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The distribution of glutamate receptor subtypes on the surface of neurons is highly relevant for synaptic transmission and signal
processing. In the present study we investigated the location and properties of functional kainate receptors (KARs) on the somatoden-
dritic membrane of rat neocortical layer V pyramidal neurons. Infrared-guided laser stimulation was used to apply glutamate photolyt-
ically to the soma and various sites along the apical dendrite. Electrical currents, resulting from the activation of pharmacologically
isolated KARs, were measured by whole-cell patch-clamp recording. In addition, KARs on somatic and dendritic outside-out patches
were activated while still within the brain tissue. We found that functional KARs are located on the entire somatodendritic membrane that
was examined. Fast kinetics, a linear I-V relationship, and a relatively high single-channel conductance are characteristic features of
these receptors. We provide evidence that the unitary properties of somatic and dendritic KARs are identical. Regarding the subcellular
distribution of KARs, our results indicate that the density of these receptors increases toward the distal dendrite. They arelocated mainly
at extrasynaptic sites but also mediate fast synaptic signaling triggered by afferent stimulation. The differential distribution speaks in
favor of a selective targeting of KARs on central neurons and may reflect a mechanism for a location-dependent regulation of synaptic
efficacy. Furthermore, it is feasible to assume that extrasynaptic KARs could be activated by a “spillover” of synaptically released
glutamate, ambient glutamate in the CSF, or glutamate released from adjacent astrocytes.
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Introduction
Ionotropic glutamate receptors are divided into three main class-
es: NMDA, AMPA, and kainate receptors (KARs). KARs are
composed of five subunits (GluR5-GluR7, KA1-KA2), which
can assemble to form functional channels. Most of our knowl-
edge about the properties of KARs (e.g., kinetics and composition
of subunits) comes primarily from studies on recombinant
KARs. A general feature of these receptors is their fast kinetics,
similar to those determined for AMPA receptors. KAR subunit
genes are expressed throughout the brain (Wisden and Seeburg,
1993), but little is known about the properties, the subcellular
distribution, and the functional roles of native postsynaptic
KARs. It has been shown only recently that postsynaptic KARs
contribute to the EPSC at different types of synapses (Frerking
and Nicoll, 2000; Lerma et al., 2001).

Synaptic activation of postsynaptic KARs sometimes requires
repetitive synaptic stimulation (Castillo et al., 1997; Vignes and
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Collingridge, 1997), and the KAR-mediated EPSCs have small
amplitudes and show mostly slow kinetics. These observations
have raised the following questions. (1) Are postsynaptic KARs
located extrasynaptically? (2) If so, are KARs activated by a “spill-
over” of synaptically released glutamate? (3) Are the slow kinetics
of native KARs an intrinsic property of heteromers, the exact
subunit composition of which is unknown? (4) Do postsynaptic
KARs play only a minor role in fast synaptic transmission? The
studies addressing these questions in the recent past have yielded
conflicting results (Min et al., 1998; Swanson and Heinemann,
1998; Bureau et al., 1999; DeVries and Schwartz, 1999; Kidd and
Isaac, 1999, 2001; Cossart et al., 2002).

KAR subunits are expressed abundantly in the neocortex
(Wisden and Seeburg, 1993). However, studies on neocortical
KARs at the level of single neurons or synapses are scarce. KARs
are located on presynaptic terminals of neocortical interneurons
(Alietal., 2001) as well as on the postsynaptic membrane of layer
IV pyramidal neurons (Kidd and Isaac, 1999). Layer V pyramidal
neurons also express KAR subunits (Huntley et al., 1993), but itis
still unclear whether these subunits form functional receptors
inserted in the somatodendritic membrane. In the present study
we used a combination of infrared-guided laser stimulation and
electrophysiological techniques to address this question. We
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found that functional KARs are located on the entire somatoden-
dritic membrane that was examined. Furthermore, we character-
ized the intrinsic properties of these receptors and report that
they are distributed differentially at the apical dendrite and lo-
cated mainly at extrasynaptic sites.

Materials and Methods

Slice preparation. Parasagittal neocortical slices (300 wm thick) were pre-
pared from 42 male Sprague Dawley rats (postnatal days 14—21). Before
decapitation the rats were anesthetized very shortly and slightly to reduce
stress response and for better handling while their heads were placed
under an animal guillotine. Fluid isoflurane (0.2 ml) was dropped on a
piece of fleece placed on the bottom of a vessel (volume, 3.5 1). After 3
min the animals were put into the closed vessel for 5-7 sec to make them
numb. Afterward, they were taken out rapidly, and the neck was fixed
under the animal guillotine. In this position the animals were kept until
their initial numbness was abolished completely. In particular, it was
strictly observed that the animals were breathing spontaneously and
deeply the whole time to ensure that isoflurane was eliminated com-
pletely from the CNS before decapitation. This is of major importance
because there is evidence that isoflurane may influence KAR function
(Dildy-Mayfield et al., 1996).

After we removed the brain from the skull, a tissue block containing
the somatosensory cortex was trimmed, glued to an acrylic glass cuboid
(Histoacryl, Braun, Tuttlingen, Germany), and transferred to the chilled
specimen holder of a vibratome (Vibracut 3, FTB, Weinheim, Germany).
All steps of the preparation were performed in ice-cold artificial CSF
(ACSF) oxygenated with carbogen (95% 0,/5% CO,). The ACSF con-
sisted of (in mm): 125 NaCl, 2.5 KCl, 1.25 NaH,PO,, 2 CaCl,, 1 MgCl,, 25
NaHCO;, and 25 glucose, pH 7.4 (all substances were from Merck, Is-
maning, Germany). The slices were transferred to glass vials containing
oxygenated ACSF, incubated for 30 min at 34°C, and subsequently were
stored at room temperature (22-24°C) for at least 30 min (Dodt et al.,
1998).

Electrophysiology. Brain slices were placed in the recording chamber of
an “infrapatch” set-up (Luigs & Neumann, Ratingen, Germany) and
submerged in oxygenated ACSF (flow rate, 2-3 ml/min). Individual layer
V pyramidal neurons of the somatosensory cortex were identified visu-
ally via infrared videomicroscopy and the “gradient contrast” system
(Dodt et al., 2002). Whole-cell recordings (seal resistance, >1 G(2) from
somata and apical dendrites were performed in voltage-clamp mode
(—60 mV holding potential), using a dSEVC (discontinuous single-
electrode voltage-clamp) amplifier (SEC-10LX, npi Electronics GmbH,
Tamm, Germany). Recordings were accepted only if the holding current
was <100 pA. The current was low-pass filtered (1-3 kHz). The patch-
clamp electrodes (open-tip resistances, 4—9 M()) were pulled from bo-
rosilicate glass capillaries (1.5 mm outer diameter, 0.86 mm inner diam-
eter; Harvard Apparatus, Kent, UK) on a DMZ-Universal puller (Zeitz
Instruments, Munich, Germany). The patch pipettes were filled with a
solution consisting of (in mm): 105 K-gluconate (Merck), 30 KCI, 4 Mg-
ATP (Sigma, Deisenhofen, Germany), 10 phosphocreatine (Sigma), 0.3
GTP (Sigma), and 10 HEPES (Biomol GmbH, Hamburg, Germany); pH
7.3-adjusted with KOH (osmolarity, 305 mOsm). In some experiments
spermine (60 uM; Sigma) also was included. The cells were characterized
electrophysiologically by recording the membrane potential in bridge
mode. [-V relationships and spike trains were obtained by injecting hy-
perpolarizing and depolarizing current pulses. From 104 recorded neu-
rons 96 cells were of the “regular spiking” and 8 cells of the “intrinsically
bursting” type (Connors and Gutnick, 1990). It is feasible to assume that
the properties and/or the subcellular distribution of KARs vary between
these physiologically and morphologically different types of neurons.
Therefore, only the regular spiking cells were included in this study. They
had an average resting potential of —60 = 0.5 mV and an input resistance
0f 99 =+ 3 M(). No correction for the junction potential between the bath
and pipette solutions was made. Full correction for this junction poten-
tial would make all membrane potential measurements ~13 mV more
negative than indicated. The series resistance [15 * 0.2 M() for somatic
(n = 81) and 23 * 0.9 MQ) for dendritic (n = 15) whole-cell recordings]
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was monitored continuously during the recordings. Recordings were
terminated if the series resistance changed >10%. After seal formation
and patch rupture the outside-out patches were obtained by slowly with-
drawing the patch pipette from the cell. Outside-out patches were ac-
cepted only if the resistance of the patch was =1 G() and the holding
current <10 pA. Bipolar electrical stimulation of synapses was per-
formed by using pipettes (~2 um tip diameter) pulled from borosilicate
glass theta-capillaries (1.5 mm outer diameter, 1.05 mm inner diameter,
0.16 mm thickness of partition wall; Hilgenberg, Malsfeld, Germany).
Both tubes of the theta-capillary were filled with ACSF and connected via
Ag/AgCl wires to an isolated stimulus generator (type 2533, Devices
Instruments LTD, Hertfordshire, UK). The stimulation electrode was
placed near the apical dendrite (~5 um lateral distance). In this way the
synapses, located in a defined region of the dendrite, could be activated
reliably. Duration of the electrical stimuli was 0.2 msec. Data were digi-
tized at 3—9 kHz via an ITC-16 interface (Heka Elektronik, Lambrecht/
Pfalz, Germany) and stored by a Macintosh-based recording system with
the standard software Pulse 8.00 (Heka Elektronik). All experiments were
performed at room temperature (22-24°C).

Photostimulation. Glutamate was applied to visually identified somata
and apical dendrites by UV flash photolysis (wavelength, 351-364 nm) of
y-CNB (a-carboxy-2-nitrobenzyl)-caged glutamate (0.5 or 1 mm; Mo-
lecular Probes, Leiden, The Netherlands). The beam of a UV laser (En-
terprise II, Coherent, Dieburg, Germany) was coupled into the epifluo-
rescence port of the microscope (Axioskop FS, Zeiss, Jena, Germany) via
a quartz fiber (Luigs & Neumann) and focused by the objective (60X,
numerical aperture, 0.9; Olympus, Hamburg, Germany) onto a 1 um
spot in the specimen plane. Using a caged glutamate concentration of 0.5
mm, we determined in previous studies the site of glutamate release as a
spot with a diameter of ~10 wm (Dodt et al., 1999; Eder et al., 2002). The
duration of the shuttered light pulses (Uniblitz shutter, Vincent Associ-
ates, Rochester, NY) was 3 msec. The output power of the argon ion laser
(maximum, 90 mW) was adjusted by a remote control unit in increments
of 1 mW. The caged glutamate used in this study has a quantum yield of
0.14, and the half-life of the major component of the photolytic reaction
is in the microsecond range (Wieboldt et al., 1994). A concentration of
0.5 mM does not desensitize glutamate receptors by spontaneous hydro-
lysis and/or contamination with free glutamate (Eder et al., 2002). Fur-
thermore, it also has been shown that 1 mm y-CNB-caged glutamate
neither desensitizes glutamate receptors in cultured hippocampal neu-
rons (Wieboldt et al., 1994) nor influences the properties of layer V
pyramidal neurons of 2- to 3-week-old rats (Schubert et al., 2001). To
make sure that this is also valid for our experiments in which 1 mm caged
glutamate was used, we performed additional control experiments. We
tested whether 1 mm caged glutamate affects the amplitude of glutamate
receptor-mediated EPSCs (for a detailed description of the methods
used, see Eder et al., 2002). Consistent with the results from Wieboldt et
al. (1994) and Schubert et al. (2001), the amplitude does not change
significantly after the addition of caged glutamate [98 = 4% as compared
with control; p = 0.72 (15 EPSCs in the absence and presence of caged
glutamate were averaged for 4 neurons/3 animals)]. Furthermore, expo-
sure of the cells to the brief periods of uncaging light used in our exper-
iments has no effect on neuronal activity (Dodt et al., 1999). During the
application of caged glutamate a total amount of 4 ml of ACSF containing
the caged compound was recirculated continuously and oxygenated.
The following drugs were added to the ACSF: CdCl, (Sigma), p-(3-
aminopropyl)-p-diethoxymethyl-phosphinic acid (CGP35348, kind
gift from Ciba-Geigy AG, Basel, Switzerland), cyclothiazide (Sigma),
D-2-amino-5-phosphonopentanoate acid (p-AP-5, Sigma), GYKI
53655 (LY300168, kindly provided by Merz & Company, Frankfurt,
Germany), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, Sigma),
NS-102 (Sigma), picrotoxin (Sigma), and tetrodotoxin (TTX; Sigma).
Depending on the substance, complete wash-in lasted 10-30 min.
Data were collected as soon as complete wash-in was confirmed by a
stable baseline.

Data analysis. Analysis of amplitudes, charges, kinetics, and single-
channel conductance (vy) was performed by using a software written in
the IgorPro 4.01 programming language (WaveMetrics, Lake Oswego,
OR) by Dr. K. Becker. y was estimated by using peak-scaled nonstation-
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ary fluctuation analysis (non-SFA). For non-SFA, sets of 50 subsequently
measured glutamate responses (interstimulus interval, 45 sec) were used.
From each glutamate response a segment of a fixed length was selected,
ranging from the peak of the current to past the end of the decay phase
(total length, 150 msec). The average current over all segments was cal-
culated and scaled to the peak of the individual glutamate responses; then
the variance of each glutamate response around the scaled average curve
was computed (Traynelis et al., 1993; Silver et al., 1996). Current traces
showing a variance larger than approximately three times the mean vari-
ance were excluded from the calculations. Because of the highly precise
onset of the laser stimulus, the subsequently measured current traces
already were aligned precisely. An additional manual alignment there-
fore was not necessary. The computed variances were divided into 50
equally sized bins on the amplitude scale and were plotted against the
mean current value within each scaled average current bin. These data
points were fit with the relationship:

o, = — /N +il, + o},

by a least-square algorithm. o? is the variance; I, is the mean current
over the membrane; N is the total number of channels activated at the
peak of the mean current; i is the unitary current of a single channel; and
of, is the background variance, i.e., the average variance of the baselines
(Sigworth, 1980; Traynelis et al., 1993). From the computed single-
channel current (7) y was calculated according to the relationship:

Y= i/(EcIamp - Ercv))

where E,,,,, is the holding potential used in the experiments and E,.., is
the reversal potential derived in previous experiments (7 mV).

For spectral analysis the scaled average current was subtracted from
each single current, and the variance was calculated as described above.
Data segments of 1024 points in length were transformed into the fre-
quency domain by a discrete fast-Fourier transformation (FFT), and the
single-sided power spectrum was computed. To avoid frequency leakage
errors, we Parzen-windowed data before transformation. The power
spectrum, calculated from the binned FFT values (20 bins), was fit by the
sum of n Lorentzian functions:

L= S/1+ (fif.)°],

i=1

where L( f) is the spectral density at frequency f, S; is the power of the
spectrum at f = 0, and f; is the cutoff frequency at which the spectral
power is half-maximal. The time constants of the Lorentzian functions
were calculated via the relationship:

= 1/27f.),

according to De Koninck and Mody (1997). The power of the spectrum
was not corrected for the power of the mean time course as described in
Sigworth (1981), because the aim of the present study was to derive only
the corner frequencies. y was derived from non-SFA analysis as described
above. The necessity to introduce additional Lorentzian functions into
the fits was judged visually by comparing the calculated curves with the
respective data points (De Koninck and Mody, 1997).

All values are expressed as the mean = SEM. In every brain slice only
one neuron was recorded, and measurements from not more than two
neurons from one animal were used for the calculation of a particular
mean value. Statistical evaluation was performed with the paired or un-
paired Student’s t test (SigmaStat 2.03).

Results

Neocortical layer V pyramidal neurons express functional
KARs on the somatodendritic membrane

To investigate whether neocortical layer V pyramidal neurons ex-
press functional KARs on the somatodendritic membrane, we ap-
plied glutamate photolytically to the soma and to sites 20 wm apart
along the apical dendrite (up to 300 um from the center of the
soma). Caged glutamate (0.5 mMm) was photolyzed by 3 msec light
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pulses of a UV laser. The electrical currents resulting from the acti-
vation of glutamate receptors were recorded from the neuronal
soma. In all experiments NMDA receptors were blocked by the ad-
dition of D-AP-5 (100 M), and TTX (1 um) was added to isolate the
neuron being investigated from synaptic inputs.

Glutamate also was applied photolytically to outside-out
patches obtained from the soma or apical dendrite. It reliably
evoked currents in the outside-out patch, which does not have to
be transferred to an application system outside the slice, thus
ensuring more physiological conditions. To evoke more promi-
nent glutamate responses, we increased the concentration of
caged glutamate to 1 mM in these experiments.

In the presence of the NMDA receptor antagonist D-AP-5,
glutamate-activated currents could be elicited at all of the somatic
and dendritic sites that were stimulated. At all sites the selective
and noncompetitive AMPA receptor (AMPAR) antagonist GYKI
53655 (50 wm) (Vignes and Collingridge, 1997) blocked only a
part of the glutamate response [49 * 2%; p < 0.001; n = 175
stimulation sites, 12 neurons/10 animals (8 of these neurons were
stimulated up to 300 wm from the center of the soma, 1 neuron
up to 260 wm, and 3 neurons up to 200 wm)]. This finding
suggests that this remarkably large GYKI 53655-resistant compo-
nent is mediated by KARs. Further experiments confirmed this
suggestion. First, an increase of the concentration of GYKI 53655
to 100 um did not lead to a further decrease of the glutamate
response amplitude (103 = 3% as compared with 50 um GYKI;
p = 0.38; n = 7 neurons/6 animals; Fig. 1A,C). This indicates a
complete block of AMPARs by GYKI 53655 (50 uM). Second, the
AMPA/KAR antagonist CNQX (50 uM) (Kidd and Isaac, 1999)
completely blocked the GYKI 53655-resistant component (re-
duction of the amplitude to 1 = 1% as compared with 50 um
GYKT; p < 0.001; n = 6 neurons/6 animals; Fig. 1 B,C). Third, in
the presence of GYKI 53655 (100 uMm) the selective AMPAR po-
tentiator cyclothiazide (8 um) had no effect on the amplitude and
kinetics of the glutamate response (Fig. 1D). In contrast, in the
absence of GYKI 53655, cyclothiazide caused an increase in am-
plitude and prolonged the decay phase by diminishing the rate of
AMPAR desensitization (Fig. 1 E). To detail both of these effects,
we evaluated the charge transfer [98 * 2% in the presence of
GYKI 53655 (p = 0.73; n = 5 neurons/5 animals; Fig. 1G, first
column); 211 = 14% in the absence of GYKI 53655 (p < 0.01; n
= 5 neurons/5 animals; Fig. 1G, second column)]. The high con-
centration of GYKI 53655 and the low concentration of cy-
clothiazide were used for the following reason. It has been shown
that cyclothiazide at high concentrations reverses AMPAR antag-
onism of GYKI 53655 by an allosteric mechanism (Palmer and
Lodge, 1993; Rammes et al., 1996). This effect might interfere
with the pharmacological isolation of KAR-mediated responses by
GYKI 53655, thereby causing a potentiation of the glutamate re-
sponse in the presence of GYKI 53655. We observed this effect. In the
presence of 50 uM GYKI 53655 cyclothiazide (100 um) increased
the amplitude and prolonged the kinetics of the glutamate
response (Fig. 1F). The increase of the charge transfer was
375 £ 25% for somatic glutamate responses ( p < 0.001;n =5
neurons/4 animals; Fig. 1G, third column) and 354 * 24% for
responses elicited at the dendrite (200 wm from the center of
the soma; p = 0.001; n = 5 neurons/4 animals; Fig. 1G, fourth
column). The increase of the charge transfer at the soma and
the increase at the dendrite were not different ( p = 0.64).

Although presented in more detail in the next sections, it
should be noted at this point that photolytic application of glu-
tamate to somatic or dendritic outside-out patches also evoked
reliably KAR-mediated currents (Fig. 1 B).
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Figure1. Neocortical layerV pyramidal neurons express functional KARs on the somatoden-
dritic membrane. 4, In the presence of o-AP-5 (control) photolytic application of glutamate to
the somatodendritic membrane elicited inward currents, which were blocked only partially by
GYKI53655 (50 wum). The remaining glutamate responses, mediated by KARs because they were
not affected by an increase in the concentration of GYKI 53655 to 100 wum, were blocked com-
pletely by CNQX (50 um; B, €) and not potentiated by cyclothiazide (8 wm; D). In contrast,
cyclothiazide (8 wm) potentiated mixed AMPA/KAR-mediated responses (in the absence of
GYKI 53655; E). Because of an allosteric reversion of AMPAR antagonism of GYKI 53655 by
cyclothiazide at a high concentration (100 tum), the glutamate responses were also potentiated
inthe presence of GYKI 53655 (50 m; F). A, B, D—F show single representative experiments. C,
G, Statistical evaluation of the experiments shown in A, B, D—F. A significant difference ( p <
0.01) is indicated by two asterisks.

Properties of KARs activated by photolytically

applied glutamate

Kinetics

KARs in cultured cells and heterologous expression systems show
fast kinetics similar to those determined for AMPARs (Lerma et
al., 2001). However, KAR-mediated EPSCs mostly show mark-
edly slower kinetics [rise time, 10—20 msec; decay time constant
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(7), >100 msec]. To investigate whether KARs of layer V pyra-
midal neurons share the characteristic features of fast activation
and desensitization, we determined the rise time (10-90%) and
7 of glutamate responses that were evoked and recorded at
the soma.

For the interpretation of the following results, it has to be
noted that the kinetics of photolytically evoked glutamate re-
sponses are two to three times as long as those of synaptically
evoked glutamate responses (Dodt et al., 1999; Eder et al., 2002).
Because the rise time of a photolytically evoked current is equal to
the length of the uncaging pulse plus the time during which any
agonist that is produced can diffuse to additional receptors, we
can make a rough estimate of this kinetic parameter but probably
have not the necessary resolution to detect small differences
among the rise times of responses elicited at different stimulation
sites. Thus 7 of photolytically evoked currents is the more signif-
icant parameter when comparing the kinetics of ion channels
located at different sites of the neuronal membrane.

Mixed AMPA/KAR-mediated currents had, on average, a rise
time 0of 4.0 = 0.1 msec and 70f 18.9 = 1.4 msec (n = 15 sweeps,
15 neurons/13 animals; Fig. 2A,D). The respective values deter-
mined for pure KAR-mediated currents were 3.9 * 0.2 and
18.5 £ 1.2 msec (n = 15 sweeps, 15 neurons/13 animals; Fig.
2A,D). Similar values were obtained from KAR-mediated re-
sponses, which were elicited at somatic outside-out patches (rise
time, 3.8 = 0.6 msec; 7, 17.2 = 1.4 msec; n = 7 sweeps, 7 patches/7
animals; Fig. 2C,D).

In additional experiments we examined the kinetics of den-
dritic KARs. To avoid electrotonic slowing of the glutamate re-
sponse kinetics by a likely loss of spatial control of the dendritic
membrane potential during somatic whole-cell recording, we re-
corded the cells at the dendrite (at a distance of ~200 wm from
the center of the soma) and photolytically applied glutamate close
to the patch pipette. The responses mediated by dendritic KARs
showed fast kinetics similar to those mediated by somatic KARs
(rise time, 4.2 = 0.4 msec; T, 19.8 £ 1.5 msec; n = 8 sweeps, 8
neurons/7 animals; Fig. 2B,D). Similar values were obtained
from KAR-mediated responses, which were elicited at dendritic
outside-out patches (rise time, 4.5 = 0.7 msec; 7, 19.1 = 1.9 msec;
n =7 sweeps, 7 patches/7 animals; Fig. 2 D). The current decay of
all sweeps was best fit monoexponentially. Statistical evaluation
revealed no significant differences among all mean rise time val-
ues (p = 0.24-0.83). This was also the case for 7 (p =
0.31-0.85).

The results described above indicate that KARs on layer V
pyramidal neurons have fast kinetic properties resembling those
of AMPARs. Furthermore, the kinetics of somatic and dendritic
KARs are identical.

Reversal potential

To characterize KARs on layer V pyramidal neurons further un-
der the best possible control of voltage, we applied glutamate in
the presence of D-AP-5 and GYKI 53655 to somatic outside-out
patches at different holding potentials. Measured at the peak, the
KAR-mediated responses showed a linear I-V relationship and
had a reversal potential close to 0 mV (7 = 2 mV; n = 6 patches/6
animals; Fig. 2E). This finding indicates that the KARs involved
in these responses belong predominantly to the Ca’*-
impermeable form, because Ca*" -permeable KARs show strong
inward rectification caused by a voltage-dependent block by
polyamines (Burnashev et al., 1996). To exclude the possibility
that the linear I-V relationship results from washout of poly-
amines, we performed control experiments in which spermine
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Figure 2.  Properties of KARs. A-D, KARs on layer V pyramidal neurons show fast kinetics

similar to those of AMPARS. Statistical evaluation revealed no difference between the rise time
values of mixed AMPA/KAR-mediated responses (control) and pure KAR-mediated currents that
were evoked at the soma (A). This is also the case for the decay time constant (7). Comparison
of the kinetics of KAR-mediated responses, which were elicited at somata ( A), somatic outside-
out patches ( (), apical dendrites ( B), and dendritic outside-out patches (no example shown; see
Figs. 1B, 4C) revealed no significant differences (D). This result refers to identical unitary prop-
erties of somatic and dendritic KARs. A—C show single traces. The current decay was best fit
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(60 M) was added to the internal solution. These experiments
also revealed a linear I-V relationship (n = 3 patches/3 animals;
data not shown).

The expression of GluR5 and GluR6 seems to be characteristic
for neocortical pyramidal neurons (Huntley et al., 1993; Kidd and
Isaac, 1999). To test whether GIuR5 and/or GluR6 subunits also
are involved in the formation of functional KARs on layer V
pyramidal neurons, we applied NS-102 (5 um), an antagonist of
GluR5 and GluR6 (Verdoorn et al., 1994; Wilding and Huettner,
1996), to the superfusion medium. NS-102 indeed decreased the
amplitude of KAR-mediated currents, which were evoked either
at the somata (15 * 2% decrease; p = 0.002; n = 5 neurons/5
animals) or at the apical dendrites (200 wm from the center of the
soma; 14 = 1% decrease; p < 0.001; # = 5 neurons/5 animals; Fig.
2 F). Statistical evaluation revealed no significant difference be-
tween the decrease at the soma and the decrease at the dendrite
(p = 0.54). KARs containing edited GluR5 and/or GluR6 sub-
units are impermeable for Ca** ions and show a linear I-V rela-
tionship (Lerma et al., 2001). Thus our data strongly suggest that
edited GluR5 and/or GluR6 subunits are involved in the forma-
tion of functional postsynaptic KARs on layer V pyramidal neu-
rons.

Infrared-guided laser stimulation: a new method to examine
single-channel properties of ligand-gated ion channels
To reveal y of somatic and dendritic KARs, we performed whole-
cell recording and glutamate application either at the soma or at
the dendrite (at a distance of ~200 wm from the center of the
soma), respectively. The recorded glutamate responses were an-
alyzed by using non-SFA. Both somatic and dendritic KARs
showed nearly identical values of y [7.7 = 0.7 pS for somatic
KARs; n = 6 neurons/5 animals (Fig. 34,C); 8.1 = 0.9 pS for
dendritic KARs; n = 6 neurons/6 animals (Fig. 3B,C); p = 0.78].
We also investigated the kinetics of the KAR-mediated cur-
rents by spectral analysis. Fitting sums of Lorentzian functions to
the power spectra of the measured current noise showed that the
course of these spectra can be described best by a single Lorent-
zian function (Fig. 3D). This is consistent with our observation
that the decay phase of the evoked currents can be well fit by a
single exponential function (Fig. 2A-C). Our results, therefore,
provide evidence that the kinetics of KARs on neocortical layer V
pyramidal neurons can be described by a single time constant. As
shown in Figure 2 D, the kinetics of somatic and dendritic KARs
do not differ significantly. We obtained the same result by spec-
tral analysis. For this reason the time constants for all data sets
were pooled. The mean time constant is 22.7 = 2.1 msec (n = 12
neurons/11 animals). This agrees with the time constant of the
exponential curves fit to the evoked currents (~20 msec; Fig.
2D).

Subcellular distribution of KARs and AMPARs
Location-dependent ratio of the number of KARs to AMPARs

To examine the distribution of KARs and AMPARs on the soma-
todendritic membrane of layer V pyramidal neurons, we applied
glutamate photolytically to sites 20 wm apart along the apical
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monoexponentially (smooth lines). £, KAR-mediated responses, which were evoked at somatic
outside-out patches, showed a linear /-V/ relationship and had a mean reversal potential of 7 ==
2mV (n = 6 patches). A single experiment is shown. F, The GIuR5/GIuR6 antagonist NS-102
decreased the amplitude of KAR-mediated currents that were elicited at the soma and apical
dendrite. This result refers to an involvement of GIuRS and/or GluR6 in the formation of KARs on
layer V pyramidal neurons.
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Figure 3.  Unitary properties of KARs. The single-channel conductance (vy) of somatic (A) and
dendritic ( B) KARs was estimated by nonstationary fluctuation analysis. Consistent with the identical
unitary properties of somatic and dendritic KARs, statistical evaluation revealed no significant differ-
ence between y of somaticand -y of dendritic KARs ( (). 4, B show single experiments. D, The kinetics
of KAR-mediated responses were examined by spectral analysis. Fits of sums of Lorentzian functions
to the variance power spectra showed that the data can be described best by a single Lorentzian
function. The presence of only a single comer frequency agrees well with the observation that, in the
time domain, the decay phase of the evoked currents can be best fit monoexponentially. The mean
time constants obtained by both ways are nearly identical.
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dendrite (up to 300 wm from the center of the soma). Glutamate
application to the soma reaches a much larger membrane area
than glutamate application to the dendrite. To avoid this influ-
ence of the geometry of the neuron on the profile of the dendritic
glutamate sensitivity, we started dendritic stimulation at a dis-
tance of 40 wm from the center of the soma. The tapering of the
soma into the dendrite ends approximately at this distance (Eder
etal.,2001). In the presence of D-AP-5 the glutamate sensitivity of
each site stimulated was measured before and after the addition
of GYKI 53655 (50 um). The amplitudes of the inward currents
were expressed in percentage of the response evoked 40 wm from
the center of the soma. Interestingly, the amplitudes of the mixed
AMPA/KAR-mediated responses showed nearly the same profile
as the amplitudes of the pure KAR-mediated responses ( p = 0.18
for all stimulation sites; # = 12 neurons/9 animals; Fig. 4 A). This
result suggests that the relative ratio of the number of KARs to
AMPARSs does not change toward the distal dendrite. This con-
clusion presupposes that the glutamate sensitivity of the stimu-
lated membrane area is directly proportional to the number of
activated receptors. Such a correlation can be assumed for the
following reasons. (1) The kinetics of AMPARs and KARs are
nearly identical (Fig. 2A,D). Thus the peak current of mixed
AMPA/KAR-mediated responses represents for both glutamate
receptor subtypes the time point of maximum channel opening.
Furthermore, we can exclude a differential dendritic low-pass
filtering of AMPAR- and KAR-mediated currents that could arise
from imperfect spatial control of membrane potential during our
voltage-clamp measurements. (2) Loss of voltage control with
distance could result in the activation of dendritic voltage-
dependent conductances that can affect the amplitude and shape
of neuronal responses to glutamate (Johnston et al., 1996). Such
effects on the photolytically evoked glutamate responses can be
excluded because voltage-dependent Na * channels were blocked
in all experiments by the addition of TTX. Furthermore, blocking
of Ca** channels by the addition of CdCl, (200 um) does not
affect the amplitude of mixed AMPA/KAR-mediated responses,
which were elicited at the most distal part of the dendrite that was
examined (300 wm from the center of the soma; 102 = 4% as
compared with control; p = 0.99; n = 5 neurons/4 animals; Fig.
4 B). This observation can be explained by the fairly uniform
distribution of voltage-dependent Ca** conductances across the
somatodendritic axis of layer V pyramidal neurons (Markram et
al,, 1995; Oakley et al., 2001; Migliore and Shepherd, 2002). Such
a uniform distribution also has been found for K, channels
(Migliore and Shepherd, 2002). (3) It is possible that local differ-
ences in the glutamate affinity of the receptors, rather than in the
absolute number of these receptors, are responsible for the pro-
files of glutamate sensitivity observed. However, the nearly iden-
tical kinetics and values of y of somatic and dendritic KARs (Figs.
2A,D, 3) are very indicative that these receptors have similar
intrinsic properties.

The results described above strongly suggest that the relative
ratio of the number of KARs to AMPARs does not change toward
the distal dendrite. This suggestion is strengthened further by the
observation that cyclothiazide exponentiates mixed AMPA/
KAR-mediated responses at the soma and the dendrite to the
same degree (Fig. 1G, third and fourth column).

Estimation of the density of KARs

In addition to vy, peak-scaled non-SFA also reveals the maximal
number (N) of activated channels at the peak of the mean current
(see Materials and Methods). In our experiments the mean values
of N were 718 = 79 for somatic stimulation (# = 6 neurons/5
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Figure4.  Subcellulardistribution of KARs and AMPARs. A, Glutamate was applied photolytically to

sites 20 um apart along the apical dendrite. The profile of the dendritic glutamate sensitivity does not
change after the addition of GYKI 53655. This result strongly suggests that the relative ratio of the
number of KARs to AMPARs does not change toward the distal dendrite. 8, Voltage-dependent Ca**
channels do not affect the amplitude of mixed AMPA/KAR-mediated currents in our experiments. In
the presence of 0-AP-5 (control) mixed AMPA/KAR-mediated responses were evoked by glutamate
application to the most distal part of the dendrite that was examined (300 .m from the center of the
soma). To block voltage-dependent Ca 2% channels, we added (dcl, (200 pm) to the superfusion
medium. This pharmacological treatment changed neither the amplitude nor the size of the gluta-
mate responses. (, Glutamate responses, which were evoked at somatic outside-out patches, showed
smaller amplitudes on average than glutamate responses that were elicited at dendritic outside-out
patches. Because of the evidence for identical unitary properties of somatic and dendritic KARs, this
finding indicates an increasing density of KARs toward the distal dendrite.
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animals) and 627 =+ 90 for dendritic stimulation (at a distance of
~200 pwm from the center of the soma; #n = 6 neurons/6 animals).
To obtain the minimal density of KARs, we have to divide these
values by the membrane surface that was exposed to glutamate.
In previous studies we estimated the site of glutamate release as a
spot of ~10 wm diameter (Dodt et al., 1999; Eder et al., 2002).
Thus the stimulated dendritic membrane area was assumed to be
the surface of a 10-um-long cylinder of 1 um radius (= 62.8
wm?). The diameter of the somata of layer V pyramidal neurons
was estimated as 10—15 wm. To consider the upper and lower side
of the neuron, we calculated the stimulated somatic membrane
surface as two times the area of a circle of 10 wm in diameter (=
157 um?). Using these values, we estimated the minimal density
of KARs at the soma as 4.5 receptors/wm . The respective value
for the dendrite (at a distance of ~200 wm from the center of the
soma) is 9.9 receptors/um?. These results indicate that the den-
sity of KARs is higher at the more distal dendrite (at a distance of
200 wm from the soma ~2X the density at the soma).

Additional experiments provided more direct evidence for an
increased density of KARs at the more distal dendrite. In these
experiments the glutamate was applied photolytically to somatic
and dendritic outside-out patches. To achieve constant experi-
mental conditions, we held constant the following parameters:
open-tip resistance of patch pipettes (8 M), concentration of
caged glutamate (1 mm), intensity of laser light (5 mW measured
beyond the objective), stimulation duration (3 msec), and the
depth of the stimulation site within the brain slice (~30 um).
KAR-mediated responses elicited at dendritic outside-out
patches showed larger amplitudes than those evoked at somatic
outside-out patches (36.3 £ 4.6 pA for dendritic outside-out
patches, n = 7 patches/7 animals; 16.2 = 2.5 pA for somatic
outside-out patches, n = 7 patches/7 animals; p < 0.01; Fig. 4C).
Because of our evidence for identical unitary properties of so-
matic and dendritic KARs, these results are consistent with an
increased density of KARs at the dendrite (also ~2X the density
at the soma).

The results described in the previous section strongly suggest
that the relative ratio of the number of KARs to AMPARs does
not change toward the distal dendrite. As a consequence, an in-
creased density of KARs at the more distal dendrite implies that
the density of AMPARSs also is higher at dendritic sites.

Evidence for a mainly extrasynaptic location of KARs

The slow kinetic properties of most KAR synapses described up to
now and the need for repetitive stimulation to open the KAR
channels (Castillo et al., 1997; Vignes and Collingridge, 1997)
have been interpreted by some groups as evidence for their puta-
tive extrasynaptic location (Benveniste et al., 1984; Lerma, 1997;
Mayer, 1997). To investigate whether this holds true for KARs on
neocortical layer V pyramidal neurons, we performed the follow-
ing experiment. Infrared-guided laser stimulation was used to
apply glutamate to the apical dendrite at a distance of 200 wm
from the center of the soma. In this region (layer IV) many affer-
ents form glutamatergic synapses with the apical dendrite of layer
V pyramidal neurons (Peters, 1987). In the same experiment,
glutamatergic synapses, located in the region of photolytic gluta-
mate release, were stimulated electrically. For this purpose a small
theta-capillary (~2 um tip diameter) was placed near the den-
drite (also 200 wm from the center of the soma, ~5 um lateral
distance). This kind of stimulation allowed us to activate selec-
tively those synapses located in a defined region of the dendrite.
Control experiments confirmed the high spatial resolution of this
stimulation technique (Fig. 5D). Because synaptic currents were
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Figure 5.  Evidence for a mainly extrasynaptic location of KARs. A, Glutamatergic synapses

were activated in a defined region of the apical dendrite by local electrical stimulation. In the
presence of p-AP-5 (control) (1) single stimuli reliably evoked EPSCs. GYKI 53655 blocked
~90% of the EPSC amplitude (2). Because the remaining current was blocked completely by
CNQX (3), it has to be mediated by KARs. Interestingly, the mixed AMPA/KAR-mediated EPSC
and the isolated KAR-mediated EPSC showed nearly identical fast kinetics (4). In the same
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blocked completely by TTX (1 um), they had to be the result of
action potential generation in afferents (data not shown). In all
experiments with synaptic stimulation, potential GABAergic in-
puts were blocked by specific antagonists: picrotoxin (75 um) for
GABA , receptors and CGP35348 (200 uM) for GABA; receptors.

In the presence of D-AP-5 single electrical stimuli reliably
evoked an EPSC (# = 12 neurons/10 animals). The amplitude of
this current was strongly diminished by the addition of GYKI
53655 (50 uMm; 9 £ 1% as compared with control; Fig. 54,C).
Because the remaining component was blocked completely by
CNQX (50 uM; 2 = 1% as compared with control), it obviously
was mediated by KARs. Interestingly, the mixed AMPA/KAR-
mediated EPSC (in the absence of GYKI 53655) and the isolated
KAR-mediated EPSC showed nearly identical fast kinetics (Fig.
5A). In contrast to the strong antagonistic effect of GYKI 53655
on the EPSC, the application of GYKI 53655 led to a much smaller
decrease of the amplitude of the photolytically evoked glutamate
response (61 = 6% as compared with control; p < 0.001; Fig.
5B,C). Because photolytically released glutamate has access to
synaptic as well as to extrasynaptic receptors (Pettit and Augus-
tine, 2000; Frick et al., 2001; Matsuzaki et al., 2001) and a single
electrical stimulus should not cause an intense spillover of syn-
aptically released glutamate to extrasynaptic sites, the most likely
explanation for this observation is a mainly extrasynaptic loca-
tion of KARs. Such a conclusion presupposes that the activated
AMPARs and KARs have a similar affinity to glutamate. To test
this hypothesis, we elicited mixed AMPA/KAR-mediated re-
sponses at different concentrations of caged glutamate (0.5 and 1
mM) and compared the KAR components of these responses after
the addition of GYKI 53655. Figure 6, A and B, shows that GYKI
53655 decreased the amplitude of the mixed AMPA/KAR-
mediated response by ~60%, independently of the concentration
of caged glutamate [57 = 2% for 0.5 mM caged glutamate (n = 7
neurons/5 animals) and 58 = 3% for 1 mM caged glutamate (n =
7 neurons/6 animals)]. Statistical evaluation revealed no signifi-
cant difference between these values ( p = 0.69). This result indi-
cates that AMPARSs and KARs of layer V pyramidal neurons have
similar affinities to glutamate and strongly supports the assump-
tion of a mainly extrasynaptic location of KARs.

Discussion

The present study describes the existence, properties, and spatial
distribution of functional postsynaptic KARs on neocortical layer
V pyramidal neurons. We show that KARs are located on the
entire somatodendritic membrane that was examined. We also
show that laser photolysis of caged substances is well suited to
apply neurotransmitters to outside-out patches within a brain
slice and to examine single-channel properties of ligand-gated
ion channels.

Properties and subcellular distribution of postsynaptic KARs

Our results indicate that somatic and dendritic KARs have similar
intrinsic properties. This is consistent with studies showing that
the unitary properties of AMPA and NMDA receptors on the
somata and dendrites of hippocampal pyramidal neurons and
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experiment glutamate was applied photolytically to the region of synaptic stimulation ( 8). Only
~40% of the glutamate response amplitude was blocked by GYKI 53655. Because photolytic
application of glutamate also activates extrasynaptic receptors, these results strongly suggest
that KARs are located mainly at extrasynaptic sites. A, B, Single experiments are shown. (,
Statistical evaluation of the experiments shown in 4, B. D, Spatial resolution of electrical stim-
ulation (single experiment).
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Figure 6.  KARs and AMPARs of layer V pyramidal neurons have similar affinities to gluta-

mate. A, Using two different concentrations of caged glutamate (0.5 and 1 mm), we applied
glutamate photolytically to the neuronal soma. Independently from the concentration of caged
glutamate, GYKI 53655 decreased the glutamate response amplitude by the same amount
(~60%). This result indicates that the KARs and AMPARs mediating the glutamate responses
have similar affinities to glutamate. B, Statistical evaluation of the experiments shown in A.

cerebellar Purkinje cells are identical (Spruston et al., 1995;
Hiusser and Roth, 1997; Andrasfalvy and Magee, 2001).

The mostly slow kinetic properties of KAR synapses and the
need for repetitive stimulation to open the KAR channels have
been interpreted by some groups as evidence for an extrasynaptic
location of KARs, which can be activated by a spillover of synap-
tically released glutamate (Lerma et al., 2001). However, there are
also arguments against the spillover hypothesis (Min et al., 1998;
Kidd and Isaac, 2001; Cossart et al., 2002). Two additional mod-
els compete as an explanation, at least for the slow time course of
KAR-mediated EPSCs. First, intracellular signals and/or acces-
sory proteins of the SAP90/PSD-95 family have been suggested as
modifying the kinetic properties of KARs (Garcia et al., 1998;
Swanson and Heinemann, 1998; Kidd and Isaac, 2001). Second,
native KARs might be composed of heteromers with different
intrinsic properties from recombinant homomeric channels
(Frerking and Nicoll, 2000). Our data shed new light on the ki-
netic properties and subcellular distribution of postsynaptic
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KARs. We provide strong evidence for a mainly extrasynaptic and
minor synaptic location of KARs, which can be activated without
repetitive stimulation. Furthermore, the fast kinetics seem to be a
general feature of extrasynaptic as well as synaptic KARs. Fast
KAR-mediated EPSCs also were observed in the retina (DeVries
and Schwartz, 1999) and recently were recorded from CA1 inter-
neurons (Cossart et al., 2002).

In summary, the discussion about the synaptic and/or extra-
synaptic localization, as well as about the reasons for fast/slow
kinetics of KARs, remains puzzling and raises the question
whether general rules exist regarding these issues. Therefore, it
seems likely that the specific targeting of KARs on the postsynap-
tic membrane of central neurons, as well as the intrinsic proper-
ties of these receptors, depends on the brain region, type of neu-
ron, type of synapse, and age. This point of view is strengthened
further by the following observations. (1) KAR subunits are ex-
pressed in the brain in a complex mosaic (Wisden and Seeburg,
1993). (2) Quantal release of glutamate, which should not cause a
spillover of glutamate to extrasynaptic sites, evokes slow KAR-
mediated EPSCs in CA3 pyramidal neurons, fast KAR-mediated
EPSCs in CALl interneurons, but no synaptic response in CAl
pyramidal cells (Cossart et al., 2002), which also express func-
tional KARs (Bureau et al., 1999). (3) Nonrepetitive stimulation
of the thalamus evokes KAR-mediated EPSCs in layer IV pyrami-
dal cells of 3- to 8-d-old rats (Kidd and Isaac, 1999). However,
these EPSCs show a slow time course and are mediated by recep-
tors, which probably contain unedited GluR5 and/or GluR6 sub-
units. In contrast, our data strongly suggest that layer V pyrami-
dal neurons of 14- to 21-d-old rats express postsynaptic KARs,
which contain edited GluR5 and/or GluR6 subunits.

The single-channel conductance of ligand-gated ion channels
frequently is estimated by non-SFA. Non-SFA usually is applied
to synaptically evoked currents or to currents that are elicited by
application of the agonist to outside-out patches. However, these
two methods have the following problems. First, synaptic cur-
rents can be evoked at the intact neuron in a physiological envi-
ronment but also reflect presynaptic influences that can distort
the estimated value of y (Robinson and Kawai, 1993; Silver et al.,
1996). Second, agonist application to outside-out patches pre-
vents presynaptic influences but, with the use of a standard ex-
ternal application system, cannot be performed within the slice.
In the present study we show that infrared-guided laser stimula-
tion is a well suited and simple method to estimate y of ligand-
gated ion channels, circumventing these problems.

Our estimation of ~8 pS agrees well with other studies, which
determined the range of KAR single-channel conductances from
very small values (<1 pS) to values comparable to AMPARs (~10
pS) (Frerking and Nicoll, 2000). However, there is evidence that
high-conductance KARs contain unedited GluR5 and/or GluR6
subunits (Lerma et al., 2001). Therefore, our relatively high value
of ~8 pS, at first glance, does not seem to be consistent with our
evidence for edited GluR5 and/or GluR6 subunits. We cannot
explain this discrepancy conclusively. However, the subunit
compositions and interactions of native KARs are nearly un-
known. Thus it would not be surprising if some features of native
KARs diverge from those of artificially composed KARs.

We provide strong evidence for a distance-dependent increase
in the density of KARs and AMPARSs in the apical dendrites of
layer V pyramidal neurons. Such an increase also has been de-
scribed for AMPARs on hippocampal CA1 pyramidal cells (An-
drasfalvy and Magee, 2001) and seems to be responsible for coun-
terbalancing some of the filtering effects of dendrites (Stricker et
al., 1996; Magee and Cook, 2000). Interestingly, evidence for an
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increasing density toward the distal apical dendrite also was pro-
vided for GABA, receptors (Eder et al., 2001). Thus our results
support the idea that an increasing density toward the distal den-
drite is a general principle for ligand-gated ion channels with fast
kinetics.

Functional roles of postsynaptic KARs

The generally small amplitude and mostly slow kinetics of the
KAR component of EPSCs raise the question of whether these
receptors play only a minor role in fast synaptic transmission. But
what is the physiological role for postsynaptic KARs? An attrac-
tive hypothesis was postulated by Frerking and Nicoll (2000). In
their model the KARs are ideally suited for temporal summation
of synaptic inputs at low frequencies. In this way the information
about the global afferent firing rate may be transmitted.

Regarding extrasynaptic KARs, these receptors may be acti-
vated by a spillover of synaptically released glutamate (Scanziani,
2002), glutamate released from the somatodendritic membrane
itself (Ali et al., 2001), or ambient glutamate present in the extra-
cellular fluid at persistent micromolar concentrations (Lerma et
al., 1986; Timmerman and Westerink, 1997). Such concentra-
tions are sufficient to activate NMDA receptors tonically on py-
ramidal neurons (Sah et al., 1989). Also KARs might be activated
in this way. Such a mechanism would be attractive for a fine
tuning of the neuronal excitability. This hypothesis is strength-
ened by the high sensitivity of KARs to resting levels of glutamate
(~100 M), which are high enough to open the channels and, at
the same time, low enough to produce only an incomplete desen-
sitization (Paternain et al., 1998; Lerma et al., 2001).

Furthermore, extrasynaptic KARs may mediate glutamatergic
communication between glial cells and neurons. Several observa-
tions support this hypothesis. It has been shown that hippocam-
pal and cortical astrocytes release glutamate in a Ca**-dependent
process (Parpura et al., 1994; Bezzi et al., 1998). Complementing
this finding, spontaneous astrocytic Ca*" oscillations propagate
as waves to neighboring astrocytes and trigger glutamate
receptor-mediated excitation of neurons located along the wave
path (Parri et al., 2001).

The epileptogenic action of kainate is a well known phenom-
enon. A direct causation between the appearance of seizures and
the activation of KARs has been shown by Mulle et al. (1998).
Although there is evidence for a decrease of inhibition via presyn-
aptic KARs located on GABAergic terminals (Frerking and
Nicoll, 2000), the exact mechanisms underlying the epileptogenic
action of kainate are not yet clear. Besides an indirect excitation
by a decreased GABAergic inhibition, it is also conceivable that
glial glutamate directly excites the postsynaptic neuronal mem-
brane by activating extrasynaptic KARs. Several observations
support such a glia—neuron interaction. It has been shown that
transients of Ca*" oscillations in neocortical astrocytes general-
ize under epileptiform conditions (Tashiro et al., 2002). Such
changes in the intracellular Ca*" concentration can cause gluta-
mate release in cortical astrocytes. Interestingly, Bezzi et al.
(2001) observed that prostaglandins, which are often the product
of altered CNS functions, stimulate this kind of glial glutamate
release. Probably in this way the prostaglandins increase the con-
centration of extracellular glutamate (Malmberg et al., 1995).
Such enhanced levels of extracellular glutamate may be involved
in the generation of seizures and epileptiform activity (Engstrom
etal., 2001).

Recent studies report physiological functions of extrasynaptic
NMDA and extrasynaptic metabotropic glutamate receptors
(Brasnjo and Otis, 2001; Li et al., 2002). It is likely also that the
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extrasynaptic KARs we found play a physiological role. It seems
worth clarifying whether indeed they represent an important tar-
get for extrasynaptic glutamate and/or whether they provide a
pool of glutamate receptors that may be recruited to the synapse
during activity-dependent or developmentally regulated changes
in synaptic strength.
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