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Kainate Receptors Act as Conditional Amplifiers of Spike
Transmission at Hippocampal Mossy Fiber Synapses
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Hippocampal mossy fiber (Mf) synapses are viewed as conditional detonators, assisting CA3 cells in complex network functions. By
analyzing mice deficient for GluK2 (GluR6), GluK3 (GluR7) and GluK5 (KA2) genes we show that kainate receptors (KARs) play a crucial
role in the control of synaptic integration and spike transmission efficacy at Mf synapses. We dissected out the role of the different KAR
functions at Mf synapses and we show that presynaptic and postsynaptic KARs concur to amplify unitary Mf synaptic inputs to trigger
spike discharge within a wide range of frequencies (from 1 to 50 Hz). Moreover, KARs strongly favor spike transmission in response to
patterns of presynaptic activity mimicking in vivo dentate granule cell activity. By amplifying spike transmission, KARs also facilitate the
induction of associative long-term potentiation in CA3. Hence the actions of KARs as amplifiers of spike transmission contribute largely
to the “conditional detonator” function of Mf synapses and are likely important for spatial information processing.

Introduction

Synapses between hippocampal mossy fibers (Mf), that arise
from dentate granule cells, and CA3 pyramidal cells are a key
component of information processing along the hippocampal
trisynaptic circuit. Models of hippocampal function have pro-
posed that Mf synapses act as detonator or teacher synapses im-
portant for the storage of information and for the retrieval of
entire memory patterns from partial or degraded inputs (for re-
view, see Henze et al., 2000; Bischofberger et al., 2006). More
recently, it was proposed that Mf synapses are “conditional det-
onators,” dependent on the pattern of activity of presynaptic
granule cells (Henze et al., 2002; Bischofberger et al., 2006). It is
thus important to understand how granule cell firing patterns
influence the activity of CA3 pyramidal cells.

Mf-CA3 synapses are endowed with a number of unique
features, including prominent short-term plasticity (Henze et
al., 2000; Nicoll and Schmitz, 2005) that is crucial in process-
ing complex presynaptic activity. Ionotropic glutamate recep-
tors of the kainate type (KARs) potentially influence informa-
tion transfer at Mf-CA3 synapses in at least three different
ways. Presynaptically, KARs activated by a single release event
facilitate subsequent transmitter release likely through the ac-
tivation of GluK2/GluK3 heteromers (Contractor et al., 2003;
Lerma, 2006; Pinheiro et al., 2007) (GluK1, GluK2, GluK3,
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and GluK5, new International Union of Basic and Clinical
Pharmacology nomenclature for GluR5, GluR6, GluR7, and
KA2, respectively). This leads to an increased extent of short-
term plasticity in response to various patterns of repetitive
stimulation. Postsynaptically, mossy fiber EPSCs (Mf-EPSCs)
display a KAR component of small amplitude and slow decay
kinetics (Castillo et al., 1997) that favors temporal summation
of synaptic signals, as proposed for CA1 interneurons (Frerk-
ing and Ohliger-Frerking, 2002). Finally, through a metabo-
tropic action that requires the GluK5 subunit, synaptic activa-
tion of postsynaptic KARs reversibly inhibits a Ca*" -activated
K™ current responsible for the slow afterhyperpolarizing po-
tential (I ,yp) (Melyan et al., 2002; Ruiz et al., 2005). Thus, a
short train of stimulation to the mossy fibers not only directly
depolarizes the postsynaptic membrane but, in addition, in-
creases neuronal excitability for several seconds.

Despite these well described actions of KARs at the Mf-CA3
synapse, how they may participate to the conditional detonator
function of Mf synapses has not been investigated. To address this
question, we have studied the influence of KARs in shaping the
Mf-EPSP waveform and in controlling the short-term dynamics
of synaptic integration. In the absence of suitable pharmacolog-
ical tools, we took advantage of mice deficient for the KAR sub-
units GluK2, GluK3 and GluK5, which are differentially affected
in the functional properties of Mf synapses: (1) the presynaptic
action of KARs is lost both in GluK2 ~/~ and GIluK3 ™/~ mice
(Contractor et al., 2001; Pinheiro et al., 2007); (2) the KAR com-
ponent of Mf-EPSCs is absent in GluK2 ~/~ mice, but preserved
in GluK3 ~/~ mice (Mulle et al., 1998) and displays faster decay
kinetics in GluK5 ~/~ mice (Contractor et al., 2003) and (3) the
metabotropic action of KARs is absent in GluK5 ~/~ mice (Ruiz
et al., 2005). Our results indicate that KARs strongly control the
efficacy of spike transmission between presynaptic granule cells
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Figure 1.

and their output targets, the CA3 pyramidal cells by a conjunc-
tion of presynaptic and postsynaptic actions.

Materials and Methods

Mouse genotypes. Wild-type and mutant mice derived from heterozygote
crossings of GluK2 ~/~ (Mulle et al., 1998), GluK5 ~/~ (Contractor et al.,
2003) and GluK1 ~/~ (Mulle et al., 2000) mice were used in this study.
These mice have been backcrossed on a C57BL6 background (for 11
generations). The GluK3 ~/~ mice (Pinheiro et al., 2007) used have been
backcrossed for 7 generations on a C57BL6 background.

Slice electrophysiology. Parasagittal brain slices (350 um thick) were
obtained from 2 to 3 week-old mice and were stored in an interface
chamber for at least 1 h before transfer to a submersion recording cham-
ber. The storage and perfusion solution contained (in mm) NaCl (119),
KCl (2.5), MgSO, (1.3), CaCl, (2.5), NaHCO, (26.2), NaH,PO, (1), and
glucose (11), and was gassed with 95% O,/5% CO, (23—25°C). Whole-
cell recordings were made from CA3 pyramidal cells under infrared dif-
ferential interference contrast imaging at 33°C. Picrotoxin (100 um) and
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KARs shape unitary Mf-EPSCs and Mf—EPSPs. a, Mf-EPSC amplitude (left) as a function of stimulation intensity
reveals the minimal stimulation needed to record from a single Mf synapse. Superimposed recordings (right) during increasing
intensity of stimulation showing “all or none” unitary Mf-EPSCs. b, Superimposed averaged unitary Mf-EPSCs (left) and corre-
sponding averaged Mf-EPSPs (right) of 15 traces obtained from WT (black) and GIuK2 '~ (red), GIuk3 ~/~ (blue), and
GluK5 ~/~ (green) mice. This color code is kept in all figures. In the top left panel, the timeframe of 28 121 ms after stimulation
(vertical dotted gray lines) highlights the range where an ANOVA analysis showed a significant difference in Mf-EPSP waveform
between WT and Gluk2 ~/~ mice (see Results). Residual Mf-EPSP depolarization at 65 ms after the stimulus (vertical whole line)
was used as an indication of EPSP decay kinetics (the horizontal dotted gray line corresponds to the resting membrane potential
level). Calibrations: 10 ms and 20 pA for Mf-EPSCs, 50 ms and 1 mV for Mf-EPSPs. ¢, Summary graph of Mf-EPSC amplitudes (top
left), charge transfer (top right, presented as mean == SEM, here and in all subsequent summary graphs), Mf-EPSP amplitudes
(bottom left), and residual depolarization 65 ms after stimulation (bottom right) (WT: n = 9; Gluk2 “Tin=8:GluK3 ' ":n=
8;GluK5 ~/~:n = 9;**p < 0.01 and *p < 0.05, compared with WT). Calibration: 10 ms, 20 pA.
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CGP55845 (5 um) were used to block GABA,,
and GABAj; receptors respectively, unless men-
tioned otherwise. Experiments where the I,
activation was prevented were performed with
an intracellular solution that contained (in mm)
Kgluconate (120 mm), KCI (20), HEPES (10),
EGTA (10), NaATP (2), MgCl, (2), CaCl, (1).
Experiments where I,p activation was al-
lowed were performed with an intracellular so-
lution that contained (in mm) Kgluconate (135
mum), NaCl (8), HEPES (10), EGTA (0.2),
MgATP (2), Na;GTP (0.3). For both solutions,
the pH was adjusted to pH 7.3. The access and
input resistances were monitored throughout
the experiments using a voltage or current step.
Only cells with comparable input resistances
were used (between 150 and 200 M()). The ac-
cess resistance was <20 M() in whole-cell con-
figuration and results were discarded if it
changed by >20%. We observed no differences in
the intrinsic excitability of CA3 pyramidal cells
from all the genotypes (supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental mate-
rial). A patch pipette filled with HEPES buffered
external solution was placed in the hilus of the
dentate gyrus to stimulate mossy fibers to evoke
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1.0 unitary Mf-EPSCs and EPSPs in CA3 pyramidal

cells. A minimal stimulation protocol was used
* whereby the stimulating electrode was moved to a
position where a sharp Mf-EPSC with minimal
jitter was evoked. Stimulation intensity was ad-
justed just above the sharp threshold for activa-

0.0 tion of the synaptic response (see Fig. 1a). With

é such low stimulation intensity, no prominent
\\>‘J:' polysynaptic activation was observed. Mf-EPSCs
© were recorded at —70 mV and corresponding Mf-
EPSPs were obtained by switching to current
clamp mode. Mossy fiber responses were charac-
terized by the marked facilitation of EPSCs upon
switching stimulus frequency from 0.1 to 1 Hz,
and by their sensitivity to the group II mGluR ag-
onist .-CCG-1 (10 um) added routinely at the end
of the experiment. For the induction of associa-
tive/commissural (A/C) long-term potentiation
(LTP), a second stimulating electrode was placed
in the CA3 stratum radiatum to activate the A/C
pathway. Recordings were made using an EPC 8.0
amplifier (HEKA Instruments). Signals were fil-
tered at 0.5-1 kHz, digitized at 1-5 kHz, and
stored on a personal computer for further analysis
(IGOR PRO 5.0, Wavemetrics). Two physiologi-
cal patterns of afferent input were used, with an average frequency of 1.4 Hz
and 2.4 Hz, each with a duration slightly <30 s. Each pattern was delivered in
continuum (using IGOR PRO 5.0 waveform generator) and 10 consecutive
traces for each pattern were used for the analysis. The patterns were kindly
provided by Dr. Gyorgy Buzsaki (Rutgers University, Newark, NJ). All
chemicals were obtained from Tocris Cookson or Sigma.

Statistical analysis. Values are presented as mean = SEM. Statistical
comparisons were made using Student’s unpaired ¢ test, and a post hoc
Bonferroni test was used in the ANOVA analysis of the Mf-EPSP wave-
forms, and the analysis of spike number with respect to instantaneous
stimulation frequency.

Results

The participation of KARs to excitatory synaptic currents at Mf
synapses onto CA3 pyramidal cells has been characterized in de-
tail (Lerma, 2006; Pinheiro and Mulle, 2006), but the physiolog-
ical impact of KAR activation on the activity of CA3 neuronal
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circuitry remains undetermined. Here, we
have examined how KARs control the
short-term dynamics of synaptic integra-
tion and the efficacy of spike transmission
between dentate granule cells and CA3 py-
ramidal cells. We have recorded mossy fi-
ber excitatory synaptic potentials (Mf-
EPSPs) from CA3 pyramidal cells in
hippocampal slices from wild-type (WT)
and selected KAR subunit-deficient mice
in the absence of NMDA, AMPA, and KA
receptor antagonists. Unless stated other-
wise, recordings were performed with 10
mM EGTA in the patch pipette to prevent
I zyp activation, and in the presence of pi-
crotoxin and CGP 55845 to block GABA
receptors.

Throughout this study, a minimal
stimulation protocol was used to evoke
“unitary” Mf-EPSCs and Mf{-EPSPs (Fig.
1a) (Jonas et al., 1993; Marchal and Mulle,
2004) (see Materials and Methods). Con-
sistent with in vivo experiments (Henze et
al., 2002), we found that single Mf-EPSPs
do not drive spike discharge at low stimu-
lation frequency whereas repetitive pre-
synaptic activity increased spike transmis-
sion probability (see Figs. 1-4). To
evaluate the function of presynaptic and
postsynaptic KARs at the Mf-CA3 synapse
in the absence of suitable specific antago-
nists, we have used WT and mice deficient
for various KAR subunits. Because KARs
are expressed early during postnatal devel-
opment of CA3, we cannot rule out the
possibility of compensatory changes, al-
though there is yet no indication for this.
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sion in GluK2 =/~ mice have indeed been
reported to occur (Christensen et al., 2004;
Ruiz et al., 2005). Nevertheless, we think
that the comparisons between knock-out
mice were meaningful as neither the in-
trinsic cellular parameters nor the basal
amplitude of Mf-EPSPs were different be-
tween the four genotypes (Fig. 1; supple-
mental Fig. 1, available at www.jneurosci.org
as supplemental material).
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KARs facilitate spike transmission in response to short trains of stimulation. a, Representative traces of Mf-EPSPs in
response to a short 20 Hz stimulation train for WT, Gluk2 /=, Gluk3 ', and GluK5 ~/~ mice. b, Summary graph of facilitation
of Mf-EPSPs with respect to the amplitude of the first EPSP. ¢, Summary graph of residual depolarization of Mf-EPSPs. Residual
depolarization was measured as the EPSP amplitude 50 ms after each stimulation. d, Summary graph of discharge probability for
each pulse of the 20 Hz train. The measurements for frequency facilitation and residual depolarization were obtained from cells
that spiked only from the fourth pulse onwards for WT and Gluk5 ~/~, and values for the fourth and fifth pulse were omitted due
to spiking. Consequently, WT and Gluk5 '~ values for the third pulse are probably slightly underestimated. Discharge proba-
bility was calculated using all the cells (WT:n = 6; GluK2 ~/~:n = 8;Gluk3 ~/~:n = 6;GluK5 ~/~:n = 8). Calibration: 50 ms,

10 mV. Spikes were truncated in all traces.

Postsynaptic KARs shape Mf-EPSPs

A single stimulation to mossy fibers is sufficient to activate syn-
aptic KARs, although it only yields EPSCs of small amplitude
with slow onset and decay kinetics (Castillo et al., 1997; Cossart et
al., 2002). The relative amplitude of KAR-EPSCs, recorded under
our experimental conditions in the presence of D-AP5 and GYKI
53655 (50 uM), represented on average 5.2 = 0.2% (n = 5) of
Mf-EPSC amplitude, in close agreement with previous studies
performed at room temperature (Castillo et al., 1997; Contractor
et al., 2003; Marchal and Mulle, 2004; Ruiz et al., 2005). The
physiological role of such a small amplitude ionotropic response
mediated by KARs is questionable. However, due to its slow ki-
netics, the charge transfer through these receptors may have a
significant role in shaping Mf-EPSPs.

We evaluated the impact of postsynaptic KAR activation on
shaping Mf-EPSP waveform by analyzing GluK2 ~/~ mice in
which KAR-EPSCs are absent (Mulle et al., 1998). At low fre-
quency (0.1 Hz), minimal stimulation of mossy fibers elicited
MIf-EPSCs and Mf-EPSPs of comparable amplitudes in WT and
GluK2 /™ mice (Fig. 1b,c). However, the decay kinetics of Mf-
EPSCs was faster in GluK2 ~/~ mice, as illustrated by a decreased
charge transfer (Fig. 1c). Consistently, ANOVA analysis of Mf-
EPSP waveforms indicates that postsynaptic depolarization was
significantly smaller in GluK2 =/~ than in WT mice between 28
and 121 ms after stimulation (Fig. 1b,c). We confirmed that Mf-
EPSP waveform was shaped by postsynaptic KAR activation by
analyzing these parameters in GluK3 ~/~ mice, that only lack
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presynaptic KARs, and GluK5 ~/~ mice, that display KAR-EPSCs
with faster decay kinetics (Contractor et al., 2003) (Fig. 1). Ac-
cordingly, Mf-EPSCs and Mf-EPSPs decayed significantly faster
in GluK5 ™', but not in GluK3 ™/~ compared with WT mice.
Thus, the ionotropic response mediated by postsynaptic KARs
contributes as a slow component that prolongs Mf-EPSPs, and
can potentially play a role in the postsynaptic summation of the
excitatory signals.

KARs facilitate spike transmission

In vivo, trains of stimulations are required to evoke spike trans-
mission between granule cells and CA3 pyramidal cells (Henze et
al., 2002). We thus examined the conditions required to trigger
postsynaptic spikes with short trains of afferent stimulation in the
acute slice preparation. In WT mice, synaptic facilitation induced
during trains of 5 stimulations at 20 Hz systematically lead to
spike discharge, the probability of which increased from the third
to the fifth stimulation (Fig. 2). In contrast, in GluK2 /"~ mice
that are devoid of both presynaptic and postsynaptic KARs, pre-
synaptic facilitation and postsynaptic summation of Mf-EPSPs
were greatly reduced, preventing spike threshold to be reached.
(Fig. 2a,d). This was mainly due to the absence of KAR-
dependent presynaptic facilitation, as in GluK3 ~/~ mice a similar
train of stimulation was also unable to trigger spike discharge
with the exception of one cell (Fig. 2a,d). However, in both geno-
types, prolongation of the train could lead to spike discharge (see
Fig. 4a). The number of stimuli necessary to reach threshold was
significantly smaller in GluK3 ™/~ compared with GluK2 ™/~
mice (see Fig. 4d), likely as a result of decreased postsynaptic
summation in the latter (Fig. 2a,¢). We also examined Mf-EPSPs
in response to short trains of stimulations in GluK5 ~/~ mice,
which display preserved levels of presynaptic facilitation but
faster decaying KAR-EPSCs. Summation of Mf-EPSPs readily
lead to spike discharge in GluK5 ~/~ mice but with a significantly
decreased probability when compared with WT mice ( p < 0.05,
n = 8, at third, fourth, and fifth pulse) (Fig. 2). We next evaluated
whether the characteristic frequency facilitation properties of Mf
synapses could lead to spiking. A single isolated presynaptic
stimulation does not induce spike discharge in CA3 pyramidal
cells (Fig. 3). Increasing tonic mossy fiber stimulation rate
from 0.1 to 1 and 3 Hz produced robust facilitation of Mf-
EPSCs (supplemental Fig. 2, available at www.jneurosci.org as
supplemental material) and of Mf-EPSPs that eventually
reached spike threshold (Fig. 3). Presynaptic KARs appear
necessary to reach spike threshold under these conditions,
although the slow postsynaptic component due to GluK2/
GluK5 heteromers may also contribute to spike transmission
efficacy at 3 Hz (Fig. 3).

The delay between the onset of presynaptic stimulation and
the first spike triggered in the postsynaptic cell depends on the
number and frequency of presynaptic spikes. Setting this delay
might be important for the precision of temporal coding in the
hippocampal network (Henze et al., 2002). We analyzed how
KARs influence this delay by applying trains of stimulation at
frequencies ranging from 3 Hz to 100 Hz and measured the av-
erage delay between the onset of afferent activity and the onset of
spike discharge in the postsynaptic target (Fig. 4). The delay to
discharge, which decreases with the rate of stimulation, was
markedly longer in GluK2 '~ and GluK3 ™/~ mice compared
with WT mice at all frequencies up to 50 Hz (Fig. 4), and to a
lesser degree in GluK5 ~/~ mice up to 20 Hz. No significant dif-
ference was observed for a train at 100 Hz.
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Figure 3.  Presynaptic KARs are needed for spike discharge during frequency facilitation. a,
Tracesillustrating frequency facilitation of Mf-EPSPs when shifting stimulation from 0.1to 1Hz
for WT, Gluk2 ~/~, Gluk3 ~/~, and GluK5 ~/~ mice. Superimposed traces are averaged from
15 and 40 recordings at 0.1 and 1 Hz, respectively. b, Summary graph of frequency facilitation
from 0.1to 1Hz (WT:n = 8; Gluk2 ' ~:n = 7; Gluk3 ™/ ":n = 6; GIuK5 ~/~:n = 6). ¢,
Traces illustrating frequency facilitation of Mf-EPSPs from 0.1 Hz to 3 Hz, for WT, Gluk2 —/~,
Gluk3 ~/~ and GIuK5 ~/~ mice. Superimposed traces are averaged from 15 and 40 recordings
at0.1Hzand 3 Hzrespectively, for Gluk2 ~/~ and Gluk3 ~/~ mice, whereas the 3 Hz traces are
averaged before spiking for WT and Gluk5 ~~ mice. Both spikes are individual traces, and are
truncated. d, Summary graph of spike discharge probability in response to 60 mossy fiber
stimulations at 3 Hz (WT: 0.65 = 0.07,n = 7;Gluk2 ~/~:0 = 0,n = 6; Gluk3 ~/:0.01 =
0.01,n = 5; GluK5 ~/7:0.28 == 0.12, n = 6). The decreased spike discharge probability
observed in Gluk5 ~/~ compared with WT mice is due both to the increased number of stimuli
needed to reach threshold (14 = 2 vs 7 = 1) (see also Fig. 4d) and to the decreased spike
discharge probability after threshold was reached (0.34 == 0.13vs 0.74 == 0.09). Calibrations:in
a,100 msand 2mV;in¢, 100 msand 5mV.Inband d, *p << 0.05, **p << 0.01, ***p << 0.005
compared with WT.

GluK5 modulates mossy fiber spike transmission via

I spp regulation

We have previously shown that synaptic activation of KARs in CA3
pyramidal cells inhibits the Ca”*-dependent I ., through a
GluK5-mediated metabotropic mechanism (Ruiz et al., 2005). To
assess the role of this modulation on Mf-CA3 spike transmission, we
applied an extended stimulation train of 40 pulses at 20 Hz in con-
ditions that allowed the activation of I}, and its inhibition by syn-
aptic KARs (i.e., with 0.2 mm EGTA in the patch pipette instead of 10
mM) (Ruiz et al., 2005). Effectively, an I, ;;p 0f 52 = 11 pA (n = 11)
was obtained in the presence of 0.2 mm EGTA, but it was systemat-
ically <5 pA (n = 7) with 10 mm EGTA in the patch pipette. Inter-
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estingly, preventing I ;p activation with 10
mM EGTA increased the probability of spike
transmission within the train to a value close
to 1, consistent with the implication of a
Ca**-dependent ionic conductance in the
regulation of excitability. The probability of
spike discharge was largely reduced in
GluK5 ™/~ mice (Fig. 5) (p < 0.005 com-
pared with WT), indicating that synaptic ac-
tivation of GluK5-containing KARs increase
spike transmission during sustained presyn-
aptic stimulation by controlling the excit-
ability of postsynaptic pyramidal cells.

KARs facilitate induction of associative/
commissural long-term potentiation

As presynaptic and postsynaptic KARs at
the Mf synapse facilitate spike transmis-
sion in CA3 pyramidal cells, they may fa-
vor spike timing-dependent plasticity. The
overlap between mossy fiber and A/C fiber
activity has been recently shown to induce
such a form of plasticity at the A/C synapse
(Kobayashi and Poo, 2004), where KARs

do not contribute directly to the EPSCs. d
We therefore investigated the implication
of KARs at the Mf synapse in its induction.
LTP was induced at the A/C synapse in
both WT and GluK2 ~/~ mice with simul-
taneous paired stimulation trains to the
mossy fibers (5 pulses, 50 Hz) and A/C fi-
bers (8 pulses, 50 Hz), at 1 s intervals, re-
peated 10 times (Kobayashi and Poo,
2004). The resulting LTP (30 min after in-
duction) at A/C synapses was greatly re-
duced in GluK2 ™/~ mice, compared with
WT mice (Fig. 6a,b,f). LTP was however
not abrogated in GluK2 ~/~ mice, where a
progressive run up of A/C EPSPs was ob-
served. In WT and GluK2 /" mice, where
only trains of A/C tetanus were given in the
absence of MF stimulation, we observed a
slow and modest run up of the A/C EPSPs,
~20 min after the tetanus (Fig. 6a,b). This
run up was absent in baseline conditions,
where no tetanus trains were applied (data not shown). Hence it
seems that the slow run up is a property of the A/C synapse,
induced after the application of tetanus stimulation. In addition,
a subthreshold depolarization induced by a train of Mf-EPSPs
might also contribute to the slowly developing LTP of A/C syn-
apses observed in GluK2 =/~ mice (Fig. 6b,e). LTP of A/C syn-
apses was reduced to similar levels in GluK3 '~ mice (Fig. 6¢,e),
indicating that presynaptic KARs indirectly impact the induction
of LTP. In both these genotypes, impairment of LTP correlates
with a reduction in the number of APs evoked during the induc-
tion protocol compared with WT mice (Fig. 6f). LTP of A/C
afferents was only marginally impaired in GluK5 ~/~ mice (Fig.
6d,e), consistent with the lack of significant decrease in spike
number during the induction protocol (Fig. 6f). These experi-
ments indicate that KARs at mossy fiber synapses contribute to
an associative form of LTP at A/C afferents mainly by its ability to
amplify spike transmission during the induction protocol.
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KARs shorten the delay to reach spike discharge. a- ¢, Representative Mf-EPSP traces in response to 20 Hz (a), 50 Hz
(b), and 100 Hz stimulation trains (c) for WT, Gluk2 ~/~, Gluk3 ', and Gluk5 ~/~ mice. The arrows point to the first stimu-
lations in the train, which do not trigger sizable Mf-EPSPs. The dotted lines indicate the first spike discharge in corresponding WT
traces. d, Summary graphs of the delay to trigger the first spike at 3 Hz (WT: n = 7; GluK5 ~/~:n = 6), 20 Hz (WT: n = 6;
GluK2 =/ ":n=8;GluK3 ~/~:n = 6;GluK5 ' ":n=8),50 Hz (WT:n = 4; Gluk2 ~/~:n = 6; Gluk3 ~/~:n = 4;Gluk5 '~
n=4),and 100Hz(WT:n = 5;Gluk2 ' ~:n = 4;Gluk3 ~/~:n = 4;Gluk5 ~/~:n=4) (*p<<0.05,**p << 0.01,***p < 0.001
compared with WT). Calibrations: in @, 200 ms and 20 mV; in b, ¢, 50 ms and 20 mV. Spikes were truncated in all traces.

KARs determine CA3 pyramidal cell output in response to
physiological patterns of stimulation

The previous experiments were performed by applying calibrated
patterns of stimulation of mossy fibers whereas granule cells of
the dentate gyrus have been reported to display a wide range of
discharge frequencies (Jung and McNaughton, 1993). These pat-
terns of neuronal activity recorded in vivo can be used as an input
to stimulate mossy fibers. We used two such patterns recorded
from place cells in the dentate gyrus of freely moving mice (see
Materials and Methods). Each pattern of stimulation (30 s dura-
tion) was repeated in continuum in the presence of intact gluta-
matergic and GABAergic transmission, and 0.2 mM EGTA in the
recording pipette, allowing conditions to be as close to physio-
logical as possible. For both patterns of stimulation used,
GluK2 ~/~ mice displayed a markedly altered output pattern with
a lower spike discharge probability, compared with WT mice
(Fig. 7; supplemental Fig. 4, available at www.jneurosci.org as
supplemental material). Analyzing spike discharge probability as



Sachidhanandam et al. e Spike Transmission at Mossy Fiber Synapses

a

(on

C
g

o
(4]
1

discharge probability

0.0-

e

Figure5.  KARsenhances spike discharge probability via GlukS. a, Representative recordings
in response to a prolonged 20 Hz stimulation train, with 0.2 mum EGTA in the patch pipette to
preserve /_y,,p, for WT (top) and Gluk5 ~/~ mice (bottom). Note the difference in the number of
stimulations needed before spike discharge in Gluks ~/~ compared with WT mice. b, Summary
graph of the spike discharge probability, with and without intact /e, for WT (n = 11andn =
6, respectively) and Gluk5 ~/~ mice (n = 9and n = 8, respectively). The discharge probability
is calculated after the first spike in the train. Representative recordings in the absence of /,,p
are presented in Figure 4a. (***p < 0.005 compared with WT). Calibration: 500 ms, 20 mV.
Spikes were truncated in all traces.
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a function of instantaneous frequency of presynaptic stimulation
revealed that it increased progressively in WT mice whereas only
frequencies >10 Hz evoked spikes in GluK2 ™'~ mice. The prob-
ability of spike discharge for each afferent stimulus was markedly
smaller at all instantaneous frequencies in GluK2 ~/~ mice and
this difference was statistically significant from WT mice for the
two patterns for instantaneous stimulation frequencies ranging
from 1 to 50 Hz (Fig. 7d).

The discharge probability for the entire pattern duration was
also reduced in GluK3 ~/~ mice compared with WT mice (Fig.
7¢), the relationship between discharge probabilities and instan-
taneous frequency of presynaptic stimulation being intermediate
between that of GluK2 =/~ and WT mice (Fig. 7d). The role of the
GluK1 subunit appears to be minimal, if any, on spike transmis-
sion at MF-CA3 synapses, as we observed no differences in spike
outcome between WT and GluK1 ~/~ mice in response to the
physiological patterns of stimulation (supplemental Fig. 5, avail-
able at www.jneurosci.org as supplemental material). GluK5 ~/~
mice also displayed a lower probability of spike discharge com-
pared with WT mice ( p < 0.01) (Fig. 7c,d). This decrease can, at
least in part, be attributed to the metabotropic modulation of
neuronal excitability by synaptic KARs containing the GluK5
subunit. These results highlight the essential role of KARs in en-
suring the efficacy of spike transmission during physiological
patterns of afferent activity.

Discussion

The present experiments provide a direct demonstration of a role
for KARs in the efficacy of spike transmission at Mf-CA3 syn-
apses. These receptors act as “conditional” amplifiers of spike
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transmission at synapses between granule cells and CA3 pyrami-
dal cells in response to physiological patterns of activity. Al-
though KARs were predicted to participate in the dynamics of
synaptic integration and information transfer at Mf-CA3 syn-
apses (Nicoll and Schmitz, 2005; Pinheiro and Mulle, 2006), this
had not yet received direct experimental support. We show that
KARs amplify synaptic integration and spike transmission within
awide range of afferent stimulation frequencies (from 1 to 50 Hz)
thus facilitating the induction of associative LTP at A/C synapses.
KARs also reduce the delay between the onset of granule cell
activity and target neuron activation and hence, decrease the
threshold for information transfer at Mf-CA3 synapses. By con-
trolling the short-term dynamics of Mf synaptic transmission,
KARs allow Mf synapses to function as conditional detonators.

Presynaptic and postsynaptic receptors concur to amplify
spike transmission

The differential subunit composition of presynaptic and postsyn-
aptic KARs at Mf-CA3 synapses (GluK2/GluK3 presynaptic,
GluK2/GluK5 postsynaptic), together with the availability of
mice with distinct impairment in KAR function, offer the invalu-
able possibility to understand the mechanisms by which KARs
amplify synaptic signals and spike transmission at this synapse.
The analysis of GluK3 ~/~ mice, which only exhibit a presynaptic
phenotype (Pinheiro et al., 2007), reveals that presynaptic KARs
play a prominent role in this process at all frequencies ranging
from 1 Hz to 50 Hz. A recent study has challenged the idea that
presynaptic kainate receptors are involved in the facilitation of
synaptic transmission at the mossy fiber-CA3 synapse, arguing
that the contribution to facilitation instead arose from polysyn-
aptic activation of synapses driven by postsynaptic kainate recep-
tors (Kwon and Castillo, 2008). A major argument against this
possibility is the fact that presynaptic facilitation is markedly de-
creased in GluK3 ~/~ mice, whereas this subunit does not partic-
ipate in postsynaptic EPSCs in CA3 pyramidal cells (Pinheiro et
al., 2007) (this study). The reason for a lack of difference between
wild-type and GluK3 '~ mice reported in their study can be
attributed to the fact that the concentrations of extracellular di-
valent cations used (4 mMCa”*/4 mm Mg>*) mask the activity of
presynaptic KARs [Pinheiro et al. (2007); see also the study by
Lauri et al. (2003)]. Under conditions of minimal stimulation
intensity, EPSC rise time values (supplemental Fig. 1f, available at
www.jneurosci.org as supplemental material) were similar to that
reported by Kwon and Castillo (2008) in the presence of low TTX
concentrations. In addition, we have previously reported that
decreasing the amplitude of AMPA-EPSCs by >70% with low
concentrations of NBQX (250 nMm) affects neither frequency fa-
cilitation nor paired-pulse facilitation of Mf-EPSCs (Perrais et al.,
2009). These data strongly argue against the contribution of
polysynaptic activity to presynaptic facilitation, at least in our
experimental conditions.

Postsynaptic KARs, by prolonging Mf-EPSPs, also contribute
(although to a lesser extent) to synaptic integration and spike
transmission as indicated by the comparison of GluK3 '~ and
GluK2 ™/~ mice. This small but slow postsynaptic component is
amplified by KAR-dependent presynaptic facilitation. In support
of the participation of KAR-EPSCs to synaptic integration [this
study, see also the studies by Frerking and Ohliger-Frerking
(2002), Goldin et al. (2007) in CAl interneurons] a moderate
reduction of KAR-EPSC amplitude by synaptic activation of
NMDA receptors leads to substantial changes in the waveform of
Mf-EPSPs (Rebola et al., 2007). Finally this study provides a di-
rect demonstration that the postsynaptic metabotropic action of
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KARs has a substantial impact on spike
transmission in physiological conditions
of stimulation, as indicated by the analysis
of GluK5 ™'~ mice. Because this effect con-
cerns the inhibition of a slowly activating
K™ conductance, its impact is best ob-
served following sustained activity. Long
stimulation trains and physiological stim-
ulation patterns led to markedly decreased
spike discharge probability in GluK5 '~
mice compared with WT mice. Blocking
I app prevented this GluK5 mediated ef-
fect and revealed that, under physiological
conditions, the portion of I ;p unaffected
by GluKS5 is a potential target for further
modulation.

Functional relevance for

integrated functions

The efficacy of Mf synaptic transmission
can vary to a large extent depending on the
pattern of afferent activity, in striking dif-
ference with A/C synapses onto CA3 pyra-
midal cells which only display modest fa-
cilitation (Salin et al., 1996). The exact
prediction of how a specific pattern of ac-
tivity in presynaptic granule cells is trans-
lated into an output pattern of spike activ-
ity is difficult to assess, given the variety of
presynaptic and postsynaptic mechanisms
that interplay. Nonetheless, repetitive
stimulation with the same complex train
mimicking physiological activity yielded
highly reproducible responses (Fig. 7), in-
dicating that the code for spike transmis-
sion is precise.

In this study we have not taken into
account the potential role of feedfor-
ward inhibition. In cultured hippocam-
pal slices, a single action potential in a
granule cell was shown to evoke a bipha-
sic response in a CA3 pyramidal cell,
consisting of an EPSC followed by an
IPSC (Mori et al., 2004). This secondary
inhibitory response likely reflects feed-
forward inhibition due to disynaptic in-
hibition from interneurons connected
by mossy fibers in CA3 stratum lucidum
(Acsady et al., 1998; Maccaferri et al,,
1998). Interestingly, when GABAergic
synaptic transmission was kept intact in
our acute slice experiments, minimal
stimulation only occasionally led to bi-
phasic (excitatory-inhibitory) postsyn-
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Figure6.  KARsfacilitate the induction of A/CLTP. a, A/CLTP was induced by a coincident pairing protocol of stimulation trains
to the mossy fibers (5 pulses, 50 Hz) and A/Cfibers (8 pulses, 50 Hz), as illustrated. This pairing protocol was repeated 10 times at
1Hzat the time indicated by the arrow. A/Cfibers were otherwise stimulated at 0.1 Hz and EPSP amplitudes were averaged every
minute and normalized to the mean amplitude of the 10 min preceding the LTP pairing protocol. Right, Traces represent A/CEPSPs
before (a) and after LTP induction (b). A/Conly graphs, The gray (a, WT) and the pink (b, Gluk2 ~/~) circles correspond to A/C EPSP
amplitudes in conditions where the LTP-inducing train was only delivered to A/Cafferents in the ahsence of a conditioning train
tomossy fibers. b—d, Asina, butin Gluk2 /=, Gluk3 ~/~, and GluK5 ~/~ mice. e, LTP was significantly diminished 30 min after
LTPinductionin Gluk2 ~/~ and Gluk3 ~/~ mice compared with WT mice (WT: 204 = 6%, n = 16; GluK2 ~/~:155 = 6,n = 15,
*%p < 0,001; GluK3 ~/ 2159 == 5%, n = 11, ***p < 0.001) and to a small extent in GlukS ~/~ mice (190 = 6%,n =13,p =
0.114). £, A higher number of spikes were evoked during the induction protocol in WT and GIuK5 /™ mice, compared with
GluK2 '~ and GluK3 =/~ mice (WT:34 =+ 3,n = 16;GluK2 ~/~:19 = 4,n = 15,***p < 0.01;GluK3 ~/~:20 = 4,n =11,
**xp < 0.01; GluK5 ~/~:34 = 3,n = 13, p = 0.858). Calibration: 100 ms and 2 mV for the EPSPs.

aptic responses. Furthermore, we did not find any significant
differences in spike transmission obtained with or without
intact GABAergic transmission (supplemental Fig. 3, available
at www.jneurosci.org as supplemental material). This suggests
that, contrary to slice cultures, monosynaptic excitation and
feedforward inhibition from a single granule cell do not usu-
ally target the same CA3 pyramidal neuron in acute slices.
Hence, the possibility that in acute slices lateral inhibition
predominates over feedforward inhibition needs to be further

investigated. Additionally, because of the distinct presynaptic
properties of synapses made onto interneurons and pyramidal
cells, the inhibitory response depresses while the excitatory
response facilitates with increasing presynaptic afferent activ-
ity (Acsady et al., 1998; Mori et al., 2004). Feedforward inhi-
bition between mossy fibers and CA3 pyramidal cells is cer-
tainly important in designing the temporal code with which
spike transmission is made possible. The expression of KARs
in CA3 interneurons suggests the possible involvement of
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Figure7.  KARs control CA3 pyramidal cell output in response to a physiological granule cell firing pattern of stimulation.a, b, et al., 1998). As the GluK2 subunit is

Raster plots of spike discharge from 10 consecutive recordings (top) in response to the physiological pattern illustrated at the top
of the panel, with representative recordings (bottom). This pattern of stimulation was extracted from an in vivo recording of a
granule cell from the dentate gyrus of a freely moving mouse. Data are from a single CA3 pyramidal cell of a WT (a) and a
Gluk2 ~/~ mouse (b). ¢, Probability of spike discharge during physiological pattern of stimulation for WT (n = 16), Gluk2 ~/~
(n =19), Gluk3 ~/~ (n = 19), and GIuK5 ~/~ (n = 18) mice. Data were pooled from the 30-s-long patterns of stimulation
presented here and in supplemental Figure 4, available at www.jneurosci.org as supplemental material. d, Plots of the number of
spikes during 10 consecutive recordings as a function of the instantaneous frequency of each stimulation for WT (n = 10) and
GluK2 ="~ (n = 10), Gluk3 ~/~ (n = 11), and GIuK5 ~/~ (n = 9) mice for the pattern at 2.4 Hz (**p < 0.01, ***p < 0.001

compared to WT).

these receptors in regulating feedforward inhibition at Mf syn-
apses (Mulle et al., 2000; Paternain et al., 2000), but this has
yet to be addressed. It is worth mentioning that our data using
a physiological pattern of presynaptic activity in slices from
WT mice share large similarities with what has been reported
in vivo, in conditions where a single presynaptic granule cell
drives the firing of a postsynaptic CA3 pyramidal cell (Henze
et al., 2002) and where feedforward inhibition should be op-
erant. Although local network activity likely modulate the ef-

widely expressed in the brain, the analy-
sis of mice with a constitutive deletion of
GluK2 makes it difficult to establish a
clear link between behavioral deficits
and electrophysiological impairments in
CA3 pyramidal cells. Nevertheless, our
findings call for a reevaluation of spatial
memory in GluK2 /= mice, such as in
behavioral paradigms that require the
mice to perform pattern completion
tasks (Nakazawa et al., 2004). These behavioral paradigms
would be especially fruitful if applied to mice with a condi-
tional deletion of KARs in the hippocampal CA3 subfield.
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