Annals of Neurology
Research Article

ANA-14-0581. R1

Impaired neuronal operation through aberrant intrinsic plasticity in epilepsy

Julien Artinianl’z, Angélique Peret' , Yanina Mircheval’z, Geoffrey Martil’z, & Valérie

Crépel'*?

"nserm Unité 901, INMED, Marseille, 13009, France
2 Aix-Marseille Université, UMR S901, Marseille, 13009, France

Running title: Epilepsy and aberrant intrinsic plasticity

Key words: Epilepsy, aberrant kainate receptor, persistent sodium current

Number of characters in the title: 77

Number of characters in the running head: 42

Number of words in abstract: 219

Number of words in introduction and discussion: 377 and 1090 words
Number of figures: 7

Number of supplementary tables: 4

3Corresponding authors:

E-mail: valerie.crepel@inserm.fr

This article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process which may lead to
differences between this version and the Version of Record. Please cite this article as an
‘Accepted Article’, doi: 10.1002/ana.24348

This article is protected by copyright. All rights reserved.



Annals of Neurology

ABSTRACT
Objective
Patients with temporal lobe epilepsy often display cognitive comorbidity with recurrent seizures.
However, the cellular mechanisms underlying the impairment of neuronal information processing
remain poorly understood in temporal lobe epilepsy. Within the hippocampal formation neuronal
networks undergoe major reorganization, including the sprouting of mossy fibers in the dentate
gyrus; they establish aberrant recurrent synapses between dentate granule cells and operate via
post-synaptic kainate receptors. In this report we tested the hypothesis that this aberrant local
circuit alters information processing of perforant path inputs constituting the major excitatory
afferent pathway from enthorinal cortex to dentate granule cells.
Methods
Experiments were performed in dentate granule cells from control rats and rats with temporal
lobe epilepsy induced by pilocarpine hydrochloride treatment. Neurons were recorded in patch-
clamp in whole-cell configuration in hippocampal slices.
Results
Our present data revealed that an aberrant readout of synaptic inputs by kainate receptors
triggered ‘a long-lasting impairment of the perforant path input-output operation in epileptic
dentate granule cells. We demonstrated that this is due to the aberrant activity-dependent
potentiation of the persistent sodium current altering intrinsic firing properties of dentate granule

cells:
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Interpretation
We propose that this aberrant activity-dependent intrinsic plasticity which lastingly impairs the
information processing of cortical inputs in dentate gyrus may participate to hippocampal-related

cognitive deficits, such as those reported in patients with epilepsy.

INTRODUCTION

In temporal lobe epilepsy (TLE), patients often suffer from comorbid disorders including
cognitive impairments . Among them, memory deficits have been widely described in patients
with TLE **®*'? and animal models '*'7. Many contributing factors have been proposed to

explain cognitive dysfunctions ' including seizures *>°, interictal epileptiform activities >'*'%!%,

14’15’17’19'22, network reorganization 4,

impaired rhythmogenesis and CA1 place cell physiology
lesions **"and antiepileptic treatments ’. In the hippocampus, considered to play a crucial role in
memory processes > -°, neuronal tissue undergoes major reorganization that may play a role in
memory dysfunction in TLE; some neurons die, mainly mossy cells and GABA interneurons >">*,
while others, which are severed in their inputs or outputs, sprout and form novel aberrant
connections ~>>>>*. This phenomenon, called reactive plasticity, is well documented in the
dentate gyrus (DG) where dentate granule cell (DGC) axons (the mossy fibers, MFs) sprout >>
373% and create a reverberant excitatory circuit between DGCs involved in epileptiform bursts in
patients with TLE and animal models **°*2. Beyond epileptiform activities *, recurrent MF
(rMF) synapses, which operate via kainate receptors (KARs) not present in naive conditions *,
drive an aberrant sustained firing regime when recruited in the physiological gamma frequency

range-*. The long-lasting consequence of this local synaptopathic activity on the input-output

operation of the major cortical input, the perforant path (PP), in DGCs remains to be addressed.
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This 1s a major issue since the DG is considered as a filter or a gate at the entrance of the

34,4546 4749

hippocampus , which converts the dense signals from the upstream entorhinal cortex

into a sparse and specific code indispensable for the formation and the discrimination of memory

items %%,

In the present study, we found that an aberrant KAR-mediated synaptic activity lastingly disrupts
the PP-evoked DGC sparse firing. This is due to a potentiation of the persistent sodium current
(Inap) leading to an increase of the intrinsic excitability. Therefore, we show that an aberrant
readout of synaptic inputs by KARs induces an intrinsic plasticity of Ix,p Which leads to a long-
lasting impairment of the input-output operation of the major cortical inputs in DG in TLE. We
propose that, beyond epileptifiform discharges, this aberrant activity-dependent intrinsic

plasticity disrupts the information processing of cortical inputs in dentate gyrus.

MATERIALS AND METHODS
All experiments were approved by the Institut National de la Santé et de la Recherche Médicale
(INSERM) animal care and use agreement (D-13-055-19) and the European community council
directive (2010/63/UE). Adult male Wistar rats had access to food and water ad libitum and were

housed under a 12 h light/dark cycle at 22—-24°C.

Animal model of temporal lobe epilepsy

Rats (5-6 weeks of age, 150-350 g, Janvier Breeding Centre, Le Genest-Saint-Isle,
France) were injected intraperitoneally (i.p.) with pilocarpine hydrochloride (340 mg/kg
dissolved in NaCl 0.9%) 30 min after a low dose of the peripheral cholinergic antagonist

scopolamine methyl nitrate (1 mg/kg, i.p.). Approximately 80% of the rats experienced class
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IV/V seizures **. After 2-3 h of status epilepticus, diazepam (8 mg/kg) was injected (i.p.). After a
seizure-free period of several weeks, we selected for recordings and analysis only rats that
experienced spontaneous seizures (4-12 months after the pilocarpine injection; chronic epileptic
rats, n = 24), which were expected to display a high degree of mossy fiber sprouting >, Age-

matched naive rats (n = 32) were used as controls.

Slice preparation

Animals were deeply anesthetized with chloral hydrate (70 mg/kg, i.p.) and decapitated.
The brain was removed rapidly, the hippocampi were dissected, and transverse 400 pm-thick
hippocampal slices were cut using a Leica VT1000S tissue slicer (Leica, Nussloch, Germany) in
a solution containing the following (in mM): 132.5 choline chloride, 2.5 KCl, 1.25 NaH2PO4, 26
NaHCO3, 7 MgCl2, 0.5 CaCl2, and 7 D-glucose (2-5 °C). Slices were then transferred for rest at
room temperature (> 1 h) in oxygenated normal artificial cerebrospinal fluid (ACSF) containing
the following (in mM): 126 NaCl, 3.5 KCI, 1.2 NaH2PO4, 26 NaHCO3, 1.3 MgCI2, 2.0 CaCl2,

and 10 D-glucose, pH 7.4.

Electrophysiology

Whole-cell recordings of DGCs from epileptic and control rats were obtained using the
“blind” patch-clamp technique and performed in hippocampal acute slices in a submerged
chamber perfused with oxygenated ASCF (30-32 °C) at a flow rate of 2-3 ml/min. Glass
electrodes (resistance: 6-7 MQ) were filled with an internal solution containing the following (in
mM): 130 KMeSO,, 5 KCI, 10 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES-K),

2.5 MgATP, 0.3 NaGTP, 0.2 EGTA, 10 phosphocreatine, and 0.3-0.5% biocytin, pH = 7.25.
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Access resistance ranged between 15 and 30 M, and the results were discarded if the access
resistance changed by more than 20%. Whole-cell recordings were performed in current-clamp
mode (except when stated otherwise) using a Multiclamp 700B amplifier (Axon Instruments,
Molecular Devices, Sunnyvale, CA). Data were filtered at 2 kHz, digitized (20 kHz) with a
Digidata 1440A (Molecular Devices) to a personal computer, and acquired using Clampex 10.1
software (PClamp, Axon Instruments, Molecular Devices). Recordings have been performed at
subthreshold potentials (-49.9 + 0.3 mV, n = 92) in the presence of blockers of NMDA (40 uM
D-APV), GABA4 (5 uM gabazine [SR-95531]), and GABAg (5 uM CGPssg45) receptors, except
when stated otherwise. Excitatory Post-Synaptic Potentials (EPSPs) were evoked by bulk
stimulations with bipolar NiCh electrodes (NI-0.7F, Phymep, France). Perforant path (PP) inputs
were stimulated by an electrode positioned in the outer two-third of the molecular layer of the
dentate gyrus (DG) in control and epileptic rats. PP input stimulations were delivered at 30 Hz,
10-35 ps duration and 10-30 pA intensity. In this condition, the first EPSP in the train was around
6 mV (1°“EPSP amplitude: control, 6.3 + 0.2 mV, n = 54, vs. epileptic, 6 £ 0.3 mV, n =33, p =

0.436).

Conditioning protocol

The conditioning trains (CT) were delivered by an electrode positioned in the inner
molecular layer of the DG to activate associational/commissural (A/C) inputs in control rats
(A/C-CT) or recurrent mossy fibers (rMF) inputs in epileptic rats (rMF-CT). One CT consisted in
a short 30 Hz-train of stimulations for around 1.5 s duration. CTs were interleaved by long-
lasting resting period of 8 s and were applied for few minutes (around 8 min) at a subthreshold
potential ((-49.4 + 0.4 mV, n = 92); this conditioning period comprised a total CT duration of

around 60 s (except when stated otherwise). Electrical stimulations were delivered at 15-35 pus
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duration and 10-35 pA intensity. In this condition, the first EPSP in the train was around 5 mV
(control, 5.2 + 0.2 mV, n =19, vs. epileptic, 5 + 0.3, n =36, p = 0.501).

In a set of experiments, the conditioning protocol consisted in trains of waveforms of
current simulating trains of EPSPs (termed aEPSPs) delivered to DGCs from control rats through
the recording pipette. First, a custom-made program (Matlab, Mathworks, Natik, MA) was used
to generate fast and slow oaEPSPs, mimicking EPSPAnvpa and EPSPg, respectively. aEPSPs had

an exponentially rising and falling waveform according to the following formula:

)= (1 0 (o (- )

For o EPSPanMpa, Ton Was set to 0.5 ms, and Ty to 10 ms. For aEPSPxa, Ton Was set to 2 ms, and
Tofrt0 700ms as previously described *°. We then used a custom-made program (Matlab) to
generate 30 Hz-trains of either pure aEPSPaympa or pure aEPSPg,, including summation and
short-term depression profiles as observed in previous work **. Trains of «EPSPs had a waveform

using the following formula:

a(t) = idi X (1 — exp (— t;f)) X (exp (— tf:f?)) X 1,1 (0)

Each aEPSP occurred at t =t; witht; =i/f. i varied from 1 to N where N referred to the
number of aEPSPs. The frequency of aEPSPs f was set to 30 Hz, ty to 1.5 s and N has been
inferred to 44 aEPSPs. The recording window T was set to 2 s. Trains of aEPSPs followed an

intra-train depression profile using the sequence (d;) defined as d; =1, d, = 0.7, d3 = 0.65
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and dj = 0.6 for 4 < k < N, which modulated each aEPSP amplitude. The summation profile
included every previous term of the sum according to the following function: 1, 11(t) = 1 if
t e, T], 1[ti,T](t) = 0 otherwise. aEPSPampa-CT simulated A/C-CT in control condition as it
generated a sparse firing pattern in DGCs from control rats (Fig 4). Contrariwise, aEPSPgA-CT
mimicked rMF-CT in epileptic condition because it produced a sustained firing pattern in DGCs
from control rats (Fig 4).

In TLE, DGCs exhibit ongoing synaptic activity comprising 50% EPSPavpa and 50%
EPSPga *. In order to simulate this pathophysiological condition, we finally implemented the
train-of aEPSPs model to generate waveforms composed of N/2 = 22 aEPSPampa and N/2 =
22 oaEPSPga. There were N! possible different sequences of aEPSPs and the generation of any
particular pattern is equiprobable. We thus generated 10 different patterns and used them together
as CT (mixed aEPSPampaka-CT). Each pattern was repeated 5 times (50 trials in total), changing
the sequence from a cell to another. Mixed aEPSPs-CT generated sustained firing patterns in
control DGCs (Fig 5A, D, 6.09 £ 0.4 Hz, n = 11) as observed for aEPSPxs-CT in control

condition as well as with rMF-CT in DGCs from epileptic rats (Kruskal-Wallis, p = 0.983).

Data analysis

Signals were analyzed off-line using Clampfit 10.1 (Molecular Devices) and
MiniAnalysis (Synaptosoft, Decatur, GA). PP-DGC firing rate was measured in response to
successive short 30 Hz-train of stimulations (around 1.5 s duration) interleaved by long-lasting
resting period of 8 s at subthreshold potentials (-49.9 £ 0.3 mV). The PP-DGC firing rate was
averaged before (for around 10 min) and after (up to 30 min) CT. The time course of PP-DGC

firing rate, before and after CT, was evaluated by averaging the firing rate every two minutes.
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Trains of PP-inputs were also recorded in voltage-clamp mode at -70 mV (close to the resting
membrane potential) to assess EPSCs amplitude without any effect of subthreshold active
conductances (Fig 2).

To evaluate firing frequency versus injected current (f/7) relationships, DGC firing rate
was measured in response to depolarizing squared pulses of current of increasing intensity (500
ms, 20 to 160 pA, 20 pA steps) from -70 mV as a baseline membrane potential, before and after
CT. We applied linear regressions to individual f/I curves and collected the neuronal gain,
defined as the slope of the f/ curve **°’. The rheobase was measured as the minimal current
amplitude necessary to evoke an action potential. Basic membrane properties such as resting
membrane potential, input resistance, membrane time constant, action potential amplitude,
threshold and half-width were measured and compared between DGCs from control and epileptic
rats (Table S1) as well as between before, after CT and after subsequent application of 20 nM
TTX (Tables S2 and S3).

In one set of experiments, recordings were performed in voltage-clamp mode to measure
the persistent sodium current (In,p) in DGCs from epileptic rats. The current was evoked by
successive voltage steps of incremental amplitude (500 ms, from -80 to -40 mV, 5 mV step, from
a holding potential of -70 mV) following a 50 ms pre-step depolarization to -30 mV in order to
inactivate the transient sodium current. Current was averaged from 5 trials for each voltage point
before and after IMF-CT. The latter was recorded in current-clamp mode. We then used bath
application of 1 uM TTX and the current evoked by the same voltage-steps protocol was
subtracted to isolate the subthreshold TTX-sensitive In,p component before and after rMF-CT.
Furthermore, In,p amplitude after tMF-CT was subtracted to its amplitude before rMF-CT to

assess Ingp plasticity.
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Statistical analysis

Numerical values are given either as population data (individual + mean values) or as
means * standard error (SEM). Linear regressions and gaussian fits were performed with Origin
7.0 (OriginLab, Northampton, MA). The normal distribution of data was assessed with the
Shapiro-Wilk test. Statistical significance was assessed using two-tailed paired and unpaired
Student’s ¢ tests, the one-way ANOVA (with or without repeated measures) and Tukey HSD
post-hoc tests for pairwise comparisons, as well as the non-parametric Wilcoxon signed rank test,
Mann-Whitney rank-sum test, Kruskal-Wallis one-way ANOVA, Friedman ANOVA and
Kolmogorov-Smirnov tests when appropriate (Systat 11, Systat Software, Richmond, CA;
Statistica, StatSoft, Tulsa, OK). Correlations were assessed using Spearman's rank correlation
coefficient (Matlab, Mathworks, Natik, MA). The level of significance was set at p < 0.05. n

refers to the number of cells, N to the number of interspike intervals (ISIs).

Neuron staining

Neurons were labeled after intracellular diffusion of 0.3-0.5% biocytin added to the
pipette solution. At the end of experiments, hippocampal slices were post-fixed overnight at room
temperature with Antigenfix. The morphology of stained neurons was revealed using 1/500 cy3
conjugated streptavidin incubated overnight at room temperature and then counterstained 30 min
with green fluorescent Nissl NeuroTrace®. Biocytin fluorescence was visualized and images
were acquired using a TCS SP5 X confocal microscope (Leica Microsystems, Wetzlar,
Germany). 3D DGCs reconstructions have been performed using Neurolucida (MBF Bioscience,
Williston, VT). All neurons included in the present study had their soma located in the granular

layer of the dentate gyrus and possessed all morphological features of DGCs.
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Drugs and chemical compounds

TTX, pilocarpine hydrochloride, scopolamine methyl nitrate, and biocytin were purchased
from Sigma (St. Louis, MO), ACSF and intracellular compounds from Sigma and Carlo Ebra
Reagents (Rodano, Italy), gabazine (SR-95531), D-APV, CGPssgss, from Tocris Bioscience
(Bristol, UK), UBP310 from Tocris Bioscience and Abcam (Cambridge, UK), BAPTA
tetrapotassium salt from Molecular Devices (Eugene, OR, USA), diazepam from Roche (Basel,
Switzerland), Antigenfix from DiaPath (Martingo, Italy), cy3 conjugated streptavidin from
Jackson Laboratory (Bar Harbor, ME) and Nissl NeuroTrace® from Invitrogen/Life (Carlsbad,

CA).

RESULTS
Long-lasting disruption of PP-evoked DGC sparse firing induced by synaptopathic activity in
TLE
Previous in vivo recordings have revealed that DGCs are exposed to barrages of excitatory
synaptic inputs; this is caused by trains of high-frequency fast AMPAR-mediated synaptic inputs
(interevent intervals around 30 ms) which last up to few seconds and which are relayed from the

entorhinal cortex via the perforant path (PP) *"*

. We first compared the input-output operation of
DGCs exposed to trains of excitatory potential synaptic potentials (EPSPs) in control and
epileptic conditions. The trains of EPSPs were evoked by stimulation of the PP (PP-EPSPs, Fig
1A) at 30 Hz (1.5 s duration). PP-EPSPs of small amplitude (1** EPSP amplitude: control, 6.3 +
0.2 mV, n = 54, vs. epileptic, 6 + 0.3 mV, n = 33, p = 0.436) were evoked to match the

spontaneous EPSPs recorded in vivo *. Trains of PP-EPSPs were regularly evoked at low

frequency (0.1 Hz) and recorded at subthreshold potential (around -50 mV, see methods) in order
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to evaluate the input-output operation of DGCs. In the first sets of experiment AMPA/kainate
receptor-mediated EPSP were pharmacologically isolated in the presence of D-APV (40 uM),
gabazine (5 uM) and CGPssgas (5 pM) to inhibit NMDA and GABAergic receptors. In these
conditions, we observed that trains of PP-EPSPs caused a similar sparse DGC firing in
hippocampal slices from control (1.12 + 0.08 Hz, » = 11) and epileptic rats (1.17 £ 0.07 Hz, n =
15, p = 0.622) (Fig 1) as reported in naive animals in vivo ¥ Moreover, recordings in voltage-
clamp mode revealed no significant difference of the excitatory postsynaptic current (EPSC)
strength between control (1 EPSC amplitude: -70 + 6 pA, n = 11) and epileptic conditions (-81 +
9pA, n=17,p=0.119) (Fig 2A, B). We have previously reported that rMF synapses, operating
via KARs, drive an aberrant sustained firing regime in DGCs when recruited in the gamma
frequency range **. To evaluate the long-lasting consequence of this synaptopathic activity on
DGC input-output operation, the PP-evoked DGC (PP-DGC) firing pattern was compared before
and after associational/commissural fibers (A/C)- or rtMF-evoked EPSPs used as conditioning
trains (CT) in control or epileptic conditions, respectively (Fig 1, see Materials and Methods). CT
consisted in short 30 Hz-train of stimulations for around 1.5 s duration. CT, interleaved by long-
lasting resting period of 8 s, were applied for few minutes (around 8 min) at a subthreshold
potential (around -50 mV, see Methods); this conditioning period comprised a total CT duration
of around 60 s (except when stated otherwise).

As previously described *, trains of A/C-EPSPs or rMF-EPSPs triggered sparse or
sustained firing regimes in DGCs from control or epileptic rats, respectively (A/C-CT: 1.42 +
0.11 Hz, n = 11, vs. tMF-CT: 5.83 = 0.23 Hz, n = 15, p < 0.0001, Student) (Fig 1B to D and Fig
4B). We observed that the PP-DGC firing rate was not modified after A/C-CT in control rats
(1.11 £0.12 Hz, n = 11, p = 0.594) (Fig 1B, E and F). By contrast, the PP-DGC firing rate was

strikingly increased after rIMF-CT by around 200% in epileptic rats (3.48 = 0.39 Hz, n =15, p =
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0.0007) for at least 30 minutes (n = 6, p = 0.018) (Fig 1C, E and F). This long-lasting change of
PP-DGC firing rate was neither due to a change of the basic membrane properties (Table S1 and
S2) nor associated with an increase of the PP synaptic strength after CT (Fig 2). Contrarily, we
observed a similar depression of PP synaptic inputs efficacy after A/C-CT in control rats (1%
EPSC amplitude before CT, -70 & 6 pA vs. after CT, -55 £ 9 pA, n =11, p =0.008), or after rMF-
CT in epileptic rats (1* EPSC amplitude before CT, -81 + 9 pA vs. after CT, -55+ 7 pA, n=6, p
=0.0011, Fig 2A, C); the depression of PP inputs was 25 + 8 % in control conditions vs. 33 £ 3
% 1in epileptic condition (p = 0.447, Fig 2A, E). Furthermore, we also observed a similar
depression of PP synaptic inputs within trains before or after CT in control rats (ratio last/I™
EPSC, before CT: 0.25 £ 0.04 vs. after CT: 0.25 £+ 0.05, p = 0.936) or CT in epileptic rats (before
CT: 0.16 = 0.03 vs. after CT: 0.18 £ 0.03, p = 0.552, Fig 2A, B, D). Moreover, the short-term
depression of PP synaptic inputs within trains was not significantly different between control and
epileptic conditions before or after CT (before CT: p = 0.14; after CT: p = 0.299, Fig 2D). In a set
of lexperiments, we additionally tested the efficacy of shorter conditioning period to trigger
plasticity of PP-DGC firing rate. For these experiments, we applied CT (interleaved by period of
8 s) during around 2 min (comprising a total CT duration of around 15 sec). In this condition, we
still observed a striking increased of PP-DGC firing rate after tMF-CT by around 200% in
epileptic rats for at least 30 minutes (before CT: 1.28 & 0.08 Hz vs. after CT: 3.93 £ 0.4 Hz, n =
5, p<0.0001, not shown).

To test the role of KARs in the potentiation of PP-DGC firing rate induced by rMF-CT,
experiments were performed in the presence of the KAR blocker UBP310 **. We observed that
UBP310 (5 uM) prevented the rMF-DGC sustained firing (rtMF-CT without UBP310: 5.83 +
0.23 Hz;n = 15 vs. with UBP310: 1.62 + 0.26 Hz, n = 11, p = 0.00002) (Fig 3A, I) and the

subsequent rMF-CT-dependent potentiation of the PP-DGC firing rate in epileptic rats (before
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CT: 1.06 £ 0.09 Hz vs. after CT: 1 = 0.08 Hz, n = 12, p = 0.790) (Fig 3A, B, J). Unblocking
NMDA receptors (NMDARs), by removing D-APV, did not modify the PP-DGC firing regime
after A/C-CT in control (before CT: 1.51 £ 0.12 Hz vs. after CT: 1.35 £ 0.14 Hz, n = 8, p =
0.353; A/C-CT: 2.32 + 0.14 Hz) (Fig 3C, D). By contrast, the PP-DGC firing rate was still
strongly increased after rMF-CT in the absence of NMDA receptor antagonist in epileptic rats
(before CT: 1.42 £+ 0.15 Hz vs. after CT: 3.26 +£ 0.28 Hz, n = 12, p = 0.0001; tMF-CT: 5.85 +
0.37 Hz) (Fig 3E, F, 1, J). Finally, we observed that rMF-CT-dependent potentiation of PP-DGC
firing rate could be also observed under less pharmacological constrained conditions, i.e. in the
absence of both NMDA and GABA receptors antagonists in epileptic rats (in ACSF condition;
before CT: around 1 Hz vs. after CT: around 3.5 Hz, n = 2, not shown). Taken together, these
experiments demonstrate that KARs but not NMDARs play a key role in the increased PP-DGC
firing rate induced by rMF-CT in epileptic conditions. Many forms of activity-dependent synaptic
and intrinsic plasticities are a Ca**-dependent process *°. To test the role of intracellular Ca*" in
the rMF-CT-dependent potentiation of PP-DGC firing rate, recordings were performed with
patch pipette containing the calcium chelator BAPTA (20 mM, see Materials and Methods);
AMPA/kainate receptor-mediated EPSPs were pharmacologically isolated in the presence of D-
APV (40 uM), gabazine (5 puM) and CGP55845 (5 uM). The rtMF-CT induced a similar DGC
firing rate in the absence or in the presence of BAPTA (CT-No BAPTA: 5.83 + 0.23 Hz, n = 15
vs CT-with BAPTA: 6.83 + 1.12 Hz, n = 10, p = 0.279) (Fig 3G, I). By contrast, BAPTA
prevented the rMF-CT-dependent potentiation of PP-DGC firing rate in epileptic rats (before CT:
0.99 £ 0.11 Hz vs. after CT: 0.92 £ 0.09 Hz, n = 10, p = 0.515) (Fig 3G to J). Therefore, the
plasticity of PP-DGC firing pattern induced by rtMF-CT is a Ca**-dependent process. Previous
studies have reported In,p as a likely candidate in the modulation of firing rate 4.5 We then

challenged the role of Inqp in the long-lasting change of PP-DGC firing pattern. We showed that
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inhibition of In,p by a low dose of TTX (20 nM) 445560 bath applied 15 min after CT, fully
restored the PP-DGC firing rate (after CT: 3.66 £ 0.54 Hz, vs. after CT + TTX: 1.17 £ 0.07 Hz, n
=9, p = 0.008) back to its basal level in epileptic rats (before CT: 1.15 £+ 0.09 Hz vs. after CT +
TTX: 1.17 £0.07 Hz, n =9, p = 0.953) (Fig 1C, F) without change of basic membrane properties
(Table S3). This strongly suggests that In,p is involved in the long-lasting increase of firing rate
following the rMF-CT in TLE (see also below).

The present data revealed that a KAR-dependent CT triggers a long-lasting increase of PP-DGC
firing rate in TLE. We have previously reported that KAR-mediated EPSPs (EPSPga) represent
around half of the excitatory synaptic drive in DGCs in TLE *. To assess whether a barrage
comprising mixed events was sufficient to trigger a change of PP-DGC firing rate, simulated
trains of EPSPs (aEPSPs, see Methods) were tested in naive rats (Fig 4). First, we showed that
0EPSPampa-CT mimicked A/C-CT in control rats (control, dEPSPaypa-CT: 1.48 + 0.38 Hz, n =
7 vs. A/C-CT: 1.42 £ 0.11 Hz, n = 11, p = 0.184) (Fig 4A, B) and that this type of CT, as A/C-
CT, did not modify PP-DGC firing rate (before CT: 0.94 + 0.1 Hz vs. after CT: 1.09 +£ 0.17 Hz, n
=9, p = 0.498) (Fig 4C, D, F). By contrast, trains of solely aEPSPk4, which triggered a DGC
firing regime in control rats similar to that elicited by activation of rMFs in epileptic rats (control
- 0EPSPxa-CT: 5.94 £ 0.27 Hz, n = 21 vs. epileptic - tMF-CT: 5.83 + 0.23 Hz, n = 15, p = 0.755)
(Fig 4A, B), induced a striking increase of the PP-DGC firing rate (before CT: 0.99 + 0.04 Hz vs.
after CT:3.01 £0.18 Hz, n =21, p = 0.0001) (Fig 4C to G). This was reversed in the presence of
20/nM TTX to abolish Ix,p (PP-DGC firing rate after CT: 2.87 + 0.22 Hz vs. after CT + TTX:
1.03 £ 0.07 Hz, n = 13, p = 0.002) (Fig 4E, F). This long-lasting increase of PP-DGC firing rate
triggered by oEPSPxa-CT was also a Ca’'-dependent process since it was prevented when
recordings were performed in the presence of 20 mM BAPTA in the patch pipette (before CT:

0.95 £ 0.07 Hz vs. after CT: 0.83 = 0.01 Hz, n = 6, p = 0.146; during CT: 5.14 £ 0.63 Hz) (Fig
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4G). Then, we tested CT using simulated trains of EPSPs comprising half of aEPSPxa and
aEPSPspvpa randomly distributed (mixed oaEPSP) (Fig 5A, see Materials and Methods). We
observed that this type of CT was still able to trigger a significant increase of PP-DGC firing rate
(before CT: 0.88 = 0.03 Hz vs. after CT: 2.82 = 0.3 Hz, n = 11, p = 0.003; during CT: 6.09 + 0.4
Hz) (Fig 5B, C). Therefore, we propose that a synaptic barrage comprising a fraction of EPSPgx
#is sufficient to trigger a long-lasting increase of the PP-DGC firing rate.

We then examined the relationship between the plasticity of PP-DGCs firing rate and the firing
regime imposed during CT. We assessed this issue by analysing data pooled from different
experimental conditions, both from naive and epileptic rats (Fig 5D). This clearly revealed that
the increase of PP-DGCs firing rate is closely correlated to the DGC firing regime imposed
during the CT in control and epileptic rats (Fig 5D, n = 78; R = 0.72; p = 1.6e-13, spearman's
rank correlation coefficient). Taken together, these experiments show that the sustained firing
regime imposed by EPSPxas during the CT is an important determinant in the long-lasting

increase of PP-DGC firing rate in TLE.

Synaptopathic activity induces an increase of In,p and intrinsic excitability in DGCs in TLE
Our data have revealed that the blockade of /nap fully canceled the long-lasting change of
PP-DGC firing triggered by tMF-CT or aEPSPgA-CT (see above). Therefore, we postulated that
this.long-lasting change could result from a potentiation of Iy.p. To directly assess this
hypothesis, we performed a set of experiments in which Iy,p was measured in voltage-clamp
mode before and after CT in epileptic DGCs (Fig 6, see Materials and Methods). Inp is a Na'
current that activates below spike threshold and slowly inactivates o1, Therefore, Inap Was
activated-using a protocol consisting in depolarizing steps (ranging from -80 to -40 mV, see

Methods) (Fig 6A). The current evoked by the same protocol in 1 pM TTX was then subtracted
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to lisolate the TTX-sensitive slowly inactivating I, (Fig 6B). As previously reported >, we
found that epileptic DGCs displayed a moderate In,p component. This component was clearly
potentiated (Fig 6B) by around 60% following CT (before CT: -32.4 pA vs. after CT: -51.6 pA, n
=6, p=0.003 at -40 mV) leading to an increase of the TTX-sensitive inward rectification (Fig
6A, C to E). This significant potentiation of Inap (by around 20 pA at -40 mV) lasted at least 30
min following CT (mean In,p 22-30 min after CT compared to 10 min before CT: + 67.35 %, n =
5, p = 0.009, Fig 6F). In keeping with this, subthreshold membrane depolarization evoked by a
current pulse was enhanced by around 200% after CT in epileptic (+221.5 + 64.6%, n =7, p =
0.008) but not in control rats (+20.4 + 24.7%, n =9, p = 0.705) (Fig 7A, B). This augmentation of
subthreshold membrane depolarization was canceled by subsequent application of 20 nM TTX
(+63.2 = 37.1% compared to before CT, n = 7, p = 0.127) (Fig 7A, B). Because the rMF-CT
triggered an increase of In,p, Wwe hypothesized that this could lead to a change of DGCs intrinsic
excitability. To test this, incremental current pulses were applied to determine the gain of the
frequency/current (f/I) relationship, and the rheobase for action potential generation (see
Methods). We observed that rtMF-CT in epileptic rats triggered an increase of the f// gain by
around 70% and a reduction of the rheobase by around 20% (Fig 7C, D and Table S4). By
contrast, A/C-CT in control DGCs or rMF-CT in the presence of UBP310 (5 uM) in TLE did not
modify the intrinsic excitability (Fig 7C, D and Table S4). In keeping with this, CT comprising
only aEPSPx4 or mixed aEPSPampa/ka, but not aEPSPaMpa-CT, induced an enhancement of the
f/ gain and a reduction of the rheobase (Fig 7C, E and Table S4). Blocking In,p by bath
application of 20 nM TTX returned the f// gain and the rheobase to their basal level following
rMF-Ct and aEPSPxA-CT (Fig 7C to E and Table S4). However, 20 nM TTX had no significant

effect on f// gain and rheobase in control DGCs following A/C-CT (Fig 7C to D and Table S4).
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Together, these findings demonstrate that rMF-CT operating via KARs induces a potentiation of

Inap; leading to an increase of intrinsic excitability and PP-DGC firing rate.

DISCUSSION

In the present study, we have discovered a novel form of activity-dependent intrinsic plasticity,
the potentiation of Inap triggered in specific conditions of firing regime in DGCs in TLE.
Remarkably, we have demonstrated that these conditions are achieved by the readout of aberrant
KAR-operated synapses in DGCs. We show that this intrinsic plasticity disrupts the fundamental
sparse firing of DGCs and leads to a long-lasting impairment of the normal processing of their PP
inputs in TLE, a major pathway involved in learning and memory.

Ion channel dysfunctions are involved in different forms of epilepsy including genetic

62,63

epilepsies and acquired channelopathies In the cortex and the hippocampus, acquired

channelopathies increase neuronal excitability via a basal enhancement of Na" and Ca®*" or

64-66

decreases of K™ and / currents in the hippocampus and the neocortex . By contrast in TLE,

acquired channelopathies downscale DGCs excitability by increasing I, the inward rectifier K

6770 and reducing Ca”" currents ''. It has been proposed that these basal changes of

current (Kir)
ion channel activities may constitute a compensatory protective mechanism to preserve the gate
function of DG. This is in keeping with reports showing that, in spite of an increased excitability
in the enthorinal cortex "%, the DG filter function upon the stimulation of PP inputs is spared in
TLE **. Accordingly, we found that PP-DGC sparse firing, as well as intrinsic excitability, is well
preserved in our basal conditions (before CT) in TLE. Remarkably, we now show that a transient

KAR-dependent CT lastingly disrupts the sparse firing of DGCs in TLE via the intrinsic

plasticity-of Inap.
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In physiological conditions, activity-dependent intrinsic plasticity can modulate neuronal
input-output functions and contributes significantly to the establishment of specific memory
traces °”2. Intrinsic plasticity can also be involved in homeostatic mechanisms to normalize

57,73,74

neuronal firing as shown in vitro and in vivo . Different types of currents have been

75'77, Iy "8 and Kv1 channel activity &

reported to contribute to intrinsic plasticity including Inar
affecting the spike threshold. Intrinsic plasticity can also lead to an increase of f// gain due to a
reduction of the afterhyperpolarization (AHP) outward current (Zapp) %% via the activation of
metabotropic glutamate receptors > or the metabotropic function of KARs ***. In TLE, we
observed that the intrinsic plasticity is associated with a reduction of the rheobase and an increase
of f/I gain in DGCs. These changes are primarily driven by Inap because this current is potentiated
following CT and its blockade afterwards fully restores the rheobase, the f// gain and the PP-
DGC firing rate. Moreover, we have previously shown that aberrant EPSPx, did not affect Zayp
in DGCs in TLE *. From our knowledge, this is the first demonstration of an activity-dependent
potentiation of In,p leading to a long-lasting change of intrinsic excitability in mammals. A
learning-induced somatic depolarization involving In,p Was previously reported in neurons of the
snail Lymnaea stagnalis *. Interestingly, in basal conditions (i.e. before CT), we observed a
similar firing rate between control and epileptic DGCs. In keeping with this, Ix,p is not
significantly different when comparing epileptic DGCs with control ones >. This suggests that
KAR-dependent intrinsic plasticity, observed during tens of minutes, presumably remains a
transient phenomenon at hourly or daily time scales. Numerous studies have investigated the
mechanisms underlying the induction of intrinsic plasticity and have reported that NMDARs, a

73,76,78

rise of intracellular Ca’>" and downstream intracellular kinases play crucial roles . In our
play

experimental conditions, NMDARs are not a key component since their blockade did not prevent

the increase of excitability by CT in DGCs in comparison with the blockade of KARs. However,
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the potentiation of the PP-DGC firing rate, induced by rMF-CT in epileptic DGCs and by the
aEPSPis-CT in control DGCs, is a Ca*'-dependent process, since it is fully prevented in
presence of the calcium chelator BAPTA in the recording pipette. The Ca*" influx is likely to
result from the activation of voltage-dependent calcium channels *** during the sustained firing
regime driven by rtMF-CT. Along this line, we observed that the increase of the PP-DGC firing
rate is correlated with the firing regime imposed by CT. Indeed, rtMF-CT, which imposes a
sustained firing regime via KARs, but not A/C-CT, triggers a long-lasting increase of the PP-
DGC firing rate and intrinsic excitability. Accordingly, waveforms of current (aEPSPxa),
mimicking aberrant EPSPxa and driving an elevated firing regime, are sufficient to induce an
intrinsic plasticity in control DGCs. This suggests that intrinsic plasticity of Ix,p could also play a
role in physiological conditions in DGCs. Additional experiments should be performed to further
shed light on neuronal activities triggering this type of intrinsic plasticity in control conditions.
What could be the physiological consequences of this activity-dependent plasticity in

TLE? A sparse activity in the DG is an important feature for the formation and the discrimination

50,52,54

of memory items in the hippocampus . The DG is commonly considered to be a gate and a

34,45

“low-pass filter” at the entrance of the hippocampus . It converts dense upstream cortical

49-54

signals into a sparse and specific code . DGCs achieve this sparsification thanks to a set of

morphological, intrinsic and synaptic properties making them extremely reluctant to fire ***%,

On the other hand, DGCs use a rate coding scheme by which they modify their firing rate in
response to an environmentally relevant stimulus 305293 " A recent study has demonstrated that
hilar mossy cell ablation, causing a transient DGC hyperexcitability (without rtMF sprouting),

impairs pattern separation **. In TLE, DG undergoes major network reorganisation. This includes

32,35-38

de novo-appearance of dense recurrent excitatory circuit , interneuron loss and the

95,96

dysfunction of surviving dentate somatostatin and basket interneurons which tend to increase
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neuronal excitability and may interfere with the normal information processing in DG. Moreover,
a computer model indicates that acquired channelopathies, which downscale hyperexcitable
networks by transcriptional upregulation of ‘leak’ channels in DGCs in TLE 6870 restore pattern
separation ability of DG °’. We now report that ectopic KAR-mediated activity triggers a long-
lasting disruption of the sparse firing of PP inputs due to an intrinsic plasticity of /x,p in TLE. We
propose that this aberrant long-lasting plasticity may contribute to the impairment of DG
functions such as gate function and pattern separation in TLE.

In conclusion, we report that a KAR-dependent synaptopathic activity induces a plasticity
of Iyap in DGCs in TLE. This leads to the impairment of the input-output operation of the major
cortical input, the PP, in DGCs and the long-lasting disruption of their sparse firing, a crucial

feature for learning and memory 50,5254
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FIGURE LEGENDS

Figure 1. Long-lasting increase of PP-DGC firing rate triggered by rMF-CT in epileptic rats.

(A) Recording configuration and neurolucida reconstructed DGC filled with biocytin. PP:
perforant path, A/C: associational/commissural pathway, rMF: recurrent mossy fibres pathway,
gcl: granule cell layer. (B, C) PP-DGC firing patterns before and after A/C-CT in control (B) or
after rIMF-CT and subsequent TTX application (20 nM) in epileptic condition (C). Scale bars, 20
mV, 500 ms. (D) DGC firing rate during CT (CT-DGC firing). (E) Time course of the PP-DGC
average firing rate before and after CT in control and epileptic conditions. (F) PP-DGC firing
rate, plotted as a population data, before and after A/C-CT in control (left) or after rMF-CT and
after subsequent TTX application (20 nM) (right) in epileptic rats; Wilcoxon. For this and
following figures and tables, action potentials are truncated, small dashes represent electrical

stimulations, mean values £ SEM, * p <0.05; ** p <0.01; *** p <0.001; n.s., non-significant.

Figure 2. DGCs from control and epileptic rats display similar short- and long-term depression
profiles.

(A) Representative PP-input trains of EPSCs recorded in voltage-clamp at -70 mV before
(left) and after CT (right) in DGCs from control (top) and epileptic rats (bottom). Scale bars, 20
pA, 200 ms. (Insets) First EPSC of the same trains before and after CT in control (top) and
epileptic (bottom) conditions. Scale bars, 20 pA, 50 ms. (B) First and last EPSC amplitude within
trains of PP-input before CT; Wilcoxon (control) and paired Student’s (epileptic) tests. (C) First
EPSC amplitude of trains before and after CT; paired Student. (D) Ratio last/first EPSC before
and after CT (paired Student); in control and epileptic conditions (Student). (E) First EPSC after

CT normalized to values before CT in control and epileptic conditions, Student.
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Figure 3. KARs and Ca** but not NMDARs are crucial determinants for long-lasting increase
of PP-DGC firing rate triggered by rMF-CT in epileptic DGCs.

(A) PP-DGC firing pattern and (B) PP-DGC firing rate before and after rMF-CT in
epileptic condition in the presence of 5 uM UBP310; Wilcoxon. (C, E) PP-DGC firing patterns
before and after A/C-CT in control (C) or after rMF-CT in epileptic condition (E) without
NMDAR antagonist (no D-APV). (D, F) PP-DGC firing rate before and after A/C-CT in control
(D, paired Student) or after rMF-CT in epileptic rats without NMDAR antagonist (no D-APV) (F,
Wilcoxon). (G) PP-DGC firing pattern and (H) PP-DGC firing rate before and after rMF-CT in
epileptic condition in the presence of 20 mM BAPTA inside the patch pipette. Scale bars, 20 mV,
500 ms. (I) rtMF-CT-DGC firing rate in the presence of 40 uM D-APV, 5 uM gabazine, 5 uM
CGP55845 and 5 uM UBP310 (black, + UBP310); 5 uM gabazine and 5 uM CGP55845 (red, no
D-APV); 40 uM D-APV, 5 uM gabazine, 5 uM CGP55845 and 20 mM BAPTA (grey, +
BAPTA) in epileptic conditions. (J) Time course of the PP-DGC average firing rate before and

after CT in epileptic conditions. Same respective color codes than in (I).

Figure 4. Simulated train of EPSPyg, increases PP-DGC firing rate in control rats.

(A) (Top) Single aEPSPavpa and aEPSPka; scale bar, 100 ms. DGC firing patterns
(middle) evoked by somatic injection of waveforms of current (bottom) simulating trains of
AMPAR-EPSPs (left, tEPSPappa) or trains of KAR-EPSPs (right, tEPSPk,). Scale bars, 10 mV,
250 ms. (B) Distribution of inter-spike intervals (ISIs) with Gaussian fits (left) and plotted as
cumulative probabilities (middle); rMF in epileptic (N = 2852) vs. aEPSPgs (N = 4225) in
control condition, p = 0.999. A/C (N = 430) vs. aEPSPaMmpa (N = 746) in control condition, p =
0.684, Kolmogorov-Smirnov. N refers to the number of ISIs. (Right) DGC firing rate during CT

in control and epileptic conditions. (C) Recording configuration. (D, E) PP-DGC firing patterns
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before and after aEPSPAnMpa-CT (D) or after aEPSPga-CT and subsequent TTX application (20
nM) (E) in control rats. Scale bars, 20 mV, 500 ms. (F) PP-DGC firing rate plotted as a
population data before and after aEPSPaypa-CT (left) and after aEPSPgA-CT and subsequent 20
nM TTX application (right); Wilcoxon. (G) Time course of the PP-DGC mean firing rate before

and after aEPSPgA-CT in control condition with or without BAPTA inside the patch pipette.

Figure 5. Simulated synaptic barrages comprising half of o0 EPSPk4 increase PP-DGC firing
rate in_control rats.

(A) 10 different trains of current waveforms composed of 50% oEPSPampa and 50%
EPSPka randomly distributed and corresponding firing patterns used as CT in control DGCs.
Scale bars, 20 mV, 500 ms. (B) PP-DGC firing pattern before (top) and after (bottom)
aEPSPAMmpa/ka-CT; scale bars, 20 mV, 500 ms. (C) PP-DGC firing rate before and after CT;
Wilcoxon. (D) Correlation between PP-DGC firing rate after CT and DGC firing rate during CT;
this plot summarizes data obtained in control (A/C-, aEPSPappa-, aEPSPga- and aEPSP anvpa/ka-

CT) and epileptic (rtMF-CT and rtMF-CT + UBP310) conditions.

Figure 6. Increase of In,p after rMF-CT in epileptic DGCs.

(A) Current profiles induced by incremental voltage pulses before, after IMF-CT and after
subsequent application of 1 uM TTX in epileptic DGCs. Scale bars, 100 pA, 100 ms. (Inset)
rMF-CT DGC firing pattern. Scale bars, 10 mV, 200 ms. (B) Subtracted TTX-sensitive Inap
recorded at -40 mV before and after CT. Scale bars, 30 pA, 50 ms. (C) I/V curves for one
representative DGC before, after rMF-CT and after TTX. (D) Average I/V curves of In,p before

and after rMF-CT. (E) Increase of In,p after rMF-CT in epileptic DGCs, Wilcoxon tests. (F)

24
John Wiley & Sons

This article is protected by copyright. All rights reserved.



Page 25 of 47 Annals of Neurology

Average time course of Iy,p (normalized to baseline) at Vh = -40 mV before and after rMF-CT in

epileptic DGCs; the dashed line indicates the averaged baseline before CT.

Figure 7. Increase of subthreshold depolarization and intrinsic excitability after rMF-CT in
epileptic DGCs.

(A) Subthreshold membrane depolarization evoked by a 60 pA pulse before and after CT
in control and in epileptic DGCs. Scale bars, 5 mV, 100 ms. (B) Subthreshold area (from dashed
lines in(A) to signals) change after CT in control or epileptic conditions and after subsequent
application of 20 nM TTX (paired Student’s tests). (C) DGC firing evoked by a 100 pA pulse
before, after A/C-CT in control (top), rMF-CT in epileptic (middle) or aEPSPxA-CT in control
(bottom) conditions and after subsequent application of 20 nM TTX. Scale bars, 20 mV, 100 ms.
(D) Average /I plots before, after CT and after subsequent TTX application in control (left) and
epileptic (right) DGCs. (Inset) Corresponding averaged linear fits, same units than the main
panel. (E) Average f/I plots before and after aEPSPaypa-CT (left) or aEPSPga-CT (right) in

control DGC:s. (Inset) Corresponding averaged linear fits, same units than the main panel.
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SUPPLEMENTARY TABLES
Before CT RMP Rinput T AP amplitude AP Threshold AP H-W /I gain Rheobase
(mV) (MQ) (ms) (mV) (mV) (ms) (Hz/nA) (pA)
% Mean* SEM -73.9%0.4 250.1+10.8 334+15 67.8%1.6 -39.4+ 0.5 1.11+0.03 120.1%7.8 98.1£3.9
8 n 53 55 55 55 55 55 43 43
© MeantSEM -70.0+0.4 2285109 275%+13 73.2%23 -42.4+ 0.6 1.05+0.03 137.3+128 92.2+7.0
=
E‘ n 31 31 31 31 31 31 22 23
a
w
Test M-w Student Student Student Student Student M-W M-W
P value 0.0000 0.194 0.010 0.053 0.0004 0.181 0.367 0.157

*kk *

Hhk

Supplementary Table S1. Basic membrane and intrinsic firing properties of DGCs before CT

in control and epileptic rats. RMP: resting membrane potential; Riy,.: input resistance; t: time

constant; AP: action potential; H-W: half-width; M-W: Mann-Whitney. * P < 0.05; *** P <

0.001.
Experiment  After CT Rinput (%) 7 (%) AP amplitude (%) AP Threshold (%) AP H-W (%)
Control Mean £+ SEM 124.1+7.5 103.6+11.2 91.2+26 97.0+2.3 99.7+4.3
n 9 9 9 9 9
Epileptic Mean £+ SEM 132.8 £ 10.6 119.7+105 89.5+t44 101.5+1.6 94.7+2.8
n 7 7 7 6 7
Epileptic Mean + SEM 127.0 £8.9 1056+6.2 90.6+4.5 949+1.6 100.9+2.8
+ UBP310 n 9 9 9 9 9
Test Kruskal-Wallis ANOVA ANOVA Kruskal-Wallis Kruskal-Wallis
P value 0.790 0.475 0.955 0.069 0.167

Supplementary Table S2. Similar evolution of basic membrane properties following CT in

DGCs from control, epileptic rats and in the presence of UBP310. Percentages relative to the

condition before CT.
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After CT + TTX Rinput (%) 7 (%) AP amplitude (%) AP Threshold (%) AP H-W (%)
Mean = SEM 100.9+9.6 97.7+95 98.0+8.5 96.1+4.0 100.0+5.4

n 7 7 7 6 7

Test paired Student  paired Student paired Student paired Student paired Student
P value 0.943 0.734 0.539 0.377 0.818

Supplementary Table S3. Non-significant change of basic membrane properties after
application of 20 nM TTX. Percentages relative to the condition after CT in the absence of

TTX.
Experiment Condition compared f/I gain change n pvalue Test Difference of n pvalue Test
to before CT (% * SEM) rheobase
(pA + SEM)
Control After CT -3.2+11.7 15 0.237 paired Student 0+8.7 15 0.561 Wilcoxon
After CT + TTX 3.2+13.6 6 0.774 paired Student -10+11.3 6 0.415 paired Student
Epileptic After CT 68.2+22.8* 7 0.016 ANOVA (rm) + -156.7+53* 7 0.039 Friedman ANOVA
After CT + TTX 252+21.8 0.188 Tukey HSD 86114 0.335 + Wilcoxon
Epileptic + UBP After CT 20.0+£19.7 7 0.313 paired Student -1.3+8.1 8 0.882 paired Student
AEPSPavpa After CT 11.3+24.1 7 0.671 paired Student 29+8.1 7 0.736 paired Student
AEPSPxa After CT 63.9+30.2** 9 0.0099  ANOVA (rm) + -289+59* 9 0.010 Friedman ANOVA
After CT + TTX 23.2+20.5 0.780 Tukey HSD -6.7+8.2 0.380 + Wilcoxon
AEPSPavpaka After CT 68.1+21.9* 10 0.015 paired Student 20 £5.2* 10 0.004 paired Student

Supplementary Table S4. Summary of f/I gain and rheobase changes after CT and after
subsequent application of 20 nM TTX. rm: repeated measures. * p < 0.05; ** p <0.01.
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Figure 1. Long-lasting increase of PP-DGC firing rate triggered by rMF-CT in epileptic rats.

(A) Recording configuration and neurolucida reconstructed DGC filled with biocytin. PP: perforant path, A/C:
associational/commissural pathway, rMF: recurrent mossy fibres pathway, gcl: granule cell layer. (B, C) PP-
DGC firing patterns before and after A/C-CT in control (B) or after rMF-CT and subsequent TTX application
(20 nM) in epileptic condition (C). Scale bars, 20 mV, 500 ms. (D) DGC firing rate during CT (CT-DGC
firing). (E) Time course of the PP-DGC average firing rate before and after CT in control and epileptic
conditions. (F) PP-DGC firing rate, plotted as a population data, before and after A/C-CT in control (left) or
after rMF-CT and after subsequent TTX application (20 nM) (right) in epileptic rats; Wilcoxon. For this and
following figures and tables, action potentials are truncated, small dashes represent electrical stimulations,
mean values £ SEM, * p < 0.05; ** p < 0.01; *** p < 0.001; n.s., non-significant.
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Figure 2. DGCs from control and epileptic rats display similar short- and long-term depression profiles.
(A) Representative PP-input trains of EPSCs recorded in voltage-clamp at -70 mV before (left) and after CT
(right) in DGCs from control (top) and epileptic rats (bottom). Scale bars, 20 pA, 200 ms. (Insets) First
EPSC of the same trains before and after CT in control (top) and epileptic (bottom) conditions. Scale bars,
20 pA, 50 ms. (B) First and last EPSC amplitude within trains of PP-input before CT; Wilcoxon (control) and
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paired Student’s (epileptic) tests. (C) First EPSC amplitude of trains before and after CT; paired Student. (D)

Ratio last/first EPSC before and after CT (paired Student); in control and epileptic conditions (Student). (E)
First EPSC after CT normalized to values before CT in control and epileptic conditions, Student.
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Figure 3. KARs and Ca2+ but not NMDARs are crucial determinants for long-lasting increase of PP-DGC firing
rate triggered by rMF-CT in epileptic DGCs.

(A) PP-DGC firing pattern and (B) PP-DGC firing rate before and after rMF-CT in epileptic condition in the
presence of 5 uM UBP310; Wilcoxon. (C, E) PP-DGC firing patterns before and after A/C-CT in control (C) or
after rMF-CT in epileptic condition (E) without NMDAR antagonist (no D-APV). (D, F) PP-DGC firing rate
before and after A/C-CT in control (D, paired Student) or after rMF-CT in epileptic rats without NMDAR
antagonist (no D-APV) (F, Wilcoxon). (G) PP-DGC firing pattern and (H) PP-DGC firing rate before and after
rMF-CT in epileptic condition in the presence of 20 mM BAPTA inside the patch pipette. Scale bars, 20 mV,
500 ms. (I) rMF-CT-DGC firing rate in the presence of 40 uM D-APV, 5 uM gabazine, 5 yM CGP55845 and 5
UM UBP310 (black, + UBP310); 5 uM gabazine and 5 yM CGP55845 (red, no D-APV); 40 uM D-APV, 5 uM
gabazine, 5 uM CGP55845 and 20 mM BAPTA (grey, + BAPTA) in epileptic conditions. (J) Time course of the
PP-DGC average firing rate before and after CT in epileptic conditions. Same respective color codes than in

(1).
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Figure 4. Simulated train of EPSPKA increases PP-DGC firing rate in control rats.

(A) (Top) Single aEPSPAMPA and aEPSPKA; scale bar, 100 ms. DGC firing patterns (middle) evoked by
somatic injection of waveforms of current (bottom) simulating trains of AMPAR-EPSPs (left, aEPSPAMPA) or
trains of KAR-EPSPs (right, aEPSPKA). Scale bars, 10 mV, 250 ms. (B) Distribution of inter-spike intervals
(ISIs) with Gaussian fits (left) and plotted as cumulative probabilities (middle); rMF in epileptic (N = 2852)

vs. aEPSPKA (N = 4225) in control condition, p = 0.999. A/C (N = 430) vs. aEPSPAMPA (N = 746) in control
condition, p = 0.684, Kolmogorov-Smirnov. N refers to the number of ISIs. (Right) DGC firing rate during
CT in control and epileptic conditions. (C) Recording configuration. (D, E) PP-DGC firing patterns before and
after aEPSPAMPA-CT (D) or after aEPSPKA-CT and subsequent TTX application (20 nM) (E) in control rats.
Scale bars, 20 mV, 500 ms. (F) PP-DGC firing rate plotted as a population data before and after
aEPSPAMPA-CT (left) and after aEPSPKA-CT and subsequent 20 nM TTX application (right); Wilcoxon. (G)

Time course of the PP-DGC mean firing rate before and after aEPSPKA-CT in control condition with or

without BAPTA inside the patch pipette.
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Figure 5. Simulated synaptic barrages comprising half of aEPSPKA increase PP-DGC firing rate in control

rats.

(A) 10 different trains of current waveforms composed of 50% aEPSPAMPA and 50% EPSPKA randomly
distributed and corresponding firing patterns used as CT in control DGCs. Scale bars, 20 mV, 500 ms. (B)
PP-DGC firing pattern before (top) and after (bottom) aEPSPAMPA/KA-CT; scale bars, 20 mV, 500 ms. (C)
PP-DGC firing rate before and after CT; Wilcoxon. (D) Correlation between PP-DGC firing rate after CT and

DGC firing rate during CT; this plot summarizes data obtained in control (A/C-, aEPSPAMPA-, aEPSPKA- and
aEPSPAMPA/KA-CT) and epileptic (rMF-CT and rMF-CT + UBP310) conditions.
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Figure 6. Increase of INaP after rMF-CT in epileptic DGCs.

(A) Current profiles induced by incremental voltage pulses before, after rMF-CT and after subsequent
application of 1 yM TTX in epileptic DGCs. Scale bars, 100 pA, 100 ms. (Inset) rMF-CT DGC firing pattern.
Scale bars, 10 mV, 200 ms. (B) Subtracted TTX-sensitive INaP recorded at -40 mV before and after CT.
Scale bars, 30 pA, 50 ms. (C) I/V curves for one representative DGC before, after rMF-CT and after TTX. (D)
Average I/V curves of INaP before and after rMF-CT. (E) Increase of INaP after rMF-CT in epileptic DGCs,
Wilcoxon tests. (F) Average time course of INaP (normalized to baseline) at Vh = -40 mV before and after
rMF-CT in epileptic DGCs; the dashed line indicates the averaged baseline before CT.
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Figure 7. Increase of subthreshold depolarization and intrinsic excitability after rMF-CT in epileptic DGCs.
(A) Subthreshold membrane depolarization evoked by a 60 pA pulse before and after CT in control and in
epileptic DGCs. Scale bars, 5 mV, 100 ms. (B) Subthreshold area (from dashed lines in (A) to signals)
change after CT in control or epileptic conditions and after subsequent application of 20 nM TTX (paired
Student’s tests). (C) DGC firing evoked by a 100 pA pulse before, after A/C-CT in control (top), rMF-CT in
epileptic (middle) or aEPSPKA-CT in control (bottom) conditions and after subsequent application of 20 nM
TTX. Scale bars, 20 mV, 100 ms. (D) Average f/I plots before, after CT and after subsequent TTX application
in control (left) and epileptic (right) DGCs. (Inset) Corresponding averaged linear fits, same units than the
main panel. (E) Average f/I plots before and after aEPSPAMPA-CT (left) or aEPSPKA-CT (right) in control
DGCs. (Inset) Corresponding averaged linear fits, same units than the main panel.
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