 1200 (Axon Instruments) analog-to-digital board. Dur-
ing the experiment, the flow rate of ACSF was increased by means of a
peristaltic pump (Minipuls 3; Gilson, Middleton, WI) to 10 ml/min to
decrease solution exchange time. Kainate receptor-mediated currents
were isolated by application of a drug mixture containing antagonists of
AMPA receptors (GYKI 52466, 100 um), NMDA receptors (p-APV, 100
M), and GABA , receptors (bicuculline methochloride, 100 um). In the
presence of this drug mixture, kainate receptor-mediated currents were
evoked by bath application of domoate (100 um) for 90 sec. Agonist was
bath applied in these experiments to allow tight control over the pH of
the solution. pH levels in the recording chamber were monitored by
means of a miniature pH probe (LAZAR Research Laboratories, Los
Angeles, CA) and did not drift by >0.05 pH units from the desired pH
over the course of the experiment. Domoate was chosen as the agonist
because it is weakly desensitizing and could be used in supramaximal
concentrations (100 uM) to speed the onset of the current. To test the
effect of protons on native kainate receptors, ACSF at pH 6.3 was used.
This ACSF contained the following (in mm): 147.5 NaCl, 2.8 KCl, 2.5
NaHCO;, 1.00 NaH,PO,, 2 CaCl,, 1.5 MgSO,, and 25 glucose. Neurons
were allowed to equilibrate to the desired pH level for 3060 sec or until
a stable baseline had been reached before domoate application. Series
resistance, input resistance, and baseline holding current were moni-
tored throughout the experiment. Neurons in which any of these param-
eters varied by >10% were discarded.

Oocyte preparation and injection. Xenopus oocytes were prepared and
injected as described previously (Mott et al., 1998). Briefly, stage V-VI
oocytes were isolated from anesthetized frogs, enzymatically treated by
gentle shaking with collagenase (type IV, 1.7 mg/ml for 45-120 min;
Worthington, Freehold, NJ) in a calcium-free Barth’s solution and then
(in some cases) manually defolliculated. Cells were injected with up to 50
ng of mRNA transcribed from linearized constructs in the pGEM-HE,
PSGEM, or Bluescript (Stratagene, La Jolla, CA) vector. For heteromeric
receptors, mRNA was injected at a 10:1 ratio (GluR2/GluR3), a 1:6 ratio
(GluR6/KA1 and GluR6/KA2), or a 1:3 ratio (NR1/NR2). Injected oo-
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cytes were maintained at 17°C in Barth’s solution containing gentamycin
(100 pg/ml), penicillin (10 U/ml), and streptomycin (10 pg/ml) for 3-10
d, after which two-electrode voltage-clamp recordings were made at
room temperature (23-25°C) from cells continually perfused in a stan-
dard frog Ringer’s solution. This solution contained the following (in
mm): 90 NaCl, 1 KCI, 15 HEPES, and 0.4 CaCl, and 0.1 MgCl,. Recording
pipettes were filled with 3 M CsCl plus 0.4 M EGTA, pH 7.5, to chelate
Ca’" and thereby minimize the activation of calcium-dependent chlo-
ride currents. GluR6/KA1 and GluR6/KA2 receptors were activated with
AMPA (0.3-1 mm), whereas homomeric receptors were activated by do-
moate (3 uMm) or kainate (30 uM). To reduce desensitization when kainate
was used as the agonist, oocytes were pretreated with concanavalin-A
(0.3 mg/ml for 3 min) and then washed for at least 10 min before use.
NMDA receptors were activated using NMDA (100 uMm) and glycine (10
M), and AMPA receptors were activated with kainate (300 um). When
NMDA receptors were studied, the MgCl, in the Ringer’s solution was
replaced with 0.4 mm BaCl,. Currents were elicited from a holding po-
tential of —70 mV except when specified. Current signals were digitized
at 1 kHz using a Digidata 1200 analog-to-digital board (Axon Instru-
ments). Current—voltage (I-V) curves during steady-state current re-
sponses were generated using voltage ramps from —100 to +50 mV over
a period of 1.3 sec. Ramp currents were analyzed by subtracting the
average of the leak current before and after agonist application from
the current obtained in the presence of agonist. At least three ramps were
recorded and averaged for each condition in each oocyte. To study the
effect of pH, oocytes were perfused with Ringer’s solution at the desired pH
for 30—60 sec or until a stable baseline had been reached before subsequent
agonist application. Application of each of the agonists produced a stable,
rapidly rising and nondesensitizing or weakly desensitizing current in the
majority of oocytes. Oocytes in which the current was not stable or in which
the baseline holding current drifted by >10% were discarded.

Human embryonic kidney 293 cell culture and transfection. Human em-
bryonic kidney 293 (HEK 293) cells (CRL 1573; American Type Culture
Collection, Manassas, VA) were cultured in DMEM containing high glu-
cose (25 mm) and added 1-glutamine (2 mm), sodium pyruvate (1 mm),
penicillin (100 U/ml)—streptomycin (100 wg/ml), and 10% fetal bovine
serum according to Mott et al. (2001). Cells were maintained in 60 mm
culture plates at 37°C in a humidified atmosphere containing 5% CO,,
grown to ~80% confluency (usually ~48 hr after plating), harvested
enzymatically using 0.25% trypsin, and dissociated further by gentle trit-
uration. For maintenance, cells were then replated in 60 mm culture dishes at
a ratio of 1:5 with growth media. For transfection, cells were plated at a
density of 10° cells/ml on 12 mm glass coverslips coated first with poly-p-
lysine (2—12 hr exposure; 100 mg/ml) and then with fibronectin (2-12 hr
exposure; 20 mg/ml). After 24—48 hr, cells were transfected by the method of
calcium phosphate precipitation as described previously (Mott et al., 2001)
with 0.1-1 mg/ml GluR6(Q) in the cytomegalovirus-based mammalian ex-
pression vector JG3.6 or GluR6(R) in pcDNAlamp. Cotransfection with the
reporter gene green fluorescent protein (0.2—0.4 mg/ml) was used to identify
individually transfected cells.

Electrophysiological recording from HEK 293 cells. Transfected HEK 293
cells plated on a glass coverslips were transferred to a perfusion chamber
on the stage of an inverted microscope (Diaphot; Nikon, Tokyo, Japan)
and continually perfused at a rate of 0.5 ml/min with 23°C media con-
taining the following (in mm): 150 NaCl, 3 KCI, 10 HEPES, 1 CaCl,, and
0.4 MgCl,. Whole-cell recordings of agonist-evoked membrane currents
were performed under voltage-clamp conditions (Mott et al., 2001) with
electrodes containing the following (in mm): 110 p-gluconic acid, 110
CsOH, 30 CsCl, 4 NaCl, 5 HEPES, 5 BAPTA, 0.5 CaCl,, 2 MgCl,, 2
NaATP, and 0.3 NaGTP at pH 7.3 (osmolality was 290 mOsm). Record-
ing electrodes were made from borosilicate glass (inner diameter, 1.15;
outer diameter, 1.65) fire polished to resistance of 4—6 M{). The mem-
brane potential was held between —60 and —75 mV unless otherwise
specified. Current recordings were amplified (Axopatch 200; Axon In-
struments), filtered (1-3 kHz, —3 dB), and digitized at 3—13 kHz using a
Digidata 1200 analog-to-digital board. Tip potentials were measured af-
ter each patch experiment, and experiments with slow or multiphasic
exchange time courses were excluded. For whole-cell recordings, cells
were lifted off of the bottom of the dish to facilitate solution exchange.
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Slow solution changes were performed by exchanging the total volume
of the recording chamber. Rapid solution changes were performed with a
piezoelectric-driven double-barreled perfusion system (model P-272.00;
Physik Instrumente, Waldbronn, Germany) (Mott et al., 2001). The ap-
plication pipette was pulled from theta glass tubing (2 mm outer diam-
eter, 0.3 mm wall thickness, 0.22 mm septum; Hilgenberg, Malsfeld,
Germany) and had a tip diameter of 200-300 wm, with the inner diam-
eter of each barrel being 80—-120 wm. A solenoid valve typically con-
trolled flow in each side of the theta tubing. Control solution flowed
continuously through one barrel, whereas the agonist solution flowed
through the other barrel only during drug application. The agonist ap-
plication barrel was preflushed for 1-2 sec before piezo-driven applica-
tion to clear diluted solution and moved by means of a piezoelectric
device causing the recorded cell or membrane patch to be transiently
exposed to the agonist-containing solution. The time course of solution
exchange across the laminar flow interface was estimated at the end of
each experiment by liquid junction potential measurements and was
found to possess a 20—80% rise time of 300-500 usec. The solution
flowing through the application pipette could be changed by means of a
rotary valve connected to each barrel. Between solution changes, the
agonist application barrel was flushed for 20—60 sec to remove the pre-
vious solution. Unless otherwise stated, agonist was applied at intervals at
which the receptors were shown to completely recover (4X mean tau;
99%) from desensitization (15 sec for glutamate and 45 sec for kainate).
All experiments were performed using 1-3 mm glutamate or 300 um
kainate, unless otherwise indicated.

Data analysis. Analysis was performed using pClamp (Axon Instru-
ments), Origin (Microcal Software, Northampton, MA), and Prism soft-
ware (GraphPad Software, San Diego, CA) packages. Statistical compar-
isons were performed using the appropriate Student’s ¢ test. A two-way
ANOVA with Bonferroni post hoc test to compare selected means was
performed for the analysis of the data presented in Figure 4 D. Values are
given as mean * SE.

Materials. GluR6(Q) and GluR6(R) in pGEM-HE and the pSGEM
vector were a generous gift from M. Mayer (National Institutes of Health,
Bethesda, MD). GluR6(Q) in JG3.6 was generously provided by S. Hei-
nemann (Salk Institute, San Diego, CA), as were GluR5, KA1 and KA2
plasmids. NR1 and NR2 were generously provided by S. Nakanishi
(Kyoto University, Kyoto, Japan). Philanthotoxin-433 (PhTx-433) was a
generous gift from A. Mueller (NPS Pharmaceuticals, Salt Lake City,
UT). Kainate, spermine, spermidine, GYKI 52466, and glycine were pur-
chased from Sigma (St. Louis, MO). Domoate, AMPA, p-APV, bicucul-
line methochloride, and NMDA were purchased from Tocris Cookson
(St. Louis, MO). All tissue culture reagents were obtained from Invitro-
gen (Gaithersburg, MD). Molecular biology reagents, restriction
enzymes, and fibronectin were purchased from Promega (Madison,
WI), Pharmacia (Piscataway, NJ), or Boehringer Mannheim (India-
napolis, IN).

Results

Inhibition of native and recombinant kainate receptors

by protons

Kainate receptors expressed in cultured hippocampal neurons
can be activated in a weakly desensitizing manner by domoate
(Lerma et al., 1993). We made use of this finding to test the
proton sensitivity of native kainate receptors in cultured hip-
pocampal neurons. Activation of pharmacologically isolated kai-
nate receptors with domoate (100 uMm) at pH 7.3 and a holding
potential of —70 mV produced inward currents. Decreasing the
pH to 6.3 significantly reduced the amplitude of this current (Fig.
1A). Returning the pH to 7.3 rapidly restored the current ampli-
tude. These data indicate that protons inhibit native kainate re-
ceptors in cultured hippocampal neurons.

To explore this finding in greater detail, we examined the
effect of protons on recombinant kainate receptors. Steady-state
domoate-evoked (3 uM) currents in oocytes injected with the
unedited (Q) variant of GluR6 were decreased when the pH was
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Figure 1.  Protonsinhibit native and recombinant kainate receptors in a subunit-dependent
manner. A, Pharmacologically isolated kainate currents from a cultured hippocampal neuron
during application of domoate (100 wm) at pH 7.3, pH 6.3, and after wash at pH 7.3. The bar
graph on the right compares the averaged effect of acidic pH on kainate receptor-mediated
currents in cultured hippocampal neurons (n = 4; **p << 0.01). Responses were normalized
relative to the initial control current at pH 7.3 (dotted line). B, Dose—response curves to protons
for GuR6(Q) ( filled circles; n = 7) and NR1a/NR2B NMDA receptors (open circles; n = 5-8
oocytes per pH level) expressed in oocytes. The pH levels at which proton inhibition of GIuR6(Q)
(ICso of pH 6.9 == 0.03) and NR1a/NR2B receptors (ICs, of pH 7.42 = 0.06) were half-maximal
were both within a biologically relevant range of proton concentrations ( gray bar in this and
subsequent figures). The dotted line indicates the extrapolated maximum current used for nor-
malization (see Results). The inset shows sample recordings of domoate currents from GluR6(Q)
receptors at different pH levels. The gray bars denote application of the indicated pH, whereas
the black bars indicate domoate (3 wm) application. C, Dose—response curve to protons for
GluR6(Q)/KA2 receptors expressed in oocytes. Protons inhibited this receptor in a biphasic man-
nerwith IC;, values at pH 8.9 = 0.8 (a) and 5.8 = 0.1 (b; n = 11). The proton inhibition curve
for GuR6(Q) is plotted for comparison. The dotted line indicates the extrapolated maximum
current used for normalization (see Results). The inset shows sample currents from GIuR6(Q)/
KA2 receptors activated by AMPA at different pH levels. The gray bars denote application of the
indicated pH, whereas the black bars indicate (s)-AMPA (300 wum) application. D, The bar graph
compares the pH level necessary to produce half-maximal inhibition (ICs,) of each of the indi-
cated kainate receptors expressed in oocytes. Because the proton inhibition curve for GluR6(Q)/
KA2is biphasic ( (), both ICs, values are indicated. The number of oocytes used for each receptor
is as follows (oocytes per point on the proton inhibition curve): GIuR5(Q), 8; GIuR6(Q), 6 —-20;
GluR6(R), 4-20; GluR6(Q)/KA2, 5-7. E, Comparison of the effect of protons on selected NMDA,
kainate, and AMPA receptors expressed in oocytes. Current amplitudes at pH 6.8 are expressed
as a percentage of the amplitude at pH 7.5 (dotted line). The number of oocytes used is as
follows: NR1a/NR2A, 7; NR1a/NR2B, 6; NR1a/NR2C, 6; NR1a/NR2D, 5; GIuR6(Q), 15; GIuR6(R), 7;
GIuR5(Q), 8; GIuR6(Q)/KA2, 10; GluR3, 11; GluR2/GluR3, 4.

lowered and were potentiated when the pH was raised above pH
7.5. Proton inhibition of these currents was rapidly reversible
during washout. A composite inhibition curve describing the ef-
fect of protons on GluR6(Q) receptors was produced by record-
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ing the domoate current from each oocyte over a pH range from
9.0 to 5.2 and then expressing this current as a percentage of the
current at pH 7.5. The results from each oocyte were then nor-
malized to the extrapolated maximum response in that oocyte,
combined, and plotted in Figure 1 B. The IC;, determined from
the fitted curve for GluR6(Q) was approximately pH 6.9 (~126
nM H™), whereas that for NR1a/NR2B receptors was approxi-
mately pH 7.4. These data indicate that, as with NMDA receptors,
GluR6 receptors are tonically inhibited by protons at pH 7.3.

It is unlikely that ionization of domoate contributed to the
pH-dependent effects of this agonist. The three carboxylic acids
of domoic acid have py, values of 2.1, 3.7, and 5.0, with the amino
group in the pentameric ring having a py, 0of 9.8. These values are
all outside of the pH range tested in these experiments. Further-
more, a supramaximal concentration of domoate was used in all
experiments to minimize any potential effects of changes in the
ionization of this agonist.

Subunit dependence of proton inhibition

Kainate receptors of distinct subunit composition play different
functional roles. Differential proton sensitivity of these receptors
may provide a novel method of regulating kainate receptor-
mediated neurotransmission. Therefore, we examined the pro-
ton sensitivity of kainate receptors of different subunit composi-
tion. GluR5(Q) kainate receptors were inhibited by protons with
an IC5, of pH 6.9 = 0.04. This value was similar to that of
GluR6(Q), suggesting that GluR5 kainate receptors would also be
tonically inhibited by ambient proton concentrations. GluR5 and
GluR6 subunits are subject to RNA editing, which converts a
single amino acid residue in the channel pore from a glutamine
(Q) into an arginine (R) (Sommer et al., 1991). Editing at this
Q/R site in GluR6 did not affect proton inhibition [GluR6(R)
IC., of 7.0 * 0.04] (Fig. 1 D).

We examined the proton sensitivity of a heteromeric kainate
receptor by expressing the GluR6(Q) subunit in combination
with KA2 subunits. GluR6(Q)/KA2 receptors were selectively ac-
tivated by bath application of (s)-AMPA (300 um) (Herb et al.,
1992). Protons inhibited current at these receptors, but the pro-
ton inhibition curve was biphasic, with ICs, values at approxi-
mately pH 8.9 and 5.8, respectively (Fig. 1C,D). When compared
with GluR6(Q) receptors, GluR6(Q)/KA2 receptors were equally
sensitive to low proton concentrations (pH =7.5) and less sensi-
tive to higher proton concentrations (pH <7.5). Interestingly,
although the current at GluR6(Q)/KA2 receptors was inhibited
by ~25% between pH 7.5 and 6.8, the extent of proton inhibition
did not significantly change as the pH was altered over this range.
It is unlikely that ionization of AMPA contributes to the pH-
dependent effects of this agonist because the py, values for AMPA
(Pka1 = 1.9; prax = 5.1; and pg,; = 10.1) fall outside of the tested
pH values.

The current amplitude at pH 6.8 as a percentage of the current
at pH 7.5 gives a measure of proton inhibition over a biologically
relevant portion of the pH range. This type of comparison be-
tween kainate, NMDA, and AMPA receptors of selected subunit
composition reveals that homomeric kainate receptors (GluR5
and GluR6) have intermediate proton sensitivity between that of
NMDA and AMPA receptors, with NR1a/NR2C NMDA recep-
tors being less proton sensitive than all tested kainate receptors
except GluR6(Q)/KA2 (Fig. 1 E).

Protons potentiate current at GluR6(Q)/KA1 receptors
In contrast to the strong inhibition produced by protons on ho-
momeric or heteromeric GluR6(Q)/KA2-containing kainate re-
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Figure2.  Protons potentiate kainate current at GIuR6/KAT receptors. A, GIuR6(Q)/KA1 cur-

rents activated by (s)-AMPA (300 wm) in oocytes at different pH levels. Note the increased
current amplitude at pH 6.0. Also in this oocyte note the atypical increase in current at pH 9.0. 8,
Dose—response curve to protons at GluR6(Q)/KA1 receptors expressed in oocytes (n = 8). The
dotted line indicates the current amplitude at pH 9.0 used for normalization. The proton inhibi-
tion curve for GIuR6(Q) is indicated for comparison (dashed line).

ceptors, protons potentiated kainate receptors containing
GluR6(Q)/KA1 subunits. Proton potentiation of current at these
receptors became stronger as proton concentrations were in-
creased from 1 nM (pH 9.0) up to 1 uMm (pH 6.0). At proton
concentrations above 1 uM (pH <6.0), potentiation of the kai-
nate current was reversed (Fig. 2A, B). Proton potentiation was
rapidly reversible during washout. Protons potentiated
GluR6(Q)/KA1 receptors with an ECs, of pH 7.1 = 0.03, indicat-
ing that these receptors were more sensitive to protons than other
tested kainate receptors. In two of the eight oocytes tested, the
current was also slightly potentiated at very alkaline pH values
(Fig. 2A), suggesting that protons may act at more than one site
on these receptors.

Whereas the mechanism of proton inhibition of kainate re-
ceptors is unknown, proton inhibition of NMDA receptors has
been well characterized. Protons inhibit NMDA receptors by
binding to an allosteric site on the extracellular face of the recep-
tor and decreasing the single-channel opening frequency
(Traynelis and Cull-Candy, 1990). Protons do not alter the rate
or extent of NMDA receptor desensitization nor do they alter
agonist affinity at the receptor (Tang et al., 1990; Traynelis and
Cull-Candy, 1990, 1991). Proton inhibition of NMDA receptors
is voltage independent and does not involve a shift in the reversal
potential of the current. Finally, polyamines potentiate current at
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Figure 3.  Protons do not alter desensitization kinetics or voltage dependence of GIuR6 kainate receptors. A, The GIuR6(Q)
current produced by rapid application of glutamate (3 mm) to HEK 293 cells held at —70 mV was potentiated by 60% at alkaline
pH (pH 8.5) in one cell and inhibited by 85% at acidic pH (pH 6.0) in another cell. The lack of change in response kinetics at altered
pH can be seen when the currents are scaled and superimposed. The graph on the right shows the amplitude of the GluR6(Q)
currentin response to rapid application of glutamate during the course of one experiment as the pH was increased to 8.5 and then
returned to 7.3. On average, pH 8.5 caused a 15 == 5% ( p << 0.05; n = 5) increase in GluR6(Q) current amplitude. B, Superim-
position of GIuR6(Q) currents in response to rapid application of glutamate at pH 7.3 and 8.5. Monoexponential fits of the current
decay demonstrate that, despite the increased current amplitude, the desensitization kinetics of the current did not change. (,
Top, Desensitization of GIuR6(Q) currents was almost complete. Steady-state current amplitudes were determined from mono-
exponential fits of current decay and averaged only ~0.24% of peak amplitude (n = 4). Alkaline pH (pH 8.5) produced a small but
nonsignificant decrease in steady-state/peak current ratio. Bottom, The time constant of current decay (7ye., ) did not change as
the pHwasincreased from pH7.3t08.5 (n = 4).D, In oocytes, the domoate (3 mm) current at GIuR6(R) receptors at three different
pH levels was outwardly rectifying during voltage ramps from —100 to +50 mV as evident in these sample traces (dotted lines).
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rent amplitude. However, neither alkaline
nor acidic pH altered GluR6(Q) current
kinetics, as can be seen when the current
traces are scaled and superimposed (Fig.
3A). Closer examination of desensitization
kinetics of GluR6(Q) revealed that alkaline
pH did not significantly alter 7., or the
peak/steady-state current ratio (Fig.
3B,C). These data suggest that, similar to
NMDA receptors, proton inhibition of
GluR6 kainate receptors is not caused by
changes in the extent or rate of onset of
desensitization.

Proton inhibition of kainate receptors is
voltage insensitive

The voltage sensitivity of proton inhibi-
tion of kainate receptors was examined to
determine whether protons inhibit these
receptors by acting at a site within the
transmembrane electric field. Domoate
currents at pH 6.0, 7.5, and 9.0 were re-
corded from GluR6(R)-injected oocytes as
the holding potential was ramped from
—100 to +50 mV. Domoate currents re-
versed close to 0 mV at all pH levels tested
(pPHO, Iypy —2 = 8mV; pH 7.5, [gpy —2 =
8mV;pH 6.0, [ypy —1 £ 8mV;n=4)and
were approximately linearly dependent on
voltage over the range from —80 to —20
mV. The slope of this region of the cur-
rent—voltage curve was dependent on pH
in a manner quantitatively similar to that
of steady-state currents in these same oo-
cytes. The average slope increased by 70 =
40% when the pH was raised to pH 9.0 and

The slope of the linear portion of the /- curve, calculated by regression analysis, is shown (thick lines).

NR1a/NR2B NMDA receptors primarily by relieving proton in-
hibition (Traynelis et al., 1995). Using NMDA receptors as a
model, we examined the mechanism of proton inhibition of kai-
nate receptors. We focused our attention on GluR6 kainate
receptors.

Protons do not alter GluR6 receptor desensitization kinetics

Protons do not alter desensitization of NMDA receptors
(Traynelis and Cull-Candy, 1991). In contrast, protons inhibit
AMPA receptors by enhancing receptor desensitization (Ihle and
Patneau, 2000; Lei et al., 2001). We examined the effect of pro-
tons on the desensitization kinetics of GluR6(Q) kainate recep-
tors expressed in HEK 293 cells to determine whether the mech-
anism of proton inhibition of kainate receptors was similar to
that of NMDA or AMPA receptors. Rapid application of a supra-
maximal concentration of glutamate (3 mM, pH 7.3) produced a
strongly desensitizing response in whole-cell recordings of
GluR6(Q) currents in these cells. The rapid monophasic rise of
the current (7,5 = 720 % 80 usec) and the sharp current peak
suggest that GluR6 receptors are activated synchronously. At pH
7.3, desensitization of the current was well fitted by a single ex-
ponential component, with T4, = 6.4 = 0.3 msec and a peak/
steady-state current ratio of 410 = 30 (n = 8). Alkaline pH (pH
8.5) increased, whereas acidic pH (pH 6.0) decreased peak cur-

decreased by 40 * 18% when the pH was
lowered to pH 6.0 (Fig. 3D), whereas the
steady-state current at —70 mV increased
by 60 = 17% at pH 9.0 and decreased by 50 = 4% at pH 6.0 (n =
4). Finally, the lack of an increase in outward rectification of the
current at pH 6.0 [rectification ratio-100/50 (RR_,oq,50), 1.2 =
0.1, pH 7.5; 1.3 = 0.1, pH 6.0; n = 4] suggested that proton
inhibition of GluR6(R) kainate receptors is voltage insensitive.

Mutations in GluR6(Q) reduce proton inhibition

Site-directed mutagenesis has identified a number of acidic
amino acid residues on the NR1 NMDA receptor subunit that are
critical for proton inhibition of that receptor (Williams et al.,
1995; Masuko et al., 1999). Two residues of particular interest are
glutamate 342 and aspartate 343. These neighboring residues are
located in the N terminus of the NR1 subunit in the region con-
necting the two lobes of the LIVBP-like domain. Sequence align-
ment of NR1la, NR2A-NR2D with GluR5-GluR7 reveals that, in
seven of eight subunits, E342 is conserved, whereas the neighbor-
ing residue at position 343 is acidic (either aspartate or glutamate,
differing only in NR2C) (alignments adapted from those of Arm-
strong et al., 1998; Paoletti et al., 2000; Perin-Dureau et al., 2002).
In GluR6, these amino acids correspond to residues E396 and
E397. To determine whether similar residues in kainate and
NMDA receptors are important for proton inhibition, we exam-
ined the effect of mutation of each of these residues as well as
three nearby unconserved acidic residues (D388, D390, and
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E400) on proton inhibition of GluR6(Q)
receptors (Fig. 4A). In all cases, aspartate
was mutated to asparagine and glutamate
to glutamine. Proton inhibition curves
were constructed as described previously
for each of the mutant receptors. Muta-
tion of the three unconserved residues
(D388N, D390N, and E400Q) had no ef-
fect on proton inhibition in GluR6. In
contrast, mutation of the two conserved
residues caused a significant decrease in
proton sensitivity of GluR6(Q) (Fig. 4 B—
D). Of the two mutations, E396Q caused a
greater decrease in the IC;, for proton in-
hibition (5.6-fold) than did E397Q (2.8-
fold). Despite their reduced proton inhi-
bition, mutant GluR6 receptors showed
no evidence for potentiation, suggesting
that proton potentiation of GluR6/KA1
receptors was unique to the KA1 subunit
and not a property of the GluR6 subunit
that was masked by the stronger proton
inhibition.

Expression of the mutant GluR6Q-
(E396Q) subunit with the KA2 subunit al-
lowed examination of the effect of this
mutation on the heteromeric GluR6(Q)/
KA2 receptor. The mutant GluR6Q-
(E396Q)/KA2 receptor was inhibited by
protons in a biphasic manner, with 1Cs,
values at pH 9.0 = 0.4 and 5.4 = 0.1 (Fig.
4E). The ICs,, for the first component of
inhibition was similar to that of the wild-
type receptor, whereas that for the second
component of inhibition was significantly
reduced (*p < 0.05). Although the ICs,
value for the first component of inhibition
was unchanged, this component was
much more prominent in the proton in-
hibition curve of the mutant receptor.
Thus, these receptors were significantly
more inhibited at pH 6.8-7.5 than were
wild-type receptors.

Polyamines potentiate GluR6(R) and inhibit

GluR6(Q) current
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Figure 4.  Mutation of two critical acidic residues, E396 and E397, in GIuR6(Q) reduces proton sensitivity of the receptor. A,

Sequence alignment of a portion of the LIVBP-like domain in the NR1 subunit with the analogous portion of the GIuR6 subunit.
Amino acids in the NR1 subunit reported to alter either proton inhibition or spermine potentiation are indicated ( filled circles) as
are residues in the GIuR6 subunit that were mutated in this study (open circles). Only mutations at E396 and E397 (asterisks)
reduced proton inhibition of GIuR6(Q). A proposed schematic diagram of the GIuR6 subunit, based on the structure of the NR1
subunit, is shown on the right, indicating the position of the LIVBP-like domain in the N terminus and the locations of residues E396
and E397 in this domain. B, Sample recordings of steady-state domoate (3 mu) currents evoked at three different pH levels in an
oocyte expressing wild-type GIuR6(Q) receptors or mutant GIuR6(Q) receptors in which residue 396 has been mutated from
glutamate to glutamine (E396Q). Note the reduced effect of protons on the mutated receptor. C, Dose—response curve for protons
at wild-type ( filled circles; n = 7) and mutant E396Q (apen circles; n = 10) GluR6(Q) receptors. D, The graph shows the half-
maximal concentration of protons (ICs, ) necessary to inhibit wild-type and five mutant GIuR6(Q) receptors expressed in oocytes.
Only mutations at E396 and E397 significantly reduced proton inhibition (**p < 0.01). The number of oocytes used is shown in
parentheses. E, Proton inhibition curve for mutant GluR6Q(E396Q)/KA2 receptors expressed in oocytes (left). Protons inhibited this
receptor in a biphasic manner, with ICg, values at pH 9.0 = 0.4 (a) and 5.4 = 0.1 (b;n = 7, n = 614 oocytes per point). The
proton inhibition curve for wild-type GluR6(Q)/KA2 receptors has been overlaid for comparison. Note the increased prominence of
the first component (a) of proton inhibition in the mutant receptor. The IC;, values for proton inhibition of mutant and wild-type
GluR6(Q)/KA2 receptors are compared in the bar graph (right). The GIuR6Q(E396Q) mutation significantly reduced the affinity of
only the second component (b) of proton inhibition.

tentiation by spermine was reversible and concentration depen-
dent, with an EC5, of 282 um [95% confidence interval (C.I.),
191-416 uM; n = 7]. This potentiation was mimicked by the
polyamine spermidine (1 mm; 151 % 2.5% of control; n = 3) but

Small endogenous polyamines, such as spermine, potentiate cur-
rent through recombinant NMDA receptors. Traynelis et al.
(1995) reported that spermine potentiates NMDA responses pri-
marily by relieving tonic proton block of these receptors present
at physiological pH levels. A minor role may also be played by the
small polyamine-induced changes in receptor desensitization
that have been reported previously (Lerma, 1992; Rumbaugh et
al.,, 2000). If the mechanism of proton inhibition of NMDA and
kainate receptors is similar, then polyamines may potentiate
GluR6 kainate receptors in a comparable manner. Therefore, to
further compare proton inhibition of kainate and NMDA recep-
tors, we tested the effect of polyamines on kainate current
through GluR6 receptors.

The effect of polyamines on the GluR6 receptor-mediated
current was dependent on the editing state of the Q/R site on the
receptor (Fig. 5A). Spermine (1 mwm) markedly facilitated the
steady-state current at edited GIuR6(R) receptors at pH 7.5. Po-

not by the polyamine arthropod toxin PhTx-433 (1 um; 92 =
6.0%; n = 4). These findings suggest similarity in the action of
spermine on NMDA and kainate receptors.

In contrast to GluR6(R) receptors, the unedited (Q) form of
the receptor was strongly inhibited by extracellular polyamines at
pH 7.5 (Bdhringetal., 1997). Spermine (1 mm) and spermidine (1
mM) reversibly inhibited kainate currents through GluR6(Q) re-
ceptors to 14 * 4% (n = 13) and 72 * 3% (n = 5) of control,
respectively. Inhibition by spermine was reversible and concen-
tration dependent (ICs, of 66 uM; 95% C.I., 25-171 um; n = 7)
(Fig. 5A). In contrast to its lack of effect on GluR6(R) receptors,
PhTx-433 reduced domoate currents at GluR6(Q) receptors to
13 * 3% of control (n = 5). The time course for block and
recovery of GluR6(Q) receptors by polyamines and polyamine
toxins was similar to that reported for GluR2-lacking AMPA re-
ceptors (Washburn and Dingledine, 1996).
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Figure5.  Spermine potentiates GIuR6(R) and inhibits GluR6(Q) kainate receptors. A, Sample
currents at pH 7.5 from oocytes show potentiation by 1 mu spermine at GIuR6(R) receptors and
inhibition by the same concentration of spermine at GluR6(Q) receptors. The graph on the right
shows the dose—response curve for spermine potentiation at GIuR6(R) receptors and spermine
inhibition at GluR6(Q) receptors. The amplitude of the control current in the absence of sperm-
ine is indicated (dotted line). Currents were evoked by 30 u kainate. B, At pH 7.3, currents
evoked by rapid application of 3 mu glutamate to HEK 293 cells expressing GIuR6/(R) receptors
were potentiated by T mm spermine, whereas currents at GluR6(Q) receptors were inhibited.
The graph on the right shows that, relative to control (dotted line), spermine produced a signif-
icant potentiation of GIUR6(R) current (n = 6; *p << 0.05) and a significant inhibition of
GIuR6(Q) current (n = 5; **p << 0.01) at pH7.3.
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Polyamines had similar effects on GluR6 receptors expressed
in mammalian cells. We examined the effect of spermine (1 mm)
on currents evoked by rapid application of glutamate to HEK 293
cells transfected with either GluR6(R) or GluR6(Q) receptors. In
cells held at =70 mV at pH 7.3, spermine produced a significant
potentiation of the current at GluR6(R) receptors and a signifi-
cant inhibition of current at GluR6(Q) receptors (Fig. 5B). These
effects were reversible during washout of spermine.

Polyamines potentiate NMDA receptors primarily by hinder-
ing protonation of residues critical for proton inhibition. Simi-
larity in the mechanism underlying polyamine potentiation of
NMDA and GluR6(R) kainate receptors would suggest addi-
tional structural parallels in the regions of the two receptors re-
sponsible for proton inhibition. We therefore examined the
mechanism of polyamine potentiation of GluR6(R).

Spermine potentiation is voltage insensitive

Spermine potentiation of NMDA receptors is voltage insensitive,
suggesting that spermine acts at a site outside the transmembrane
electric field (Williams, 1994). To determine whether spermine
potentiation of kainate receptors shares similar voltage indepen-
dence, we examined the effect of spermine on glutamate currents
over a range of membrane potentials from —100 to +100 mV.
Glutamate-evoked GluR6(R) currents in the absence and pres-
ence of spermine were examined in HEK 293 cells at pH 6.0, a pH
level at which spermine produces a strong potentiation (Fig.
6A,B). GluR6(R) currents outwardly rectified (RR_;yg,60, 1.3 =
0.2) and reversed at —3.5 = 1.7 mV (n = 6). Spermine markedly
potentiated responses at all membrane potentials but did not
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Figure 6.  Spermine potentiation of GIuR6(R) receptors is voltage independent, does not
affect agonist potency, and does not alter receptor desensitization. A, Current responses (/)
recorded at pH 6.0 from GIuR6(R) receptors expressed in an HEK 293 cell in response to rapid
application of glutamate as the holding potential ( V) was stepped from —100to +100mV. 8,
The graph shows the /- curve for GIuR6(R) receptors in the absence and presence of spermine
inthe same cell as in A. The slope of the linear portion of the /I curve increases in spermine by
anamount (65%) similar to the increase in the peak current (58%) at —60 mV. C, The amplitude
of the GIuR6(R) current in the presence of 1 mm spermine and in wash was expressed as a
fraction of the control current at each holding potential. When the data were fit by linear
regression, the slopes of the resulting curves (0, 0.0006, and 0.0002 mV/fraction control current
for control, spermine, and wash, respectively; n = 5) did not differ from zero, indicating voltage
independence. D, The graph shows the dose—response curve for kainate on GIuR6(Q) receptors
expressed in oocytes in the absence ( filled circles) and presence (open circles) of 1 mm spermine
at pH 7.5. The dotted line indicates the amplitude of the maximal kainate response in the
absence of spermine. £, Currents (superimposed in the absence and presence of spermine) at
GluR6(R) receptors expressed in HEK 293 cells in response to rapid application of 3 mm gluta-
mate showed strong potentiation by 1 mm spermine at pH 6.0. Monoexponential fits of the
current decay revealed little effect of spermine on the onset rate of desensitization. £, Spermine
did not affect either the steady-state/peak current ratio (top; n = 6) or the desensitization time
constant (Tye, ; bottom; n = 6) of the GIuR6(R) currentin HEK 293 cells.

alter the reversal potential (—5.9 = 1.1 mV) or rectification of the
current (RR o600 1.4 * 0.2; 1 = 6). For each experiment, the
I-V curve in spermine was normalized to that in control, and
the resulting curves were combined to yield an averaged plot of
the voltage dependence of spermine potentiation (Fig. 6C). The
slope of these averaged curves was not significantly different from
zero, indicating the lack of any voltage dependence of spermine
potentiation.

Spermine does not alter the agonist potency for GluR6(R)

Spermine may potentiate GluR6(R) current by enhancing the
agonist potency for the receptor. To test this possibility, we ex-
amined the effect of spermine (1 mm) on the ECs, for kainate
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activation of GluR6(R). Concentration—
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Spermine potentiates GIuR6(R) receptors by relieving proton inhibition. A, Sample traces (top) showing potentiation

presence and absence of 1 mM spermine.
In the continual presence of agonist,
GluR6(R) currents desensitized rapidly
and monoexponentially (Tyeeens = 6.5 *
0.4 msec; n = 6) (Fig. 6 E). Desensitization
was virtually complete, with the steady-
state current representing only ~0.6% of
the peak current. Spermine potentiated
the peak current (Fig. 5B) but had no effect
on the onset rate of desensitization or the

of domoate currents by T mu spermine at GIuR6(R) receptors in an oocyte as the pH was increased to 9.0 and decreased to 6.0. Note
that the amount of potentiation increased at more acidic pH levels. The graph on the bottom shows the averaged effect of
spermine on GIuR6(R) (n = 830 oocytes per point) and GIuR6(Q) (n = 617 oocytes per point) receptors over a range of pH
values. Data are expressed relative to the current amplitude in the absence of spermine (dotted line). B, Potentiation of GIuR6(R)
current by 1 mm spermine at pH 7.3 (top; n = 6) and pH 6.0 (bottom; n = 10). Currents were evoked by rapid application of 3 mm
glutamate onto GIuR6(R) receptors expressed in HEK 293 cells. Note that spermine produced a greater potentiation of the
glutamate current at pH 6.0 than at pH 7.3. C, Dose—response curve for protons at GIuR6(R) receptors in oocytes in the absence
( filled circles) and presence (open circles) of 1 mm spermine (n = 4-20 oocytes per point). Spermine caused a strong rightward
shiftin the proton IC;, at the receptor, indicating that the polyamine potentiated these receptors by reducing proton inhibition. D,
Dose—response curve for protons at GluR6(Q) receptors in the absence ( filled circles) and presence (open circles) of 1 mm spermine
(n = 7). Note that spermine shifted the curve only at acidic pH levels. In Cand D, currents were evoked by 3 um domoate.

steady-state to peak current ratio (Fig.

6E,F). Desensitization of the receptor in

the presence of spermine was monoexponential, with T4egens
(6.4 = 0.5 msec; n = 6) similar to that observed in the absence of
spermine. These data indicate that spermine does not potentiate
GluR6(R) by altering desensitization of the receptor.

Potentiation by spermine is pH dependent

To determine whether spermine potentiates GluR6(R) by reliev-
ing proton inhibition, we examined spermine potentiation over a
range of pH values. Potentiation produced by spermine was
greatest at acidic pH levels when proton inhibition of the do-
moate current was strongest (Fig. 7A). This potentiation became
progressively smaller at more basic pH levels as proton inhibition
weakened. Similarly, at GluR6(R) receptors in HEK 293 cells, the
current induced by rapid application of glutamate was more
strongly potentiated by spermine at pH 6.0 than at pH 7.5 (Fig.
7B). It is unlikely that ionization of spermine can account for this
pH-dependent potentiation because the py,, value for spermine
(Pkas = 8.3) falls outside of the range over which spermine has its
maximal effects. These data indicate the strong pH dependence of
spermine potentiation.

To further determine whether spermine relieved proton inhi-
bition of GluR6(R), we examined the effect of spermine on the
IC,, for proton inhibition of the GluR6(R) receptor expressed in
oocytes (Fig. 7C). Spermine (1 mm) produced a 22-fold acidic
shift in the ICs, for proton inhibition of the receptor (control,
IC5, of pH 6.9 £ 0.03, n = 5-20; spermine, IC5, of pH 5.6 £ 0.06,

n = 4-18), shifting the proton sensitivity of the receptor out of
the physiological range. These results suggest that, as with NMDA
receptors, spermine potentiation of GluR6(R) is primarily caused
by a relief of proton inhibition of the receptor.

At GluR6(Q) spermine consistently inhibited domoate cur-
rents atall but the mostacidic pH levels (Fig. 7A). However, at pH
6.0, spermine inhibition was reduced, and, in two of six oocytes,
spermine potentiation was observed. Consequently, spermine
shifted the proton inhibition curve for GluR6(Q) only at the most
acidic levels, having no effect at more alkaline pH values (Fig.
7D). These results are consistent with the interpretation that both
the edited (R) and unedited (Q) variants of the GluR6 receptor
are potentiated by spermine in a pH-sensitive manner. However,
in GluR6(Q) receptors, the potentiation is masked by a coexistent
spermine-induced inhibition at all but the most acidic pH levels.
The incomplete editing of GluR6 kainate receptors in the rat
brain (Chittajallu et al., 1999) and the opposing effects of poly-
amines on these editing states suggests that kainate receptors can
be expressed with a high degree of specialization to meet the
specific needs of their synaptic microenvironment.

Discussion

The principal finding of the present study is that kainate recep-
tors, like NMDA receptors, are tonically regulated by protons at
ambient pH (pH 7.3), and the extent and direction of this mod-
ulation is dependent on the subunit composition of the receptor.
For example, we found that homomeric GluR6 receptors and
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heteromeric GluR6(Q)/KA2 receptors are ~20-25% inhibited at
resting pH (pH 7.3), whereas heteromeric GluR6/KA1 receptors
are ~30% facilitated. Tonic regulation of kainate receptors by
protons is important because it suggests that both the alkaline
and acid shifts in interstitial pH that accompany neuronal activity
could modulate kainate receptor function. In addition, we found
that the endogenous polyamine spermine potentiates the GluR6
kainate receptor primarily by relieving this proton inhibition.
Given the specialized roles of kainate receptors of different sub-
unit composition (Castillo et al., 1997; Mulle et al., 2000), our
results suggest that these endogenous modulatory agents may
differentially regulate distinct kainate receptors and thereby exert
selective influence over discrete aspects of kainate neurotrans-
mission. These modulatory sites may also provide novel sites for
the development of context-dependent and region-selective neu-
roprotective agents (Mott et al., 1998).

The mechanism underlying the differential effect of protons
on distinct kainate receptors is unknown. Swanson et al. (2002)
reported that each subunit in a heteromeric kainate receptor con-
tributes an independent agonist-activated conductance to the
overall channel response. According to this suggestion, activation
or inhibition of individual subunits would shift the conductance
state of the channel in a manner similar to that of AMPA recep-
tors (Rosenmund et al., 1998). The biphasic nature of the proton
inhibition curve for GluR6/KA2 and the proton potentiation ob-
served for GluR6/KA1 suggest the possibility that protons can act
with different affinities on individual subunits in heteromeric
kainate receptors. The biphasic proton inhibition curve for
GluR6/KA2 may therefore represent selective and independent
inhibition of first the higher-affinity KA2 subunit, which reduces
the channel conductance, followed by inhibition of the lower-
affinity GluR6 subunit, which inhibits the receptor altogether. In
support of this idea, we found that replacement of the GluR6
subunit in the heteromeric GluR6/KA2 receptor with a mutated
GluR6 subunit [GluR6Q(E396Q)] with lowered proton sensitiv-
ity altered the ICs, of the low-affinity, but not the high-affinity,
component of the biphasic proton inhibition curve. Although
this model represents the most straightforward interpretation of
our results, we realize that other more complex scenarios can be
imagined.

Although protons may alter kainate receptor gating by inhib-
iting individual subunits within the receptor, it appears that the
proton sensitivity and possibly even the degree of protonation of
the individual subunits is influenced by their interaction with
other subunits in the receptor. This idea is supported by two find-
ings. First, neither of the two proton ICs, values of the GluR6/KA2
receptor match the ICs, of homomeric GluR6. Second, replace-
ment of wild-type GluR6 with mutant GluR6 in the GluR6/KA2
receptor significantly increases the prominence of the first compo-
nent of inhibition. Subunit interaction may therefore contribute to
the overall proton sensitivity of the receptor and influence the
tonic level of proton inhibition at ambient pH. Additional experi-
ments will be necessary to explore these possibilities.

The mechanism by which protons inhibit kainate receptors
appears to be similar to that by which protons inhibit NMDA
receptors (Traynelis and Cull-Candy, 1991). This conclusion is
strengthened by four observations. First, as with NMDA recep-
tors, proton inhibition of kainate receptors is voltage indepen-
dent, supporting the conclusion that protons do not inhibit kai-
nate receptors by acting at a site within the receptor channel.
Second, similar to their effect on NMDA receptors, protons do
not alter the desensitization kinetics of kainate receptors. In con-
trast, protons inhibit AMPA receptors by enhancing desensitiza-
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tion of the receptor (Ihle and Patneau, 2000; Lei et al., 2001).
Third, mutations of conserved residues in GluR6 that reduce
proton sensitivity of NMDA receptors also reduce proton sensi-
tivity of kainate receptors. This finding suggests that similar
structural elements on both kainate and NMDA receptors medi-
ate proton inhibition. Finally, as with NMDA receptors (Trayne-
lis et al., 1995), spermine potentiated the current through GluR6
receptors by producing an acidic shift in the py, of the proton
sensor. This caused the receptor to become less sensitive to pro-
tons. Spermine potentiation of GluR6(R) was voltage indepen-
dent, did not affect the onset or extent of current desensitization,
and did not affect the agonist potency for the receptor. These
results suggest that spermine potentiates kainate receptors pri-
marily by relieving proton inhibition of the receptor. They also
provide additional confirmation of the similarity in the mecha-
nism of action of protons on kainate and NMDA receptors.

Our results suggest that protons inhibit kainate receptors by
acting at a site on the receptor that is outside of the channel pore.
Presumably, this site consists of an ionizable residue(s) at which
protonation stabilizes the protein in a nonconducting state. It
seems likely that this site resides on the extracellular face of the
receptor, possibly in the LIVBP-like domain, as has been sug-
gested for the proton sensor on NMDA receptors (Masuko et al.,
1999). Indeed, residues that are critical for proton inhibition
(E396 and E397) of GluR6 kainate receptors are located between
the two lobes of the LIVBP-like domain in GluRé. This is the
same location at which the analogous residues (E342 and D343)
are found in the NMDA receptor (Masuko et al., 1999). Spermine
is thought to relieve proton inhibition of NMDA receptors by
binding to a site in the LIVBP-like domain of these receptors near
the proton sensor (Masuko et al., 1999). The similarity in the
action of spermine on kainate and NMDA receptors is consistent
with the possibility that this polyamine could bind to a similar site
in the LIVBP-like domain of kainate receptors. Thus, the LIVBP-
like domain could act as a common structural element in kainate
and NMDA receptors mediating the effects of protons and poly-
amines. This hypothesis of a modular architecture of ionotropic
GluR subunits is consistent with the suggestions of Paoletti and
coworkers (Paoletti et al., 2000; Perin-Dureau et al., 2002). How-
ever, it is important to note that the GluR6 mutations studied
here, although critical for proton inhibition, may not reflect the
true location of the proton sensor. Therefore, although it seems
unlikely, we cannot exclude the possibility that protons act on a
region on the intracellular face of the kainate receptor or a por-
tion of the plasma membrane that is intimately associated with
the receptor. Additional studies will be necessary to address these
questions.

Kainate receptors of distinct subunit combinations play dif-
ferent functional roles in the brain (Mulle et al., 2000). Potentia-
tion or block of different kainate receptors by protons suggests
that proton regulation would be an important factor shaping
kainate neurotransmission in the CNS. For example, changes in
kainate receptor subunit composition at a synapse during devel-
opment (Bahn et al., 1994) or after a pathophysiological insult
(Mathern et al., 1998) could have marked effects on the proton
regulation of kainate neurotransmission at that synapse. Alter-
nately, changes in extracellular pH that occur under physiological
conditions may have implications for kainate receptor function.
Proton levels in the brain are not stable and fluctuate rapidly in
both the acid and alkaline direction during neuronal activity
(Chessler and Kaila, 1992). Because of the selective localization and
function of different kainate receptors, pH changes could have dis-
tinct effects on different aspects of kainate neurotransmission.
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Whereas pH fluctuates during synaptic transmission, the am-
plitude of this change is much greater during pathophysiological
insults, such as spreading depression, seizures, and ischemia,
during which interstitial pH can fall to 6.5 and below for pro-
longed periods (Somjen, 1984; von Hanwehr et al., 1986). This
large decrease in interstitial pH has been shown to be neuropro-
tective by inhibiting the activity of NMDA receptors (Kaku et al.,
1993). Our results suggest that most kainate receptors would also
be inhibited by these large decreases in pH and that, during cer-
tain conditions, such as global ischemia (Sheardown et al., 1990),
proton inhibition of kainate receptors may provide some mea-
sure of neuroprotection. In particular, our results suggest that
protons would be effective at inhibiting steady-state current pro-
duced by glutamate spillover onto extrasynaptic kainate recep-
tors. In contrast, GluR6/KA1 receptors are potentiated by pro-
tons. Both GluR6 and KA1 subunit are highly expressed in CA3
pyramidal cells (Bahn et al., 1994). Perhaps overactivation of
these GluR6/KA1 receptors at acidic pH levels contributes to the
selective vulnerability of this cell population.
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