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Abstract

Kainate receptors (KARs) are ionotropic glutamate receptors that also activate non-canonical G-
protein-coupled signalling pathways to depress the slow afterhyperpolarization (SAHP). Here we
show that long-term depression of KAR-mediated synaptic transmission (KAR LTD) at rat
hippocampal mossy fiber synapses relieves inhibition of the SAHP by synaptic transmission. KAR
LTD is induced by high frequency mossy fiber stimulation and natural spike patterns and requires
activation of adenosine A, receptors. Natural spike patterns also cause long-term potentiation of
NMDA receptor-mediated synaptic transmission that overrides the effects of KAR LTD during
low frequency synaptic input. However, KAR LTD is dominant at higher frequency synaptic
stimulation where it decreases the cellular response by relieving inhibition of the SAHP. Thus we
describe a form of glutamate receptor plasticity induced by natural spike patterns whose primary
physiological function is to regulate cellular excitability.
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Introduction

Kainate receptors (KARs) are unique amongst glutamate receptors in exhibiting both
canonical ionotropic and non-canonical metabotropic functions. At postsynaptic densities
they mediate a component of ionotropic synaptic responses (Castillo et al., 1997; Vignes and
Collingridge, 1997) but also inhibit both the medium and slow components of the
afterhyperpolarization (mMAHP and sAHP) via their metabotropic action (Cherubini et al.,
1990; Melyan et al., 2002; Melyan et al., 2004; Fisahn et al., 2005; Ruiz et al., 2005;
Fernandes et al., 2009; Segerstrale et al., 2010). Therefore, although classically considered
ionotropic receptors, the increasing importance of the metabotropic actions of KARs is
forcing a reassessment of their physiological function.
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Mossy fiber synapses between dentate granule cells and CA3 pyramidal cells in the
hippocampus exhibit NMDA receptor (NMDAR)-independent long-term potentiation (LTP)
in response to high frequency stimulation (HFS). This form of mossy fiber LTP is expressed
presynaptically as an increase in the probability of glutamate release from the presynaptic
terminal resulting in an increase in AMPA receptor (AMPAR)-mediated synaptic
transmission (Nicoll and Schmitz, 2005). Mossy fiber synapses also exhibit other forms of
synaptic plasticity including postsynaptically expressed LTP of NMDARs (Kwon and
Castillo, 2008a; Rebola et al., 2008) and LTP and LTD of AMPARs (Lei et al., 2003;
Rebola et al., 2011).

At mossy fiber synapses KARs are located on both presynaptic boutons and postsynaptic
spines (Darstein et al., 2003). Activation of presynaptic KARs facilitates subsequent
glutamate release which in turn facilitates the induction of presynaptically expressed mossy
fiber LTP (Bortolotto et al., 1999; Contractor et al., 2001; Schmitz et al., 2001; Kamiya et
al., 2002; Pinheiro and Mulle, 2008) but see (Kwon and Castillo, 2008b). Activation of
postsynaptic KARs results in a small, slow decaying synaptic response that is a minor
component of mossy fiber postsynaptic potentials (EPSPs) (Castillo et al., 1997; Vignes and
Collingridge, 1997; Mulle et al., 1998) but contributes to EPSP summation (Frerking and
Ohliger-Frerking, 2002; Rebola et al., 2007; Sachidhanandam et al., 2009; Straub et al.,
2011). Long-term depression of postsynaptic KARs (KAR LTD) is induced at mossy fiber
synapses in response to low frequency stimulation (LFS) or postsynaptic depolarization
(Selak et al., 2009; Chamberlain et al., 2012). Furthermore, it is not clear what role KAR
LTD plays given that KAR EPSPs are considerably smaller than either AMPAR or NMDAR
EPSPs.

We hypothesised that synaptic plasticity of KARs alters the inhibition of the AHP in CA3
pyramidal neurons by synaptic KAR activation thereby providing a mechanism for synaptic
plasticity to regulate cellular excitability. Here we provide evidence for depression of the
SAHP by synaptic KARs and relief of this inhibition by KAR LTD induced by HFS or
naturally occurring spike patterns recorded from dentate granule cells. We show that KAR
LTD and NMDAR LTP can be induced concurrently by naturally occurring spike patterns
and investigate the summative effect of these two forms of synaptic plasticity on cellular
response to synaptic stimulation. Finally, we demonstrate the pre-eminent functional
consequence of KAR LTD is the relief of SAHP inhibition.

Materials and Methods

Slice Preparation

Transverse hippocampal slices were prepared from male juvenile (P13-P15) Wistar rats.
Brains were immediately removed following cervical dislocation and immersed in ice-cold
aCSF containing the following (in mM): 119 NaCl, 10 glucose, 26 NaHCO3, 2.5 KCl, 1
NaH,POy, 1 CaCl,, and 5 MgSOy. Individual hippocampi were mounted on agar and 400
um-500 pm slices were cut using a DSK 1000 microslicer (DSK). Following dissection,
slices were transferred to aCSF containing the following (in mM): 119 NaCl, 10 glucose, 26
NaHCOs3, 2.5 KCI, 1 NaH,POy4, 1.3 MgSQy, and 2.5 CaCl,, maintained at 35°C for 30 min,
and then stored at room temperature. After dissection, slices were left for a minimum of 1 h
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before recordings were made. All solutions were saturated with 95% O, and 5% CO,. All
experiments were performed in accordance with Home Office guidelines as directed by the
Home Office Licensing Team at the University of Bristol.

Electrophysiological Recordings

Slices were placed in a submerged recording chamber perfused with aCSF (as above) at
35°C. CA3 pyramidal cells were visualized using infrared-differential interference contrast
optics on an Olympus BX-51WI microscope. Patch electrodes with a resistance of 4-5 M
were pulled from borosilicate filamented glass capillaries (Harvard Apparatus) using a
vertical puller (PC-10; Narishige). For voltage clamp recordings pipettes were filled with
intracellular solution containing the following (in mM): 117 CsMeSOs3, 8 NaCl, 10 HEPES,
5 QX-314, 4 Mg-ATP, 0.3 Na-GTP, 0.2 EGTA, 0.1 bestatin, and 0.1 leupeptin, set to pH
7.4, 280-285 mOsm. For current clamp recordings pipettes were filled with a potassium
based intracellular solution containing the following in mM: 135 KGluconate, 8 NaCl, 10
HEPES, 0.2 EGTA, 2 MgATP and 0.3 NaGTP.

Recordings from CA3 pyramidal neurons were made with a Multiclamp 700A amplifier
(Molecular Devices), filtered at 4 kHz, and digitized at 10 kHz using a data acquisition
board and Signal acquisition software (CED). For voltage clamp experiments cells were
clamped at —=60 mV (without junction potential correction). Series resistance was monitored
throughout the experiments and cells that showed >20% changes were discarded from
subsequent analysis. Recordings were also rejected from analysis if the series resistance was
>30 MQ. AMPAR EPSCs were recorded in the presence of picrotoxin (50 pM; GABAAR
antagonist) and L-689 560 (5 uM; NMDAR antagonist). When recording KAR EPSCs
GYKI 53655 (40 pM) was also included to block AMPAR. To record NMDAR EPSCs,
cells were clamped at —50 mV, the extracellular MgZ* concentration was reduced to 0.3
mM, and NBQX (20 uM) was added to block AMPAR and KAR. Current clamp recordings
were done in the presence of picrotoxin (50 pM) and CGP 55845 (1 uM) to block GABAAR
and GABARR respectively. Bridge balance was employed for all current clamp recordings.

Synaptic responses were evoked with 100 ps square voltage steps applied at 0.05 Hz through
a bipolar stimulating electrode located in the granule cell layer to stimulate mossy fiber
axons. In all experiments with AMPAR and NMDAR EPSCs and some experiments on
KAR EPSCs the purity of mossy fiber responses was confirmed by 5 minute application of
the group Il mGIuR agonist DCG-1V (1 uM) (Kamiya et al., 1996). Any responses not
inhibited by > 80% were discarded from subsequent analysis. The peak amplitude of evoked
synaptic responses was measured to calculate response amplitude. Control test pulses were
given every 20 sec. In the paired-pulse stimulation protocol, two pulses were delivered with
40 ms (AMPAR and KAR) or 100 ms (NMDAR) intervals. Natural stimulus patterns were
presented whilst maintaining cells in voltage clamp at -60 mV.

IsaqpS Were recorded in CA3 neurons voltage clamped at —=50 mV in the presence of
picrotoxin (50 uM; GABAAR antagonist), L-689 560 (5 uM; NMDAR antagonist), GYKI
53655 (40 uM; AMPAR antagonist) and CGP 55845 (1 uM; GABAgR antagonist) and
induced by a depolarizing voltage step to 0 mV for 200ms applied every 20 seconds.
Recording pipettes were filled with a potassium based intracellular solution containing the
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following in mM: 135 KGluconate, 8 NaCl, 10 HEPES, 0.2 EGTA, 2 MgATP and 0.3
NaGTP. Measurement of I;app amplitude was made at the peak of the response
approximately 300 ms after returning the membrane potential to -50 mV and clearly
distinguished from Iyaqp. The data were filtered at 1 kHz and sampled at 2 kHz. Synaptic
stimulation was applied to mossy fibers every 20 seconds and 10 seconds prior to Isanp.

Data Analysis

Drugs

Results

Data were analysed using Signal acquisition software (CED). Three consecutive traces were
averaged together to produce a mean response every minute. EPSC amplitude measurements
were taken from the mean traces and normalized to the mean baseline EPSC amplitude.
Quantification of plasticity was calculated by averaging the amplitude of control EPSCs
measured for 10 minutes prior to induction and comparing it to the average amplitude of
EPSCs between 30 and 35 min following induction. 1/CV2 was calculated from EPSC
amplitude measurements made during 10 minutes of baseline recording and 20-30 minutes
following plasticity induction. Values were then normalized to the baseline for each
experiment. Spike delay was calculated as the average time taken to spike from the first of
the 10 stimuli, spike number as the total number of spikes and depolarisation envelope was
calculated as the area under the curve created by joining points in the voltage trace just prior
to each stimulation. Spike delay, number and depolarisation were all averaged for 10
minutes prior to NSP and 15-20 minutes after. Data are plotted as the mean + standard error
of the mean (SEM). Statistical tests were performed with paired or unpaired Student’s t tests
or ANOVA as appropriate. *, ** and *** denote P<0.05, 0.01 and 0.001 respectively.
Synaptic plasticity was assessed by comparing the mean normalized EPSC amplitudes 30-35
min after induction.

UCL2077, L-689560, DCG-1V, and ZM 241385 were purchased from Tocris Bioscience.
Picrotoxin and PKC 19-36 were purchased from Sigma Aldrich. NBQX and GYKI 53655
(custom synthesized) were purchased from Ascent Scientific.

KAR inhibition of sAHP

We first characterised the effects of KAR-mediated transmission at hippocampal mossy
fiber synapses on the sAHP in CA3 pyramidal neurons (Melyan et al., 2004; Ruiz et al.,
2005). To test whether SAHP was depressed by KAR activation, whole-cell voltage clamp
recordings were made from CA3 pyramidal neurons in acutely prepared hippocampal slices
and sAHP currents (I;app) elicited by depolarizing the membrane potential to 0 mV for 200
ms in the presence of GYKI 53655, picrotoxin, CGP 55845 and L-689560 to inhibit
AMPARs, GABAARs, GABAgRs and NMDARs respectively. This protocol produced
robust, stable Isanqp Of average amplitude 71.0 + 7.6 pA and duration 4.3 £ 0.6 seconds. In
control experiments Isanp amplitude showed only a small non-significant depression over
40 minutes recording (84 = 12%; n=6; P>0.05). We occasionally saw a small mAHP current
but lack of consistency when recording in the whole-cell configuration (Buchanan et al.,
2010) prevented further analyses of these currents. Stimulation of the mossy fiber pathway
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with 10 stimuli @ 25 Hz every 20s produced KAR-mediated postsynaptic currents (KAR
EPSCs) and led to a fully reversible decrease in the amplitude of Isapp (Figure 1A; 55.6 £
11.5%; n=6; P<0.01) without any change in input resistance (194.6 + 21.0 M vs 225.1 +
22.5 MQ; n=6; P>0.05) or holding current (48.4 + 26.1 pA vs. 39.9 £ 28.3 pA; n=6;
P>0.05). The depression of I;app Was also reversed by the addition of the AMPAR/KAR
antagonist NBQX (10 pM) (Figure 1B; from 56.2 £+ 9.5% of baseline to 90.6 + 5.3%; n=5;
P<0.01) or the mGIuR group Il agonist DCG-1V (1 pM) that selectively inhibits
neurotransmitter release from mossy fiber terminals (Kamiya et al., 1996) (Figure 1C; from
54.9 + 9.1% of baseline to 85.6 + 10.6%; n=6; P<0.01) demonstrating that the depression of
Isanp Was mediated by activation of synaptic KARs at mossy fiber synapses.

KAR LTD induced by HFS or natural stimulus patterns

KAR LTD can be induced by prolonged LFS or postsynaptic depolarisation (Selak et al.,
2009; Chamberlain et al., 2012), however, other forms of plasticity at this synapse are
induced by HFS therefore we tested whether KAR LTD can be induced by HFS by
characterising the effects of HFS on KAR-mediated transmission at hippocampal mossy
fiber synapses. AMPAR EPSCs were recorded in the presence of L-689560 and picrotoxin
and KAR EPSCs were pharmacologically isolated with additional GYKI153655. 100 or more
stimuli presented at 25 Hz typically induces presynaptic LTP associated with decreases in
paired pulse ratio (PPR) and EPSC amplitude variance (Nicoll and Schmitz, 2005).
However, it has been shown that lower numbers of stimuli can induce postsynaptically
expressed NMDAR LTP without engaging presynaptic LTP (Kwon and Castillo, 2008a;
Rebola et al., 2008). We tested a HFS protocol of 50 stimuli @ 25 Hz and found that this
induced a robust LTD of KAR EPSCs (Figure 2A; 54.4 + 5.2%; n=6; P<0.01) but no
presynaptic LTP measured with AMPAR EPSCs (Figure 2B; 110.2 + 32.4%; n=7; P>0.05).
Analysis of PPR and EPSC amplitude variance using 1/CV? revealed no change for either
KAR EPSCs (Figure 2A; PPR 1.9 + 0.1 to 2.0 + 0.1; P>0.05; norm 1/CV2 1.51 + 0.59;
P>0.05) or AMPAR EPSCs (Figure 2B; PPR 2.9 + 0.3 to 2.8 + 0.2; P>0.05; norm 1/CV2
0.83 £ 0.19; P>0.05). In agreement with previously published data PPR for KAR EPSCs
was lower compared to AMPAR EPSCs (Ito et al., 2004; Perrais et al., 2009) and similar to
our previous studies (Martin et al., 2007; Chamberlain et al., 2012), mossy fiber KAR
EPSCs recorded at 34°C were stable before and after HFS demonstrating no underlying
rundown in response amplitude over the course of the experiments. Therefore, at the mossy
fiber synapse, KAR LTD can be induced by HFS in the absence of presynaptic LTP.

The different plasticity thresholds for KAR LTD and presynaptic LTP suggest that patterns
of activity that occur at mossy fiber synapses in vivo may engage KAR LTD more readily
than presynaptic LTP. It has been shown that some patterns of high frequency granule cell
activity recorded from awake rats are able to induce presynaptic LTP at mossy fiber
synapses when replayed into slices (Gundlfinger et al., 2010; Mistry et al., 2011). We
investigated whether a natural stimulus pattern (NSP) of duration 10 seconds and containing
56 stimuli which incorporated a burst of 50 stimuli in 2 seconds (Figure 2C) (chosen as an
epoch of activity with a high density of granule cell spiking (Wiebe and Staubli, 1999, 2001,
Mistry et al., 2011)) could induce KAR LTD or presynaptic LTP.
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Similar to HFS of 50 stimuli @ 25 Hz, the NSP induced KAR LTD (Figure 2D; 59.6
+11.6%; n=7, P<0.05) with no change in PPR (Figure 2D; 1.5 + 0.2 vs. 1.7 + 0.2; P>0.05)
or EPSC amplitude variance (norm 1/CV2 0.89 + 0.31; P>0.05) but interestingly the NSP
did not induce presynaptic LTP measured with AMPAR EPSCs (Figure 2E; 100.8 + 12.9%;
n=7; P>0.05) and there was no change in PPR (Figure 2E; 3.5 + 0.5 vs. 3.6 £ 0.3; P>0.05)
or EPSC amplitude variance (norm 1/CV2 0.89 + 0.20; P>0.05). Indeed, three consecutive
repetitions of the NSP separated by 20 seconds were insufficient to induce reliable
presynaptic LTP (176.8 + 55.5%; n=8; P>0.05; data not shown). We attribute the lack of
presynaptic LTP to the high threshold for LTP induction in slices from rats compared to
mice (Schmitz et al., 2003; Kwon and Castillo, 2008a; Rebola et al., 2008; Mistry et al.,
2011). We conclude that the NSP contains sufficient numbers of stimuli at a high enough
frequency to engage KAR LTD but not presynaptic LTP.

KAR LTD relieves the inhibition of Iganp

We hypothesised that KAR LTD alters the inhibition of the SAHP by synaptic KAR
activation thereby providing a mechanism for synaptic plasticity to regulate cellular
excitability. To test whether Isapp Was depressed by KAR activation and then relieved of
this depression following KAR LTD we recorded Igapp and stimulated mossy fiber synapses
with 10 stimuli @ 25 Hz every 20s. After Isapp stabilised we then stimulated mossy fiber
synapses with the NSP which relieved ~50% of Isanp inhibition induced by 25 Hz synaptic
stimulation (Figure 3A; from 40.4 = 7.9% to 65.2 + 8.2; n=5; P<0.01 compared to synaptic
stimulation). The NSP also reduced the KAR EPSC without a change in PPR (Figure 3A,;
39.5 £ 9.1%; P<0.01; PPR - 2.0 £ 0.3 to 1.8 + 0.4; P>0.05; n=5). Similarly, induction of
KAR LTD with 50 stimuli @ 25 Hz also led to a reversal of the synaptic stimulation-
induced depression of Igapp, a robust LTD and no change in PPR (Figure 3B; Isapp from
58.4 £ 2.5% to 85.0 = 4.6%; P<0.01; KAR EPSC to 47.5 + 4.6% P<0.01; PPR from 1.7 +
0.5t0 1.8 £ 0.5; P>0.05; n=5). To confirm the role of KARs in the relief of I;ayp inhibition
by the NSP (Figure 3A), we repeated the experiments with the addition of CNQX (10 uM)
which prevented the depression of Isanp by synaptic stimulation (Figure 3C; 92.1 £ 9.4%;
P>0.05; n=5;) and the effect of the NSP on Isanp (Figure 3C; 98.5 + 13.2%; P>0.05; n=5).
These results demonstrate that KAR LTD partially relieves the inhibition of Isapp by
synaptic KAR activation.

KAR LTD can also be induced using LFS of 300 stimuli @ 1Hz (Selak et al., 2009;
Chamberlain et al., 2012) so we next tested if this protocol could also relieve the inhibition
of Isanp by synaptic KAR activation. Stimulation of mossy fiber synapses with 300 stimuli
@ 1Hz also induced KAR LTD and relieved the inhibition of Isanp by synaptic KAR
activation but with a slower time course than NSP or 50 stimuli @ 25 Hz induced KAR
LTD (Figure 3D; Igapnp from 37.7 £ 6.7% to 52.7 £ 7.4%, P<0.05; KAR EPSC t0 59.9 +
12.5%, P<0.05; PPR from 2.0 + 0.2 to 1.9 £ 0.2; P>0.05; n=6).

Induction of NMDAR LTP

We have so far considered two independent forms of synaptic plasticity at the mossy fiber
synapse, presynaptic LTP expressed as an increase in the probability of glutamate release
and postsynaptic KAR LTD. Both are induced by HFS. A third form of synaptic plasticity,
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NMDAR LTP, also exists at the mossy fiber synapse but its induction requires fewer stimuli
at high frequency than presynaptic LTP (Kwon and Castillo, 2008a; Rebola et al., 2008). We
therefore investigated whether HFS with low numbers of stimuli or the NSP could induce
NMDAR LTP. Stable NMDAR EPSCs were recorded at =50 mV in the presence of 0.3 mM
Mg?2* and 20 pM NBQX. HFS of 24 stimuli @ 25 Hz (Kwon and Castillo, 2008a) induced
robust LTP of NMDAR EPSCs (Figure 4A; 315.7 £ 56.5%; n=6; P < 0.05) with no
corresponding change in PPR (Figure 4A; 2.5 + 0.1 vs. 2.3 £ 0.2; P>0.05) or EPSC
amplitude variance (norm 1/CV2 2.59 + 0.98; P>0.05). NMDAR LTP was also induced by
the NSP (Figure 4B; 192.7 + 28.9%; n=7; P<0.05) with no corresponding change in PPR
(Figure 4B; 2.7 + 0.3 vs. 2.5 + 0.4; P>0.05) or EPSC amplitude variance (norm 1/CV2 2.09
+ 1.56; P>0.05). Interestingly, we were unable to induce KAR LTD with HFS of 24 stimuli
@ 25 Hz (Figure 4C; 100.7 = 26.9%; n=6; P>0.05) again without a change in either PPR
(1.68 + 0.23 vs. 1.65 + 3.4; P>0.05) or EPSC amplitude variance (norm 1/CV?2 2.67 + 1.57;
P>0.05). The higher threshold for KAR LTD versus NMDAR LTP could be because
NMDARs are blocked during measurement of KAR EPSCs. However, removal of the
NMDAR antagonist during HFS of 24 stimuli @ 25 Hz did not result in KAR LTD (Figure
4D; 120.3 + 10.0%, n=5, P>0.05) indicating that activation of NMDARs did not lower the
threshold for KAR LTD to that seen for NMDAR LTP. In addition, HFS of 10 stimuli @ 25
Hz was insufficient to induce NMDAR LTP (Figure 4E; 146.8 + 40.0%, n=7, P>0.05). Thus
we describe 3 different forms of synaptic plasticity at the mossy fiber synapse that have
different thresholds for induction. NMDAR LTP is induced by the fewest number of stimuli,
then KAR LTD and finally presynaptic LTP with both NMDAR LTP and KAR LTD
induced by the NSP.

KAR LTD requires adenosine A receptor activation

KAR LTD at mossy fiber synapses induced by LFS or depolarization (15 minutes @ +30
mV) is dependent on activation of mGIuR5 and PKC (Selak et al., 2009; Chamberlain et al.,
2012), both of which are also required for NMDAR LTP. An additional requirement for
NMDAR LTP is the activation of adenosine A, receptors (AoaRs) (Rebola et al., 2008).
Given the similarity in induction protocols and mechanisms between NMDAR LTP and
KAR LTD, we tested the requirement for ApaRs in KAR LTD with the A,aR antagonist
ZM 241385 (50 nM). Inhibition of AyaRs prevented KAR LTD induced by HFS with 50
stimuli @ 25 Hz (Figure 5A; 97.3 + 7.8%, P>0.05; PPR from 1.6 £ 0.2 to 1.7 + 0.2; P>0.05;
n=10). Therefore, our data reveal similar mechanisms underlie NMDAR LTP and KAR
LTD at mossy fiber synapses.

Inhibition of KAR LTD is predicted to also inhibit the relief of I;anp inhibition by synaptic
KAR activation. In the presence of the ApaR antagonist, activation of synaptic KARs
depressed Isapp in a similar fashion to that observed in control conditions. However,
stimulation of mossy fiber synapses with 50 stimuli @ 25 Hz did not result in KAR LTD or
relief of I;ap depression (Figure 5B; from 50.9 + 3.7% to 49.1 + 4.6%, P>0.05; n=5).
Similarly, in the presence of the AyaR antagonist stimulation of mossy fiber synapses with
the NSP did not induce KAR LTD or relieve the inhibition of I;ayp by synaptic KAR
activation (Figure 5C; from 48.4 + 5.5% to 38.0 + 2.0%, P>0.05; n=5). Thus, the canonical
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and non-canonical effects of KAR LTD are inhibited by an adenosine A,aR antagonist
supporting a mechanism that mirrors that of NMDAR LTP.

KAR LTD decreases cellular excitability by relieving inhibition of the sAHP

KAR and NMDAR kinetics are relatively slow and the amplitude of synaptic responses
relatively small in comparison to AMPARs at mossy fiber synapses (Castillo et al., 1997;
Vignes and Collingridge, 1997; Mulle et al., 1998; Rebola et al., 2011). Therefore, the major
impact of postsynaptic NMDAR and KAR is the duration of EPSPs rather than amplitude
(Sachidhanandam et al., 2009). However, it is difficult to predict what effect the
combination of NMDAR LTP and KAR LTD may have on the duration of EPSPs and their
temporal summation. Furthermore, the impact of KAR LTD on sAHP will also affect EPSP
temporal summation reducing cellular excitability.

To explore the consequences of concurrent changes in postsynaptic NMDAR and KAR we
examined the cellular response to 10 synaptic stimuli presented at 3, 10 or 20 Hz before and
after induction of NMDAR LTP and KAR LTD by the NSP. 10 stimuli at 3, 10 or 20 Hz
was insufficient to induce any form of long-term synaptic plasticity at mossy fiber synapses
(Figures 2 and 4). EPSP amplitude was set so that the first action potential occurred on
EPSP 3-6 in control conditions. EPSP amplitudes varied across experiments (range 1.2 mV
to 11.8 mV) but there was no correlation between initial EPSP amplitude and frequency of
synaptic stimulation or result of NSP stimulation (data not shown). In agreement with the
observation that presynaptic LTP is not induced by the NSP and that NMDAR and KAR
have little influence on peak EPSP amplitude, the NSP produced no change in the amplitude
of the first EPSP at any frequency of stimulation (3 Hz; 8.0 £ 1.2 mV vs. 10.2 + 1.2 mV; 10
Hz:49+£1.3mVvs.5.0+£1.5mV; 20 Hz: 6.3+ 1.3 mV vs. 5.7 + 1.1 mV). However,
during 3 Hz synaptic stimulation the first action potential occurred earlier following the NSP
(Figure 6A; delay to spike 50.1 + 4.3 %; n=5; P<0.001), whereas at 10 or 20 Hz synaptic
stimulation there was no change (Figure 6A,; delay to spike 97.5 + 18.4%, n=7, P>0.05 and
91.9 + 11.9%, n=7, P>0.05 for 10 and 20 Hz respectively). In addition, we analysed the
number of spikes during synaptic stimulation at each frequency before and after the NSP. At
3 Hz there was an increase in the number of spikes (Figure 6A; number of spikes 147.8 +
17.9%; n=5; P<0.05), whereas at 10 and 20 Hz there was a decrease after the NSP (Figure
6A; number of spikes 68.1 £ 6.3; n=7; P<0.01 and 70.5 + 10.6%; n=8; P<0.05 for 10 and 20
Hz respectively). We also examined the sustained depolarization resulting from temporal
summation of synaptic responses (depolarization envelope, see experimental procedures) as
another measure of NMDAR and KAR activation. During synaptic stimulation at 3 Hz there
was an increase in the size of the depolarization envelope after the NSP (Figure 6A;
depolarization envelope 340.0 = 15.8%; n=5; P<0.001), whereas at 10 and 20 Hz there was
a decrease (Figure 6A,; depolarization envelope 65.7 + 14.0%, n=7, P<0.05 and 75.9 + 6.5%,
n=7, P<0.01 for 10 and 20 Hz respectively).

NMDAR LTP is predicted to reduce spike delay and increase the number of spikes and
depolarization envelope whereas the reverse is predicted for KAR LTD. Therefore, these
results suggest that NMDAR LTP is the dominant form of plasticity in the cellular response
to 3 Hz synaptic stimulation and KAR LTD is dominant in the response to 10 and 20 Hz
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stimulation. To test this we used a stimulation protocol of 24 stimuli @ 25Hz previously
shown to induce NMDAR LTP but not KAR LTD (Figure 4). Using 3 Hz synaptic
stimulation, 24 stimuli @ 25 Hz produced changes in response to synaptic stimulation that
were similar to those obtained with the NSP. The first action potential occurred earlier and
both the number of spikes and depolarization envelope increased (Figure 6B; delay to spike
62.8 £ 5.0%, P<0.001; spike number 192.5 + 29.6%, P<0.05; depolarization envelope 210.3
+ 26.2%, P<0.01; n=8). However, using 20 Hz synaptic stimulation, 24 stimuli @ 25 Hz
produced the opposite changes in response to synaptic stimulation to the NSP. Similar to the
effects using 3 Hz, the first action potential occurred earlier and both the number of spikes
and depolarization envelope increased (Figure 6B; delay to spike 76.7 + 6.8%, P<0.05;
spike number 146.1 + 7.0%, P<0.05; depolarization envelope 183.0 + 9.8%, P<0.01; n=6).

Both NMDAR LTP and KAR LTD induced by the NSP can be blocked by inhibition of
PKC (Kwon and Castillo, 2008a; Selak et al., 2009; Chamberlain et al., 2012). Therefore, to
test the dependence of the observed changes in excitability on these forms of
postsynaptically expressed synaptic plasticity we repeated the experiments including the
PKC inhibitory peptide PKC19-36 in the pipette solution. With PKC activity blocked there
was no change in spike delay, number of spikes or depolarisation envelope after the NSP in
response to trains of 3 or 20 Hz synaptic stimulation (Figure 6C; 3Hz - delay to spike 107.2
+ 14.6%, P>0.05; spike number 101.4 + 11.4%, P>0.05; depolarization envelope 117.0 £
42.8%, P>0.05; n=8; 20Hz - delay to spike 112.5 + 10.8%, P>0.05; spike number 104.0 +
15.7%, P>0.05; depolarization envelope 110.2 + 4.5%, P>0.05; n=6).

These results reveal that NMDAR LTP and KAR LTD induced by the NSP produce a
frequency-dependent effect on cellular excitability. 3 Hz synaptic stimulation showed an
increase in depolarization envelope and reduction in spike delay whereas 10 and 20 Hz
stimulation showed a decrease in depolarization envelope and the total number of spikes but
no change in spike delay. NMDAR LTP reduces spike delay and increases the number of
spikes and depolarization envelope whereas the reverse is predicted for KAR LTD.
Therefore, these results demonstrate that NMDAR LTP is the dominant form of plasticity in
the cellular response to 3 Hz synaptic stimulation and predict that KAR LTD is dominant in
the response to 10 and 20 Hz stimulation.

The effect of KAR LTD on EPSP temporal summation could be a result of a reduction in
either the canonical or non-canonical signalling pathways or both. To test this we
investigated the effect of KAR LTD and NMDAR LTP on EPSP summation in the absence
of the SAHP. We first used bath application of 10 pM UCL2077 (Zaitsev and Anwyl, 2012)
which rapidly blocked Isanp (Figure 7A; to 8.2 + 17.3%, P<0.01; n=3). Inhibition of SAHP
had little effect on the change in cellular response to synaptic stimulation at 3 Hz caused by
the NSP. Delay to spike was still decreased and number of spikes and depolarization
envelope were still increased although the increase in number of spikes was enhanced
(Figure 7B; delay to spike 67.4 + 14.3%, P<0.05; spike number 178.2 + 35.1%, P<0.05;
depolarization envelope 347.7 = 105.5%, P<0.05; n=7). In stark contrast, inhibition of SAHP
with UCL2077 reversed the effects of the NSP on 10 and 20 Hz synaptic stimulation. Delay
to spike was now decreased and the number of spikes and depolarization envelope were both
increased (Figure 7B; 10 Hz - delay to spike 77.4 + 5.7%, P<0.05; number of spikes 135.9 +
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10.8%; P<0.05; depolarization envelope 143.0 + 16.4%; P<0.05; n=8; 20 Hz - delay to spike
77.4 + 7.8%, P<0.05; number of spikes 127.7 + 7.7%; P<0.05; depolarization envelope
135.3 + 11.9%; P<0.05; n=9). Similarly, inhibiting the SAHP by inclusion of 1 mM cAMP
in the pipette solution (Pedarzani and Storm, 1993) also had little effect on the change in
cellular response to synaptic stimulation at 3 Hz caused by the NSP. Delay to spike was still
decreased and number of spikes and depolarization envelope were still increased although
the increase in number of spikes was enhanced (Figure 7C; delay to spike 63.6 + 12.8%,
P<0.05; number of spikes 208.3 + 26.8%; P<0.05; depolarization envelope 198.4 + 11.2%;
P<0.05; n=6). In addition, inhibition of SAHP with cAMP reversed the effects of the NSP on
20 Hz synaptic stimulation. Delay to spike was now decreased and the number of spikes and
depolarization envelope were both increased (Figure 7C; delay to spike 63.4 + 11.9%,
P<0.05; spike number 242.8 + 93.6%, P<0.05; depolarization envelope 125.7 + 7.0%);
P<0.05; n=6). Addition of cAMP to the pipette solution had no effect on NMDAR LTP or
KAR LTD induced by the NSP (data not shown). These results indicate that in the absence
of SAHP, NMDAR LTP induced by the NSP is dominant over KAR LTD suggesting that
the most important effect of KAR LTD is via the non-canonical signalling pathway and the
inhibition of the sSAHP.

Discussion

The discovery of postsynaptic KARs at mossy fiber synapses that produce small amplitude
KAR EPSCs in comparison to AMPAR or NMDAR EPSCs (Castillo et al., 1997; Vignes
and Collingridge, 1997) suggests their physiological ionotropic function is relatively subtle
(Sachidhanandam et al., 2009). Here, we describe a major role for synaptic KARs in
regulating cellular excitability via inhibition of the SAHP. Furthermore, we show that the
inhibition of SAHP can be modulated by synaptic plasticity of KARs.

KAR regulation of AHP function has previously been demonstrated by agonist application
to CAl or CA3 pyramidal neurons (Cherubini et al., 1990; Melyan et al., 2002; Fisahn et al.,
2005; Ruiz et al., 2005; Fernandes et al., 2009) and for tonic KAR activation in hippocampal
interneurons (Segerstrale et al., 2010). Synaptically activated KAR regulation of the AHP
has been shown in CA1 and CA3 pyramidal neurons (Melyan et al., 2004; Ruiz et al., 2005).
The specific identity of AHP currents regulated by KARs is unclear. mAHP currents
mediated by SK channels are shown to be regulated in interneurons (Segerstrale et al., 2010)
whereas the SAHP is regulated in CA1 pyramidal neurons (Cherubini et al., 1990; Melyan et
al., 2002; Melyan et al., 2004) and both mAHP and sAHP currents are regulated in CA3
pyramidal neurons (Fisahn et al., 2005; Ruiz et al., 2005; Fernandes et al., 2009). We found
that synaptic KAR regulation of SAHP in CA3 pyramidal neurons is the dominant effect of
KAR LTD on cellular excitability.

Interestingly, we observed the effect of the NSP on cellular excitability had a frequency-
dependent component. The NSP was able to induce both KAR LTD and NMDAR LTP but
not presynaptic LTP leading to the question of what the combined impact of NMDAR
increase versus KAR decrease might be. Therefore we looked at the impact of the NSP on
the response to 10 synaptic stimuli at various frequencies. We found a differential effect
dependent on the frequency of synaptic stimulation. At 3 Hz cellular excitability changed as
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expected if NMDAR LTP is the dominant form of plasticity whereas at 10 or 20 Hz it
appeared that KAR LTD is dominant (Figure 6). Evidence suggests that at higher
frequencies there is a larger contribution of the SAHP, as activation of the SAHP by
suprathreshold EPSP trains is dependent on stimulation number and frequency (Wu et al.,
2004) and the threshold for sAHP activation in CA3 pyramidal cells is minimally 3 Hz with
half maximal SAHP achieved at 8Hz (Podlogar and Dietrich, 2006). Therefore, at 3 Hz
synaptic stimulation, NMDARSs dominate temporal summation increasing the depolarization
envelope and decreasing spike delay. At 10 or 20 Hz synaptic stimulation, SAHPs become
more dominant since SAHPs shunt NMDAR EPSPs (Fernandez de Sevilla et al., 2007) and
reduce the depolarization envelope during trains of synaptic stimulation (Wu et al., 2004).
Thus, at 10 or 20 Hz synaptic stimulation the role of KARs in regulating the SAHP becomes
the dominant factor. The ionotropic function of postsynaptic KARs also regulates cellular
excitability and response to synaptic stimulation (Sachidhanandam et al., 2009) and
therefore plasticity of KARs is likely to alter the ionotropic function of KARs. However, our
data suggest that the concurrent plasticity of NMDARs and the metabotropic KAR function
are dominant under our experimental conditions.

Postsynaptic KARs at mossy fiber synapses are composed primarily of GluK2 and GIluK5
subunits (Mulle et al., 1998; Darstein et al., 2003; Ruiz et al., 2005; Fernandes et al., 2009)
although it is not currently clear which subunit is critical for non-ionotropic signalling (Ruiz
et al., 2005; Fernandes et al., 2009). Metabotropic coupling is thought to occur via Gg/11 G-
proteins that inhibit channels underlying both the sSAHP and mAHP via activation of PLC
and PKC (Ruiz et al., 2005) although it is also reported that pertussis toxin inhibits the
coupling (Melyan et al., 2002). KAR LTD induced by LFS is dependent on the GIuK5
subunit and its interactions with SNAP25 and PICK-1. mGIuR5 and PKC activation
promote GIluKS5 interaction with SNAP25 and allow KAR endocytosis (Selak et al., 2009).
LFS-induced KAR LTD also requires PKC-mediated phosphorylation and SUMOylation of
GluK2 (Chamberlain et al., 2012). Intriguingly, we also found KAR LTD induced by HFS
was dependent on the activation of adenosine A, receptors (Figure 5) which has previously
been shown to be required for the induction of NMDAR LTP at mossy fiber synapses
(Rebola et al., 2008). Indeed, the mechanism and induction protocols we describe for KAR
LTD are remarkably similar to NMDAR LTP with the exception that KAR LTD does not
require the activation of NMDARs (Kwon and Castillo, 2008a; Rebola et al., 2008).
Interestingly, NMDARs can induce a short-term depression of KAR EPSCs at the mossy
fiber synapse (Ghetti and Heinemann, 2000; Rebola et al., 2007). It is possible that even
though NMDARs are not required for KAR LTD, they may contribute by lowering the
induction threshold, although our experiments suggest this is not the case (Figure 4).

The NSP we have used is taken from the activity of a single granule neuron in the rat
hippocampus during performance of a delayed non-match to sample memory task (Wiebe
and Staubli, 1999, 2001; Mistry et al., 2011). We have selected it as an epoch of activity that
contained a high density and duration of high frequency activity (Mistry et al., 2011). We
found this NSP was sufficient to induce NMDAR LTP and KAR LTD but not presynaptic
LTP in rat hippocampal slices since the threshold for induction of presynaptic LTP was
higher than KAR LTD or NMDAR LTP. This suggests that NMDAR LTP and KAR LTD
may be the most commonly occurring forms of plasticity at mossy fiber synapses in vivo.
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Our data show that the coincident induction of both forms of plasticity led to a shift in
preferred synaptic input frequency from high (10-20 Hz) to low (<3 Hz). Response to higher
frequency synaptic input is reduced because KAR LTD removes the inhibition of the SAHP
that is dominant at higher frequencies. In contrast, response to lower frequency synaptic
input is enhanced because the SAHP is not engaged and NMDAR LTP causes an increase in
EPSP temporal summation. In addition, NMDAR LTP may render mossy fiber synapses
capable of undergoing NMDAR-dependent AMPAR LTP (Rebola et al., 2011) so KAR
LTD induction in tandem with NMDAR LTP may be necessary as a protective mechanism
against increases in cell excitability. Our data provide evidence for previously undescribed
roles for postsynaptic KARs and KAR plasticity at hippocampal mossy fiber synapses.
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Figure 1. Synaptic KAR stimulation depresses | sayp

(A) Isanps Were stimulated with 200 ms depolarizations to 0 mV from a holding potential of
—60 mV. Synaptic stimulation of 10 stimuli @ 25 Hz produced a depression in lgapp.
Example traces show Isapps (top) and synaptic responses (bottom) during baseline (black),
synaptic stimulation (red) and after recovery (green). (B) Application of NBQX (10 uM) to
block KARs reversed the depression of Isapyp by synaptic stimulation. (C) Application of
DCG-IV (1 uM) to inhibit glutamate release from mossy fiber terminals reversed the
depression of Isanp by synaptic stimulation.

J Neurosci. Author manuscript; available in PMC 2014 November 07.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Chamberlain et al.

Page 16

KAR AMPAR
200 400
50 pA

150 1 0 ok 300 - 40 ms

<
o5 100 gy, === 0P
(2] o
o1 ) o PV W TN Qﬂj —
ol so@stz o |s0@2shz

-10 0 10 20 30 40 -10 0 10 20 30 40 50
Time (min) Time (min)

A

C (%)
8
3

EP

C

" replayed into slice ex vivo

D—
recorded via whole cell
h m

natural stimulus I H ‘
?attern ZN.SP
ecorde

)
n WVV B

: @ S

200 pA patch clamp
1s
D KAR AMPAR
200 ; 'VV 400 1
A1 50 1 |100 pA ?300 ] |40 pA
& 40 ms <) 40 ms
e ey e, e O
§1OO W—VW 2200 +
o)
" 50 ; “100 din —
! ] ;
0 sy T T , 0 - — .
-10 O 10 20 30 40 -10 0 10 20 30 40 50
Time( min) Time (min)

Figure 2. High frequency stimulation inducesLTD of KAR EPSCs
(A) 50 stimuli @ 25 Hz (arrow) was sufficient to induce LTD of KAR EPSCs. Example

traces show EPSCs during baseline (black) and after HFS (red). PPR was unchanged by
KAR LTD induction. (B) 50 stimuli @ 25 Hz was insufficient to induce LTP of AMPAR
EPSCs or change PPR. DCG-1V (1 puM) was applied at the end of each experiment to
confirm mossy fiber input. (C) lllustration of natural stimulus pattern (NSP). A granule cell
was recorded in vivo and a spike pattern with high density of spikes (black) replayed into
the stimulation electrode of a slice experiment whilst recording the synaptic response in a
CAZ3 pyramidal neuron (red). The NSP was sufficient to induce KAR LTD (D) but
insufficient to induce presynaptic LTP measured by AMPAR EPSCs (E).
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Figure 3. KAR LTD relievesthe KAR-mediated inhibition of SAHP

(A) Isanp amplitude was depressed by synaptic stimulation of 10 stimuli @ 25 Hz but the
depression was partially relieved by the NSP. Example traces show Isanps (top) and
synaptic responses (bottom) during baseline (black), after synaptic stimulation (red) and
after the NSP (green). Bar graph shows quantification of I;app amplitude depression and
subsequent relief. (B) Depression of Igapp by Synaptic stimulation was also relieved by HFS
of 50 stimuli @ 25 Hz. (C) In the presence of CNQX (10 pM) to block KARs, synaptic
stimulation did not depress I;aqp and the NSP had no effect on Igapp amplitude. (D)
Depression of Igapp by synaptic stimulation was relieved by LFS of 300 stimuli @ 1 Hz but
with a slower timecourse.
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Figure 4. High frequency stimulation induces L TP of NMDAR EPSCs
(A) 24 stimuli @ 25 Hz (arrow) was sufficient to induce NMDAR LTP. Example traces

show EPSCs during baseline (black) and after HFS (red). PPR was unchanged by NMDAR
LTP induction. DCG-1V (1 uM) was applied at the end of each experiment to confirm mossy
fiber input. (B) The NSP was sufficient to induce NMDAR LTP but did not change PPR.
(C) 24 stimuli @ 25 Hz was insufficient to induce KAR LTD or change PPR. (D) 24 stimuli
@ 25 Hz was insufficient to induce KAR LTD with NMDAR unblocked. D-AP5 (50 uM)
was washed out for 15 minutes prior to presentation of 24 stimuli @ 25 Hz and then
immediately reapplied. Example traces show EPSCs during baseline (black), after D-AP5
washout (red) and after HFS and reapplication of D-AP5 (green). (E) 10 stimuli @ 25 Hz
was insufficient to induce NMDAR LTP or change PPR.
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Figure5. KAR LTD and therélief of | saqp inhibition require adenosine Aop activation
(A) Application of the ApaR antagonist ZM 241385 (50 nM) blocked KAR LTD induced by

50 stimuli @25 Hz. Control data from Figure 2A are included for comparison. PPR was
unchanged. Example traces show EPSCs during baseline (black) and after HFS (red). (B and
C) Isanp amplitude was depressed by synaptic stimulation of 10 stimuli @ 25 Hz in the
presence of the AR antagonist but the relief of depression by 50 stimuli @ 25 Hz (B) or
the NSP (C) was blocked. Control data from Figures 3B (B) and 3A (C) are included for
comparison. Example traces show Isanps (top) and synaptic responses (bottom) during
baseline (black), after synaptic stimulation (red) and after the 50 stimuli @ 25 Hz or NSP
(green). Bar graph shows quantification of Isaqp amplitude depression.
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Figure 6. The NSP induces frequency-dependent effects on EPSP summation and cellular
excitability

(A) 10 synaptic stimuli @ 3 Hz, 10 Hz and 20 Hz produced action potentials on
approximately the 4™ stimulus. The NSP increased cellular excitability in response to 3 Hz
stimulation measured by a reduction in delay to first spike, an increase in the number of
spikes and an increase in underlying depolarization envelope. The NSP decreased cellular
excitability in response to 10 Hz or 20 Hz stimulation measured by a decrease in number of
spikes and underlying depolarization envelope but caused no change in delay to first spike
for 10 synaptic stimuli. Example traces show response to 10 stimuli during baseline (black)
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and after the NSP (red). (B) Induction of NMDAR LTP but not KAR LTD by 24 stimuli @
25 Hz increased cellular excitability in response to 3 Hz and 20 Hz stimulation measured by
a reduction in delay to first spike, an increase in the number of spikes and an increase in
underlying depolarization envelope. (C) Introduction of the PKC inhibitory peptide PKC
19-36 (4.8 uM) into the patch pipette prevented the NSP causing any change in delay to first
spike, the total number of spikes or the underlying depolarization envelope for 10 synaptic
stimuli @ 3 Hz or 20 Hz.
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Figure 7. Blockade of SAHP prevented NSP-induced decreasesin cellular excitability
(A) Application of UCL2077 (10 uM) blocked Iganp. Example traces show Igapps during

baseline (black), after UCL2077 (red). (B) After incubation in UCL2077 the NSP increased
cellular excitability measured by a reduction in delay to first spike and increases in the
number of spikes and the underlying depolarization envelope in response to 10 synaptic
stimuli @ 3 Hz, 10 Hz and 20 Hz. Example traces show response to 10 stimuli during
baseline (black) and after NSP (red). (C) With Isanp blocked by inclusion of cAMP (1 mM)
in the pipette solution, the NSP increased cellular excitability measured by a reduction in
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delay to first spike and increases in the number of spikes and the underlying depolarization
envelope in response to 10 synaptic stimuli @ 3 Hz and 20 Hz.
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