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Kainate receptors (KARs) are highly expressed throughout the neonatal brain, but their function during development is unclear. Here, we
show that the maturation of the hippocampus is associated with a switch in the functional role of presynaptic KARs. In a developmental
period restricted to the first postnatal week, endogenous L-glutamate tonically activates KARs at CA3 glutamatergic synapses to regulate
release in an action potential-independent manner. At synapses onto pyramidal cells, KARs inhibit glutamate release via a G-protein and
PKC-dependent mechanism. In contrast, at glutamatergic terminals onto CA3 interneurons, presynaptic KARs can facilitate release in a
G-protein-independent mechanism. In both cell types, however, KAR activation strongly upregulates inhibitory transmission. We show
that, through the interplay of these novel diverse mechanisms, KARs strongly regulate the characteristic synchronous network activity
observed in the neonatal hippocampus. By virtue of this, KARs are likely to play a central role in the development of hippocampal synaptic

circuits.
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Introduction

Presynaptic kainate receptors (KARs) regulating neurotransmit-
ter release have been identified at a number of synapses in the
CNS. Numerous studies have shown that pharmacological acti-
vation of these receptors can either facilitate or depress release
(for review, see Kullmann, 2001; Kamiya, 2002; Lerma, 2003). Far
fewer studies have investigated the physiological activation of
KARs by endogenous L-glutamate. Best studied is the mossy fi-
ber—CA3 synapse in the hippocampus; here KARs contribute to
the frequency facilitation of EPSCs (Lauri et al., 2001a,b, 2003a;
Schmitz et al., 2001) and are critical for the induction of long-
term potentiation (Bortolotto et al., 1999; Contractor et al., 2001;
Lauri et al., 2001a, 2003a; Schmitz et al., 2003). Heterosynaptic
activation of KARs may also depress mossy fiber transmission
(Schmitz et al., 2000) (but see Bortolotto et al., 2003). Synapti-
cally released glutamate can also activate presynaptic KARs to
inhibit glutamatergic synapses in the barrel cortex (Kidd et al.,
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2002) and bidirectionally regulate excitatory transmission in the
cerebellum (Delaney and Jahr, 2002). It may also act heterosyn-
aptically on KARs regulating GABAergic transmission in the hip-
pocampus (Cossart et al., 2001; Jiang et al., 2001; Semyanov and
Kullmann, 2001). By regulating dynamic properties of both glu-
tamatergic and GABAergic synapses, presynaptic KARs are there-
fore likely to be critical in controlling information transfer in
neuronal circuitry. However, it is unclear what the physiological
consequences of KAR activation are for the activity and excitabil-
ity of neuronal networks.

Spontaneous activity is a characteristic feature of immature
neuronal networks and is thought to play an important role in
controlling the development of synaptic circuitry (for review, see
Zhang and Poo, 2001). In the neonatal hippocampus, spontane-
ous network bursts are seen both in vitro (Ben-Ari et al., 1989;
Garaschuk et al., 1998; Palva et al., 2000) and in vivo (Lahtinen et
al., 2002; Leinekugel et al., 2002). This activity consists of gluta-
mate receptor (GluR)-driven synchronous bursts, which are
rhythmically paced by GABA, receptor-mediated conductances
(Khazipov et al., 1997; Bolea et al., 1999; Lamsa et al., 2000).

The GIluR5 KAR subunit is highly expressed in the hippocam-
pus during early postnatal development (Bahn et al., 1994; Ritter
et al., 2002); however, data about its function are scarce. We now
report that these KARs can strongly regulate both GABAergic and
glutamatergic synaptic transmission in the neonatal hippocam-
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pus and control spontaneous network activity. We also show
that, in the neonatal hippocampus, unlike in adults, presynaptic
KARs regulating glutamatergic transmission are continually ac-
tivated by ambient L-glutamate. KARs tonically inhibit or facili-
tate glutamate release at synapses onto pyramidal cells and stra-
tum lucidum interneurons, respectively. These findings
demonstrate novel roles for KARs in synaptic function and in
network activity and suggest a critical role for KARs in the devel-
opment of the hippocampal network.

Materials and Methods

Acute hippocampal slices were cut from the brain of neonatal [postnatal
day 3 (P3) to P6] or young (P14-P16) rats or wild-type and GluR5 -
mice using standard methods. Briefly, the brain was quickly dissected
into ice-cold solution containing the following (in mm): 124 NaCl, 3 KCl,
1.25 NaH,PO,, 10 MgSO,, 26 NaHCO;, 10-15 p-glucose, and 1 CaCl,
(bubbled with 5% CO,/95% O,). A tissue block containing the hip-
pocampi was dissected and glued into the stage of a vibratome (Vi-
bratome, St. Louis, MO). Slices (400—600 wm thick) were cut transver-
sally or sagittally in the above solution and stored at room temperature in
a solution containing the following (in mwm): 124 NaCl, 3 KCI, 1.25
NaH,PO,, 4 MgSO,, 26 NaHCO;, 10-15 p-glucose, and 2 CaCl, (5%
C0O,/95% O,).

The slices were used 1—4 h after cutting, except for the experiments in
which pertussis toxin (PTX) was used. For these experiments, after 30
min of recovery, the slices (400 wm; P3-P6) were washed with 1 ml of a
modified slice culture medium, consisting of 75% minimal essential me-
dium supplemented with HEPES and bicarbonate (Invitrogen, Carlsbad,
CA), 25% Eagle’s balanced salt solution (Invitrogen), 2 mum L-glutamine,
and 6.5 mg/ml glucose. The slices were then placed into Millicell CM
membranes (Millipore, Bedford, MA) in six-well culture trays with 1 ml of
the above medium with or without pertussis toxin (5 wg/ml) and transferred
into a CO, incubator (35°C under 5% CO, in air) for 12-15 h.

For electrophysiological recordings, the slices were placed in a
submerged recording chamber and perfused with extracellular solution
containing the following (in mm): 124 NaCl, 3 KCl, 1.25 NaH,PO,, 1
MgSO,, 26 NaHCOj;, 10-15 p-glucose, and 2 CaCl, (bubbled with 5%
C0O,/95% O, at 32°C). Whole-cell recordings were made from CA3 py-
ramidal cells or interneurons, with patch electrodes (2-5 M{2) filled with
a solution containing the following (in mm): 130 CsMeSO,, 10 HEPES,
0.5EGTA, 4 Mg-ATP, 0.3 Na-GTP, 5 N-(2,6-dimethylphenylcarbamoyl-
methyl) triethylammonium chloride, and 8 NaCl (285 mOsm), pH 7.2.
For recordings of spontaneous network activity, the filling solution was
as follows (in mm): 135 K-gluconate, 10 HEPES, 5 EGTA, 4 Mg-ATP, 0.5
Na-GTP, 2 KCl, and 2 Ca(OH), (285 mOsm), pH 7.2. LTP230D (www.
Itp-program.com) (Anderson and Collingridge, 2001) and WinEDR ver-
sion 2.3.3 (Strathclyde Electrophysiology Software; University of Strath-
clyde, Glasgow, UK) software were used for data acquisition. All
compounds were from Tocris Cookson (Bristol, UK), except for pertussis
toxin, bisindolylmaleimide (BIS), and glutamic—pyruvic transaminase
(GPT) (Sigma, St. Louis, MO), and (3S,4aR,6S5,8aR)-6-(4-carboxyphenyl)
methyl-1,2,3,4,4a,5,6,7,8,8a-decahydroisoquinoline-3-carboxylic  acid
(LY382884) (Eli Lilly, Indianapolis, IN).

Interneurons were visually identified under infrared illumination
combined to differential interference contrast or Dodt gradient optics
based on following criteria: (1) localization in the CA3 stratum lucidum
and (2) multipolar or bipolar shape of the cell soma, the latter in an
orientation perpendicular to the pyramidal cells.

KAR-selective drugs. In the present study, we used (RS)-2-amino-3-(3-
hydroxy-5-tertbutylisoxazol-4-yl)propanoic acid (ATPA) and LY382884 to
identify the roles of KARs in the neonatal hippocampus. ATPA is a potent
GluR5 subtype-selective agonist (Clarke et al., 1997), which only activates
other KAR subtypes and AMPA receptors at higher concentrations than
those used in the present study. LY382884 is highly selective for homomeric
GluR5 or heteromeric GluR5 subunit-containing KARs (Bortolotto et al.,
1999). It has been tested on a variety of other neurotransmitter receptors,
including adenosine receptors, B-adrenoreceptors, and muscarinic recep-
tors, and found to be ineffective (Lauri et al., 2001b), except on AMPA
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receptors, which it inhibits at concentrations above those used in the present
study (Bortolotto et al., 1999). Furthermore, in the present study, we show
that the effects of LY382884 on glutamatergic transmission in the neonatal
hippocampus were absent in GluR5 ~/~ mice, strongly suggesting that
LY382884 was selectively acting on GluR5 subunit-containing KARs.

Data analysis. Spontaneous activity patterns were analyzed using the
Mini Analysis Program, version 5.6.6 (Synaptosoft, Decatur, GA). Spon-
taneous EPSCs (sEPSCs) and spontaneous IPSCs (sIPSCs) were detected
using the peak detection algorithm. The amplitude threshold was set
between 4 and 6 pA (two times the baseline rms noise level), and the
detected events were verified visually. In experiments in which a low-
chloride electrode filling solution was used, network bursts were identi-
fied based on a slow outward current, with an amplitude and duration of
at least 10 pA and 100 ms, respectively.

The number of spontaneous events was calculated in 120 or 180 s bins
and normalized to the average baseline value before drug application. In
addition, the average number of events per minute was calculated from a
5-10 min period before, during, and after washout of the drug. Neurons
that exhibited a very low frequency of miniature EPSCs (mEPSCs) (less
than one event every 2 min; ~30% of recorded cells at P4) were excluded
from the analysis. Amplitude—frequency distributions were plotted using
abin of 3 pA and normalized by dividing the number of events in each bin
by the sum of all events (at least 50 events for each condition). Data are
expressed as percentage of control (i.e., 100% equals no change). All of
the pooled data are given as mean = SEM for the number of cells indi-
cated. For statistical analysis, Student’s two-tailed f test was used, except
for the amplitude—frequency distributions, in which Pearson’s x? test
was used. p < 0.05 was considered statistically significant.

Results
Pharmacological activation of KARs modulates spontaneous
synaptic and network activity in the developing CA3
pyramidal cells
To study the patterns and regulation of network activity in the
developing (P3-P6) hippocampus, we made whole-cell patch-
clamp recordings from CA3 pyramidal cells in hippocampal
slices. To be able to differentiate between GABAergic and gluta-
matergic activity, the GABA, reversal potential was experimen-
tally modified using a low concentration of chloride (2 mm) in the
electrode filling solution. When the cells were voltage clamped at
—62 mV under these conditions, the GABA, receptor-mediated
synaptic events (IPSCs) were observed as outward currents, and
glutamatergic synaptic events (EPSCs) were observed as inward
currents (Fig. 1A). Spontaneous activity in the immature hip-
pocampus has a typical pattern of network-driven bursts (average
frequency, 3.4 * 0.4 events/min; n = 17) that are interspersed
with occasional isolated glutamatergic events (SEPSCs; 5.5 = 1.2
events/min; n = 12) and more frequent GABAergic synaptic
events (sIPSCs; 42.4 * 5.3 events/min; n = 15). As described
previously (Khazipov etal., 1997; Lamsa et al., 2000), the network
bursts consist of a large, long-lasting outward GABAergic current
with a barrage of fast inward EPSCs superimposed on it (Fig. 1 A).
To find out whether KARs containing the GluR5 subunit can
regulate this spontaneous activity, we first tested the effect of the
GluR5-selective KAR agonist ATPA (Clarke et al., 1997). Bath
application of ATPA (1 uM) caused a substantial and reversible
block of the network bursts (18.5 = 7% of control) (Fig. 1 B,C).
This effect was associated with an increase in the frequency
(392 = 89% of control; p < 0.005) (Fig. 1 D) but no change in the
amplitude (92 * 7%) or kinetics (rise and decay times, 92 = 6
and 103 * 1%, respectively) of sIPSCs (n = 6). ATPA also caused
a significant inhibition in the frequency (43 = 10%; p < 0.05)
(Fig. 1 E) but no change in the amplitude (97 = 4%) or kinetics
(rise and decay times, 123 = 18 and 103 % 4%, respectively) of
SEPSCs (n = 5). To test whether ATPA was selectively affecting a
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Endogenous activation of KARs
regulates spontaneous EPSCs, but not
IPSCs, in the CA3 pyramidal cells

To understand the physiological role of
KARs in this network activity, we tested
the effect of the GluR5-selective KAR an-
tagonist LY382884 (Bortolotto et al., 1999;
Lauri et al., 2001a) on spontaneous activ-
ity. LY382884 (10 um) had no effect on the
input resistance or holding current of the
pyramidal neurons but decreased the fre-
quency of network bursts (72 = 7%; p <
0.005; n = 12) (Fig. 2A,B). LY382884 had
no effect on the frequency (95 = 12%)
(Fig. 2A, C), the amplitude (98 = 6%), or
the amplitude distribution (p 0.22)
(Fig. 2Ciii) of sIPSCs (n = 9). However,
LY382884 dramatically and reversibly in-
creased the frequency of sEPSCs (261 =
28%; p < 0.01) (Fig. 2A, D) without affect-
ing the amplitude (94 * 4%), the kinetics
(rise and decay times, 103 = 9 and 98 *
4%, respectively; n = 12), or the amplitude
distribution ( p = 0.24) (Fig. 2 Diii).

To ensure that these effects were specif-
ically mediated by LY382884 acting on
GluRS5 subunit-containing KARs, we next
tested the antagonist on genetically modi-
fied mice lacking GluR5 (Mulle et al.,
2000). In the wild-type mice (P3-P6),
LY382884 caused a reversible increase in
sEPSC frequency in CA3 pyramidal cells
(145 = 5%; p < 0.005; n = 6) (Fig. 2E).
However, in GluR5 ~'~ mice, LY382884
had no effect on sEPSCs (96 * 7%;n = 5)
(Fig. 2E). These data show, therefore, that
GluR5 subunit-containing KARs are toni-
cally activated in the neonatal hippocam-
pus by endogenous L-glutamate and that
this activation preferentially downregu-
lates glutamatergic input to CA3 pyrami-
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Figure 1.

subpopulation of spontaneous events, we analyzed its effect on
the amplitude distribution of sIPSCs and sEPSCs. There were no
significant changes in the amplitude distribution of either sIPSCs
(p = 0.26) (Fig. 1 Diii) or sEPSCs ( p = 0.26) (Fig. 1 Eiii) in the
presence of ATPA. Thus, pharmacological activation of KARs can
dramatically affect synaptic transmission in CA3 pyramidal neu-
rons by increasing sIPSC frequency, decreasing sEPSC frequency,
and inhibiting synchronized network activity.

Network and synaptic activity in the neonatal hippocampus is regulated by KAR activation. 4, A typical pattern of
spontaneous activity under control conditions, recorded from a CA3 pyramidal neuron (P4), using a low-chloride solution in the
patch electrode (Ai). sIPSCs are seen as outward currents, and SEPSCs are seen as inward currents, as shown in an expanded time
scale (Aii, left). The network bursts consist of a slow GABAergic current and a barrage of EPSCs (Aif, right). Inall figures, X marks the
place of the expanded time-scale trace. Aiii, An average of 10 sIPSCs (top) and SEPSCs on an expanded scale. B, Example traces
showing that ATPA (1 wum) inhibits network bursts and the frequency of SEPSCs and increases the frequency of sIPSCs. €, Pooled
data (n = 5) showing the effect of ATPA on the frequency of network bursts. i, The number of spontaneous events as a function
of time, calculated in 120 s bins and normalized to the baseline level before application of ATPA. Cii, The average number of events
per minute before, in the presence of, and after washout (wash) of ATPA. cont, Control. D, Equivalent data from the same neurons
for sIPSCs. Diii, The amplitude—frequency distribution of sIPSCs under control conditions and in the presence of ATPA. E, Equiva-
lent data from the same neurons for SEPSCs. Error bars represent SEM. ***p << 0.005 and **p << 0.01 compared with control.
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The role of KARs in the regulation of
spontaneous interneuronal activity in
the developing hippocampus

Network bursting in the immature hip-
pocampus is critically dependent on syn-
chronousactivity in the interneuronal net-
work (Khazipov et al., 1997; Lamsa et al.,
2000). To further understand the regula-
tion of the developing network activity by
KARs, we next recorded spontaneous neu-
ronal activity from visually identified in-
terneurons in the CA3 stratum lucidum.
Compared with pyramidal neurons, the pattern of the spontane-
ous activity in interneurons was characterized by a much higher
frequency of sEPSCs (120 = 24 events/min, #n = 19; in pyramidal
cells, 5.5 = 1.2 events/min, n = 12; p < 0.001), whereas the
occurrence of sIPSCs (49 * 9 events/min; n = 13) and network
bursts (4.9 = 1; n = 13) was similar to that in the pyramidal
neurons. In addition, the amplitude distribution of sEPSCs in
interneurons was wider than in pyramidal neurons ( p < 0.005)
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(Figs. 1E, 2D for pyramidal neurons vs A
Figs. 3E, 4E for interneurons), suggesting
variability in their synaptic origin.

Similar to pyramidal cells, bath appli-
cation of the KAR agonist ATPA caused a
robust inhibition of the network bursts in
interneurons (44 * 16%; p < 0.005) (Fig.
3A,B). The effect of ATPA was associated
with an increase in the frequency (304 =
42%; p < 0.005; n = 11) (Fig. 3C) but no
change in the amplitude (117 = 11%) or

control

B network bursts
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or amplitude (104 = 5%) of sIPSCs (n = Figure 2.  Endogenously activated KARs regulate spontaneous activity in the neonatal hippocampus. A, Example recordings

10) (Fig. 4C). However, LY382884 signifi-
cantly reduced the frequency (69 = 6%;
p < 0.01; n = 10) of sEPSCs but had no
effect on their amplitude (99 * 3%), ki-
netics (rise time, 108 * 5%; decay time,
99 = 1% of control), or amplitude distri-
bution ( p = 0.19) (Fig. 4D, E). These data
show that, in contrast to pyramidal cells,
endogenous activation of KARs facilitates glutamatergic input
onto interneurons.

Activation of KARs differentially regulates the frequency of
mEPSCs at CA3 pyramidal neurons and interneurons

The lack of effect of both ATPA and LY382884 on the sEPSC
amplitude or kinetics suggests that their effects on spontaneous
AMPA receptor-mediated transmission are attributable to a pre-
synaptic mechanism. Both direct (i.e., action potential indepen-
dent) and indirect (e.g., regulation of interneuron firing fre-
quency and change in axon excitability) mechanisms for KARs in
regulating transmitter release have been described previously
(Kamiya and Ozawa, 2000; Cossart et al., 2001; Frerking et al.,

from a CA3 pyramidal neuron (P4) showing the effect of LY382884 (10 wum) on spontaneous network activity. LY382884 reduces
the occurrence of network bursts, increases the frequency of SEPSCs, but has no effect on sIPSCs. B, Pooled data (n = 12),
presented as in Figure 1, showing the effects of LY382884 on spontaneous network bursts. , Equivalent data from the same
neurons for sIPSCs. Ciii, The amplitude—frequency distribution of sIPSCs under control (cont) conditions and in the presence of
LY382884. D, Equivalent data from the same neurons for sSEPSCs. E, Pooled data of recordings of spontaneous isolated EPSCs from
wild-type (WT; n = 6)and GIuR5 ~/~ (n = 5) mice (P3—P6), showing that the effect of LY382884 on glutamatergic transmission
is dependent on GIuR5. wash, Washout. Error bars represent SEM. ***p < 0.005 and **p << 0.01 compared with control.

2001; Schmitz et al., 2001; Semyanov and Kullmann, 2001). To
test between these possibilities, we next recorded action
potential-independent EPSCs (mEPSCs) in the presence of TTX
(1 um) and blockers of GABA,, GABAg, and NMDA receptors
[100 uM picrotoxin, 1 M (28)-3[[(1S)-1-(3,4-dichlorophenyl)-
ethylJamino-2-hydroxypropyl](phenylmethyl)phosphinic acid
(CGP55845A), and 50 uM D-AP-5, respectively].

In immature CA3 pyramidal neurons, LY382884 reversibly
increased the frequency of mEPSCs (186 = 22%; p << 0.005; n =
8) (Fig. 5A,C) without affecting the amplitude (92 * 10%).
ATPA caused a reduction in the frequency of mEPSCs (70 % 7%;
p <0.005; n=9) (Fig. 5D) but no change in the amplitude (98 =
4%). The amplitude distribution of mEPSCs in pyramidal cells
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Figure 3.  KAR activation regulates spontaneous activity in CA3 interneurons. A, Example recordings from a CA3 stratum

lucidum interneuron (P4) showing the effect of ATPA (1 wum) on spontaneous network activity. ATPA inhibits network bursts but
increases the frequency of sEPSCs and sIPSCs. B, Pooled data (n = 11) showing the effects of ATPA on spontaneous network
bursts. , Equivalent data from the same neurons for sIPSCs. D, Equivalent data from the same neurons for SEPSCs. E, Amplitude
distribution of sIPSCs (Ef) and SEPSCs (Eii) under control conditions and in the presence of ATPA. wash, Washout. Error bars
represent SEM. **p < 0.01 and *p << 0.05 compared with control.
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tion by ATPA increased the frequency of
mEPSCs (163 = 21%; p < 0.05; n = 10)
(Fig. 5) without affecting their amplitude
(98 £ 4%). The initial facilitation of
mEPSC frequency after application of
ATPA was followed by depression (44 *+
8%; n = 10; p < 0.005), suggesting two
opposite effects of KAR activation on glu-
tamate release at these synapses. There-
fore, during early development, endog-
enously activated KARs preferentially
depress release at glutamatergic terminals
onto CA3 interneurons. In the amplitude
distributions, there was a trend toward a
shift to high-amplitude mEPSCs (p =
0.058) in the presence of ATPA and, corre-
spondingly, a trend toward a shift to low-
amplitude mEPSCs in the presence of the
KAR antagonist LY382884 ( p = 0.061) (Fig.
5E). This could suggest that KARs differen-
tially regulate subpopulations of spontane-
ous events in interneurons. At P14-P16,
LY382884 had no effect on the frequency or
amplitude of mEPSCs in either pyramidal
neurons (93 = 9and 103 = 6%, respectively;
n = 8) or interneurons (89 = 11 and 102 =+
7%; n = 6) (Fig. 5F), indicating that these
effects are developmentally regulated.

In summary, these data show that glu-
tamatergic terminals in area CA3 of the
neonatal, but not 2-week-old, hippocam-
pus express KARs that are activated by en-
dogenous L-glutamate and act to regulate
L-glutamate release in an action potential-
independent manner. These receptors in-
hibit glutamate release at synapses onto
pyramidal neurons and facilitate release at
glutamatergic synapses onto interneurons.

LY382884-sensitive KARs are not
tonically activated on interneurons in
the neonatal hippocampus

This direct regulation of glutamate release
at terminals by KARs can fully explain the
observed effects of LY382884 on sponta-
neous EPSCs both in pyramidal cells and
in interneurons. However, additional
mechanisms, such as activation of somato-
dendritic KARs on interneurons, might
contribute to the effect of LY382884 on the
network bursts. To find out whether so-
matodendritic KARs on interneurons are
tonically active, we analyzed the effects of
ATPA and LY382884 on the holding cur-
rent of interneurons from the experiments

was not altered by ATPA (p = 0.33) or LY382884 (p = 0.36)
(Fig. 5E). Thus, tonically active KARs act to depress glutamate
release in an action potential-independent manner at the gluta-
matergic synapses onto CA3 pyramidal cells in the neonatal
hippocampus.

In CA3 interneurons, however, LY382884 reversibly de-
creased the frequency of mEPSCs (62 =+ 8%; n = 8; p < 0.05) but
had no effect on their amplitude (97 = 6%; n = 8). KAR activa-

shown in Figures 3 and 4. LY382884 had on average no effect on
the holding current of interneurons (6 = 4 pA; n = 7); however,
under similar conditions, ATPA caused a significant inward cur-
rent (79 = 9 pA; p < 0.01; n = 10) (Fig. 6A). Thus, LY382884-
sensitive somatodendritic KARs do not mediate a sustained in-
ward current in interneurons, a finding consistent with the lack of
effect of LY382884 on sIPSCs in either pyramidal neurons or
interneurons.
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KARs have been shown to regulate ac-
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rma, 1998; Mulle et al., 2000; Cossart et al.,
2001) (but see Frerking et al., 1999; Jiang et
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(Frerking et al., 2001), similar to that in- 0.00 0.00
volved in the regulation of synaptic inhibi- o 2 . P 0 20 40 60 80
tion (Rodriguez-Moreno and Lerma, bR
1998). Thus we next explored whether the  Figure4.  Effect of LY382884 on spontaneous activity in CA3 interneurons. A, Example recordings from a CA3 stratum lucidum

effects of KARs on glutamate release in the
neonatal hippocampus are dependent on
PTX-sensitive G-proteins. Slices (P3-P6)
were maintained overnight with or with-
out PTX (5 wg/ml). This treatment with
PTX fully blocked the depression of IPSCs
in response to application of the GABAy receptor agonist ba-
clofen (Fig. 7A), indicating that PTX was effective in blocking
G-protein-mediated signaling under these conditions. In CA3
pyramidal neurons, the changes in mEPSC frequency after phar-
macological manipulation of GluR5 KARs in slices incubated
overnight under control conditions were of a magnitude similar
to that observed in acute slices (ATPA, 43 * 7% of control,n = 7,
p < 0.05;LY382884, 177 = 10%, n = 7, p < 0.005) (Fig. 7B). In
PTX-treated slices, however, ATPA and LY382884 had no effect
on mEPSC frequency (Fig. 7B), although a significant increase in

interneuron (P4) showing the effect of LY382884 (10 wum) on spontaneous network activity. LY382884 attenuates the occurrence
of network bursts and SEPSCs but has no effect on sIPSCs. B, Pooled data (n = 10), presented as in Figure 1, showing the effects
of LY382884 on spontaneous network bursts. , Equivalent data from the same neurons for sIPSCs. D, Equivalent data from the
same neurons for sEPSCs. E, Amplitude distribution of sIPSCs (Ei) and SEPSCs (Eii) under control conditions and in the presence of
LY382884. wash, Washout. Error bars represent SEM. **p << 0.01 and *p << 0.05 compared with control.

the frequency could still be induced with 4 mm KCl (mEPSC
frequency, 156 = 10%; n = 5; p < 0.05; data not shown).

In contrast, the effect of KAR activation or inhibition on
mEPSC frequency at interneurons was not blocked after PTX
pretreatment. In PTX-pretreated slices, ATPA was still able to
facilitate mEPSC frequency in interneurons (148 * 10%; n = 8;
p < 0.01), in a manner similar to that in slices incubated in
control conditions (151 = 15%; n = 8; p < 0.05) (Fig. 7C). Also,
LY382884 caused reduction in mEPSC frequency in interneurons
of PTX incubated slices (56 == 7%; n = 9; p < 0.05), in a manner
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similar to that in control incubated slices (58 = 6%; n = 7; p <
0.05) (Fig. 7C). Interestingly, however, in PTX-treated slices, the
ATPA-induced initial facilitation of mEPSC frequency was not
followed by depression (99 * 18%; p = 0.5), although in control
slices, a significant depression of mEPSC frequency (74 %+ 15%j;
p < 0.05) was seen 15-20 min after application of ATPA (Fig.
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LY382884 ¥

ATPA 3 —

WASH i
CONTROL F

WASH bt
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LY382884 —

WASH —

°

KARs regulate mEPSC frequency in a differential mannerin CA3 pyramidal neurons and interneurons in the neonatal,
but not 2-week-old, rat hippocampus. 4, Example traces showing that LY382884 causes a reversible increase in the frequency of
mEPSCs in a CA3 pyramidal neuron at P4. B, Example traces showing that LY382884 causes a reversible decrease in the frequency
of mEPSCs in a CA3 stratum lucidum interneuron at P4. C, Pooled data on the effect of LY382884 on mEPSC frequency in CA3
pyramidal neurons (Gi) (n = 8) and interneurons (Cif) (n = 10). The number of mEPSCs s calculated in 120 s bins and normalized
to the baseline level before application of LY382884. D, Equivalent data for the effect of ATPA on mEPSCs in pyramidal neurons (Di)
(n = 8) and interneurons (Dii) (n = 10) at P3—P6. E, Normalized amplitude distribution of mEPSCs under control conditions
(black trace) or in the presence of ATPA or LY382884 (gray trace) in the P4 —P6 pyramidal neurons (Ei) and interneurons (Eii). F,
Pooled data presenting the average number of mEPSCs per minute before, during, and after pharmacological manipulation of
KARs in neonatal and 2-week-old CA3 pyramidal neurons (Fi) and interneurons (Fii). wash, Washout. Error bars represent SEM.
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7C). Thus, the presynaptic KARs inhibit-
ing glutamate release in neonatal CA3 act
via a G-protein-mediated mechanism,
whereas the facilitatory effect is not depen-
dent on PTX-sensitive G-proteins.

The KARs acting via a G-protein-
mediated signaling mechanism have been
shown to couple to activation of PKC
(Rodriguez-Moreno and Lerma, 1998).
Therefore, we next tested whether the in-
hibitory and facilitatory effects of KAR in
the neonatal hippocampus are dependent
on PKC activation. The hippocampal
slices were preincubated for at least 30 min
in the presence of bisindolylmaleimide
VIII acetate (0.5 um), a selective inhibitor
for PKC (Toullec et al., 1991), after which
the effect of KAR-selective pharmacologi-
cal agents on mEPSC frequency was tested.
In pyramidal cells, in the presence of BIS,
neither ATPA or LY382884 had an effect
on mEPSC frequency (ATPA, 101 * 10%
of control, n = 8, p = 0.58; LY382884,
114 = 7% of control,n = 7, p = 0.36) (Fig.
7D). In interneurons, however, in the
presence of BIS, ATPA application still re-
sulted in transient facilitation of mEPSC
frequency (137 = 10%; n = 9; p < 0.005),
but, in contrast to control conditions, no
depression was observed (100 * 18%; p =
0.36) (Fig. 7E). In interneurons, LY382884
inhibited mEPSC frequency in the pres-
ence of BIS (63 £ 5%; n = 6; p < 0.05)
(Fig. 7E) in a manner similar to control.
These data show that BIS and PTX have
identical effects on the regulation of gluta-
mate release by KARs. Thus, the inhibi-
tory, but not facilitatory, KARs regulating
glutamate release in the neonatal hip-
pocampus are coupled to intracellular sig-
naling mechanisms involving pertussis
toxin-sensitive G-proteins and PKC.

Ambient levels of L-glutamate regulate
presynaptic KARs in the

neonatal hippocampus

One possible mechanism to explain the
tonic activation of presynaptic glutamate
receptors in neonatal, but not in 2-week-old,
CA3 is differences in the extracellular con-
centrations and/or diffusion of glutamate at-
tributable to developmental changes in the
glutamate transport mechanisms and/or the
composition of the extracellular space (Ru-
sakov and Kullmann, 1998; Sykova et al,,
2000; Danbolt, 2001). To test whether de-
creasing the extracellular glutamate concen-

tration regulates mEPSC frequency and its regulation by the activa-
tion of presynaptic KARs, we used an enzymatic “glutamate
scavenger” [GPT plus pyruvate (2 mm)] (Overstreet et al., 1997; Min
et al., 1998). Because it has been reported that manipulations of
L-glutamate uptake can enable the activation of presynaptic metabo-
tropic Glu (mGlu) receptors (Scanziani et al., 1997), we added a
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broad-spectrum mGlu receptor antagonist, A
2S5-2-amino-2-(18S,2S-2-carboxycyclopro-
pyl-1-y1)-3-(xanth-9-yl)propanoic acid
(LY341495), at a concentration (100 um)
that blocks the activation of mGluR1-
mGIuR8 (Fitzjohn et al., 1998). Treatment
with LY341495 had no effect on the ability of
LY382884 to increase mEPSC frequency un-
der control conditions (with 100 um
LY341495, 178 = 19%, n = 8, p < 0.01;
without 100 um LY341495, 186 = 22%,n =
9, p < 0.005; data not shown).

We found that glutamate release prob-
ability, assessed by the frequency of mEP-
SCs, is highly sensitive to manipulations
affecting extracellular glutamate concen-
tration in neonatal, but not 2-week-old,
CA3 (Fig. 8). Thus, the glutamate scaven-
ger caused a robust increase in the mEPSC
frequency at P3-P6 (172 = 14%; n = 12;
p < 0.005) (Fig. 8A). GPT alone (95 *=
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12%; n = 6; p = 0.81) or pyruvate alone
(97 = 7%; n = 4; p = 0.19) had no effect
on mEPSC frequency (Fig. 8C). Interest-
ingly, after application of the scavenger,
LY382884 had no additional effect on
mEPSC frequency at P3-P6 (98 = 8%;n =
12) (Fig. 8A,C). This was not attributable
to a saturation of mEPSC frequency to a
ceiling point, because 4 mm KCl could still
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frequency at P3-P6 (59 * 8%;n = 6; p < °
0.05); however, it was without effect at
P14-P16 (108 * 25%; n = 7; p = 0.5) (Fig.
8B,C). Thus, endogenous L-glutamate
provides a tonic, but submaximal, activa-
tion of presynaptic KARs at CA3 terminals
in the neonatal hippocampus.
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KARs are not tonically activated at interneurons in the neonatal CA3. 4, Effect of ATPA (n = 10) and LY382884 (n =
7) on holding current of interneurons. Example traces (4i) and pooled data (Aii) show activation of an inward current in the
interneurons in the presence of ATPA but not LY382884. **p < 0.01 compared with control. B, Pooled data of the effect of
LY382884 on mIPSCs at CA3 pyramidal neurons (Bi) (n =

4) and interneurons (Bif) (n = 6) at P3—P6. The number of mIPSCs has

been calculatedin 120 s bins and normalized to the baseline level before application of LY382884. C, Equivalent data on the effect

Discussion

We here identified several novel features of
the physiological functions of KARs. We
show that (1) KARs can control the activity
patterns of the developing neuronal net-
work by regulating the balance between
GABAergic and glutamatergic transmission; (2) KARs can differ-
entially regulate glutamate release via an action potential-
independent mechanism at CA3 pyramidal neurons and inter-
neurons; (3) different signaling mechanisms downstream from
the KAR activation are used for the facilitatory and inhibitory
actions on glutamate release; (4) neonatal KARs are tonically
activated by endogenous L-glutamate present in the extracellular
space; and (5) this activation mechanism of KARs is developmen-
tally downregulated.

of ATPA on mIPSC frequency at pyramidal neurons (n = 4) and interneurons (n = 11). D, Summary data presenting the lack of
effect of LY382884 and ATPA on the frequency of mIPSCs at neonatal CA3 pyramidal neurons (Di) and interneurons (Dii). The
values represent the average number of mIPSCs per minute before, during, and after pharmacological manipulation of KARs.
wash, Washout; cont, control. Error bars represent SEM.

Regulation of early hippocampal network activity by KARs

Rhythmically patterned spontaneous network activity is an in-
herent property of the developing hippocampus seen both in
vitro and in vivo (Ben-Ari et al., 1989; Garaschuk et al., 1998;
Palva et al., 2000; Lahtinen et al., 2002; Leinekugel et al., 2002)
and is thought to be instrumental in the development of hip-
pocampal circuitries (Luthi et al., 2001; Groc et al., 2002; Lauri et
al., 2003b). The initiation and synchronization of the activity are
dependent on both GABA and glutamatergic activity in a
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Figure 7.  Inhibitory, but not facilitatory, actions of KARs on glutamate release are dependent on pertussis toxin-sensitive

G-proteins and PKC. 4, A control experiment demonstrating lack of effect of baclofen on IPSCs in PTX-preincubated slices. Mono-
synaptic IPSCs were evoked in CA1 neurons by afferent stimulation in the presence of CNQX or NBQX and b-AP-5. In control slices, 10 rm
baclofen caused a pronounced depression of IPSCamplitude, whereas in slices incubated in the presence of PTX, baclofen had no effect. Ai,
Aii, Example traces (Ai; average of 3 successive IPSCs, obtained at the time points indicated) and pooled data (i) from seven control and
10 PTX-pretreated slices. B, Pooled data showing the effects of ATPA and LY382884 on the mEPSC frequency in CA3 pyramidal neuronsin
control-incubated slices (open circles; ATPA, n = 7;1Y382884, n = 7) and the lack of effect in PTX-treated slices (filled circles; ATPA,n =
8;1Y382884,n = 11). Bi, Bii, The number of events as a function of time, calculated in 180 s bins, and normalized to the baseline level
before application of LY382884. Biii, The average change in mEPSC frequency in the presence of KAR-selective drugs, in control and
PTX-pretreated slices. €, Equivalent data showing the effects of ATPA and LY382884 on the frequency of mEPSCs at CA3 interneurons in
controlincubatedslices (ATPA,n = 8;LY382884,n = 7) andin PTX-incubated lices (ATPA, n = 8;1Y382884,n = 9).D, Pooled data (n =
7) showing the lack of effect of ATPA and LY382884 on mEPSC frequency in CA3 pyramidal cells in the presence of bisindolylmaleimide VIll
(BIS) (0.5 um), a selective inhibitor for PKC. Di, The number of events as a function of time, calculated in 120 s bins. Dii, The average change
inmEPSCfrequencyinthe presence of ATPA (n = 8) and LY382884 (n = 7) in the presence of BIS and under control conditions (ATPA,n =
8;1Y382884,n = 8). E, Equivalent data showing the effect of ATPA (Ei; n = 9) and LY382884 (Eiii; n = 6) on mEPSC frequency in CA3
interneuronsin the presence of BIS and compared with control conditions (Eiii). ***p << 0.005, **p << 0.01,and *p << 0.05 compared with
baseline values.

frequency-dependent manner (Menendez de la Prida et al., 1999;
Lamsa et al., 2000; Palva et al., 2000; Wells et al., 2000). Because
the synaptic activation of KARs has been shown to bidirectionally
regulate both L-glutamate and GABA release (Jiang et al., 2001;
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Laurietal., 2001a; Schmitz et al., 2001), we
were interested in determining how KARs
contribute to the modulation of the early
network activity.

Activation of KARs by ATPA caused a
substantial inhibition of synchronous net-
work bursts in the neonatal hippocampus.
This effect was associated with a large in-
crease in the frequency of sIPSCs and de-
polarization of interneurons. ATPA had
no effects on mIPSCs in either interneu-
rons or pyramidal cells. Therefore, the reg-
ulation of sIPSCs in neonatal CA3 is pre-
sumably mediated via somatodendritic
and/or axonal KARs on GABAergic inter-
neurons, similar to what has been de-
scribed in the adult hippocampus (Frerk-
ing et al., 1998; Cossart et al, 2001;
Semyanov and Kullmann, 2001; Vignes,
2001; Khalilov et al., 2002). GABAergic
transmission is critical in controlling the
excitability and synchronization of the im-
mature neuronal network (Lamsa et al.,
2000; Wells et al., 2000). Thus, the increase
in asynchronous GABAergic drive after KAR
activation is likely to inhibit the network
bursting. Furthermore, AMPA receptor-
mediated transmission is necessary for driv-
ing the activity, because the AMPA receptor-
selective antagonist GYKI53655 completely
blocks the network bursts (Bolea et al.,
1999). Thus, activation of GluR5 subunit-
containing KARs suppresses the network
activity by two parallel mechanisms: (1)
increasing asynchronous GABAergic
transmission and (2) attenuating AMPA
receptor-mediated transmission in the py-
ramidal cells. Although ATPA transiently
increased the occurrence of spontaneous
EPSCs in interneurons, there was a parallel
10-fold increase in the sIPSCs. This will
impose a strong inhibitory action on the
local network. Together, the shift in the
balance between glutamatergic and
GABAergic activity toward the latter one
efficiently abolishes the synchronous ac-
tivity of the network.

Interestingly, application of LY382884
resulted in a decrease in the frequency of
network bursts, suggesting that endoge-
nous activation of GluR5 subunit-
containing KARs is involved in the burst
initiation. The mechanisms regulating the
initiation of the network bursting are com-
plicated and not fully understood. A key
role is thought to be played by the excita-
tory synaptic input to interneurons, which
is critical in controlling their excitability
and synchronization (Khazipov et al,

1997; Lamsa et al., 2000). Apart from the synchronous network
bursts, the endogenous activation of GluR5 subunit-containing
KARs appeared to selectively regulate glutamatergic transmis-
sion, because LY382884 had no effect on sIPSCs, mIPSCs, or the
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holding current of interneurons. It is pos-
sible that local transient activation of
KARs takes place in interneurons during
intense activity such as the network bursts.
Nevertheless, the regulation of action
potential-independent glutamate release ii)
by KARs can fully explain the observed ef-
fects of LY382884 on spontaneous EPSCs
in both pyramidal cells and interneurons.
This mechanism might also underlie the
observed effects on the network bursting,
given their strong dependence on gluta-
matergic activity (Bolea et al., 1999; Lamsa
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et al., 2000). Thus, by inhibiting glutama-
tergic input to interneurons, LY382884 re-
duces the probability for synchronization
of the interneuronal network, manifested

as a decrease in the burst frequency. It is control
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worth pointing out that, at P3-P6, the fre-
quency of spontaneous glutamatergic
events in interneurons was 20-fold higher
than in the pyramidal cells. Therefore, i)
even if endogenously active KARs had the
opposite effect on glutamate release to py-
ramidal neurons, their effect in the inter-
neurons is dominating at the network
level.

To summarize, our data show that the
activation level of KARs is finely tuned to
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tion, therefore mitigating the build-up of 0
network bursts.

Interestingly, KAR activation in the
adult hippocampus causes oscillatory and
epileptiform activity that was shown re-
cently to be dependent on GluR5 and
GluR6 KARs (Fisahn et al., 2004). Our
data show that, in the neonate, endoge-
nous activation of these receptors critically
contributes to the synaptic drive, regulat-
ing the spontaneous network activity in a
developmentally restricted period. In line
with this, data from GluR5 '~ mice sug-
gest altered network activity and a signifi-
cant increase in the baseline frequency of
sEPSCs in the CA3 pyramidal neurons
compared with the wild types (M. Segerstrile, S. Lauri, C. Mulle,
and T. Taira, unpublished results).

Figure 8.

Developmental regulation of glutamate release by presynaptic
KARs in the neonatal hippocampus

Although existence of presynaptic KARs in adult CA3 is well
documented, there has hitherto been no evidence for presynaptic
KAR regulating glutamate release at synaptic terminals to stra-

Ambient levels of (-glutamate activate presynaptic KARs in the neonatal hippocampus. 4, Single example (4) and
pooled data (n = 12) show that a glutamate scavenger increases mEPSC frequency and fully occludes the effect of LY382884 at
(A3 pyramidal neurons at P3—P6. Aii, The normalized number of events as a function of time, calculated in 120 s bins. Aiii, The
average number of events per minute. scav, Scavenger. B, Equivalent data for the effect of the glutamate uptake inhibitor
oL-threo-3-benzyloxyasparticacid (TBOA) (50 rum) on mEPSC frequency at P3—P6 (n = 6). C, The graph shows pooled data of the
mEPSC frequency in the presence of the two components of the glutamate scavenger GPT (n = 6) and pyruvate (n = 4) alone, as
well as in the presence of the scavenger (n = 12),LY382884 (n = 12) and 4 mmKCl (n = 7) together with the scavenger, and the
glutamate uptake inhibitor TBOA (50 wm) at P3—P6 (n = 6) and P14—P16 (n = 7). cont, Control; wash, Washout. Error bars
represent SEM. ***p << 0.005 and **p << 0.01 compared with control.

tum lucidum interneurons. Also, we describe here a completely
new mechanism for endogenous activation of presynaptic KARs
by ambient levels of L-glutamate present in the extracellular
space.

There are probably several mechanisms contributing to the
developmental regulation of the activation of presynaptic KARs.
First, the developmental profile for the expression of L-glutamate
transporters (Danbolt, 2001) means that L-glutamate transport
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in the rat brain is lower at early stages of development. Second,
differences in tissue morphology affect the diffusion of glutamate
in the extracellular space (Sykova et al., 2000). These factors may
contribute to the high levels of ambient glutamate providing the
tonic activation of the presynaptic KARs, because the effects of
LY382884 are fully occluded by the L-glutamate scavenger. The
finding that these mechanisms are no longer active in 2-week-old
animals is consistent with the developmental changes leading to
more efficient clearance of L-glutamate from the vicinity of pre-
synaptic KARs. Furthermore, maturation of the hippocampal
circuitry might also involve changes in the presynaptic KARs per
se. Alteration in the expression of GluR5 subunit-containing
KARs during development has been reported previously (Bahn et
al., 1994; Ritter et al., 2002). Developmental changes in the edit-
ing of GluR5 subunit-containing KARs (Bernard and Khrest-
chatisky, 1994; Lee et al., 2001) might also contribute to the al-
terations in the efficacy of the presynaptic KARs.

KARs have been shown to activate a metabotropic cascade to
depress release at inhibitory synapses onto CAl pyramidal neu-
rons (Rodriguez-Moreno and Lerma, 1998). Furthermore, inhi-
bition of glutamatergic transmission between CA3 and CA1 neu-
rons by pharmacological activation of KARs involves a
G-protein-dependent mechanism (Frerking et al., 2001). How-
ever, the physiological significance of the metabotropic action of
KARSs has been essentially unexplored. Here, we show that, in the
neonate, their synaptic activation provides an inhibitory tone on
L-glutamate release and that these receptors can be activated by
ambient levels of L-glutamate present in the extracellular space.
Furthermore, our data suggest that, at the same population of
synapses, KARs can both facilitate and inhibit glutamate release
via different signaling mechanisms. At glutamatergic synapses
onto neonatal interneurons, activation of KARs transiently facil-
itated and then inhibited glutamate release via pertussis toxin and
PKC-insensitive and -sensitive mechanisms, respectively.

The primary effect of presynaptic KARs is to inhibit glutamate
release at synapses terminating at CA3 pyramidal cells and to
facilitate release at synapses to interneurons. The most likely ex-
planation resides in the diverse synaptic origin of the glutamater-
gic inputs into these cell types. In adults, CA3 interneurons re-
ceive 10 times more mossy fiber synapses than pyramidal cells
(Acsady et al., 1998). However, the mossy fiber input to pyrami-
dal cells develops predominantly during the second postnatal
week in rats (Stirling and Bliss, 1978; Amaral and Dent, 1981;
Marchal and Mulle, 2004); thus, at P3—P6, the recorded glutama-
tergic activity in the pyramidal neurons originates mainly from
other sources, including the associational-commissural fibers
and perforant pathway, both known to express presynaptic KARs
(Chittajallu et al., 1996; Contractor et al., 2000). In area CAl,
glutamatergic input onto interneurons develops earlier than onto
pyramidal cells (Gozlan and Ben-Ari, 2003). The high frequency
and the wide amplitude distribution of spontaneous EPSCs in
interneurons suggests that similar sequential innervation of the
cell types also takes place in the area CA3. Interestingly, in the
interneurons, there was a trend suggesting a shift in the distribu-
tion toward higher-amplitude mEPSCs after kainate receptor ac-
tivation and, correspondingly, toward smaller-amplitude mEP-
SCs in the presence of the KAR antagonist LY382884. In mature
CA3, high-amplitude mEPSCs are thought to originate from the
mossy fiber pathway, whereas low-amplitude events represent
the input from the associate—commissural pathway and recur-
rent collaterals (Henze et al., 1997).

In summary, we show that neonatal KARs are critically in-
volved in the regulation of emerging glutamatergic transmission
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and early network activity. They set a physiological tone on glu-
tamatergic synapses that is only present during the first week of
life, a time of intense activity-dependent plasticity and formation
of synaptic contacts in the hippocampus.
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