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Abstract

In vitro studies have reported high intracellular chloride levels, depolarizing and potentially excitatory
actions of GABA in various pathological conditions. Consequently, great expectations are now pinned
on drugs potentially restoring low [CI7]i as novel therapies for a wide range of brain disorders. However,
the clinical relevance of this hypothesis remains largely speculative because of the yet unresolved
technical difficulty to evaluate the polarity of GABAergic transmission in vivo. Here, we show that the
polarity of GABAergic transmission can be probed across the CA3 hippocampal circuit in vivo with
single cell resolution, by combining extracellular detection of unitary inhibitory postsynaptic field-
potentials (fIPSPs) and silicon probe recording of the firing activity of multiple individually identified
neurons. As an example application, we provide direct evidence for depolarizing actions of perisomatic
GABAergic transmission and time-locked excitation of CA3 pyramidal neurons in acute and chronic

mouse models of epilepsy.
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Introduction

GABAergic inhibition relies on ionotropic GABA-A and metabotropic GABA-B receptors. The fast
and time-locked inhibition considered essential for neuronal coding is the one mediated by GABA-A
receptors (GABA-A R), permeable to chloride ions (CI). In normal conditions, neurons maintain a low
intracellular concentration of chloride ([CI]i), so that the reversal potential of CI" mediated currents is
more negative than the resting potential’. GABA release therefore generates an influx of CI,, with an
hyperpolarizing effect on membrane potential, and inhibition of neuronal discharge.

Recent publications have proposed the implication of defective inhibition in the etiology of
various pathologies including epilepsy, depression, schizophrenia, Down Syndrome or Autism
Spectrum Disorders 2°. In vitro experiments have suggested that defective function of the K-Cl co-
transporter KCC2, that would normally extrude CI from the cell, was responsible for a reversed polarity
of GABAergic synaptic transmission from inhibitory to excitatory, participating in epileptogenesis in

1017 35 well as in human tissue resected from epileptic patients %, But one major

animal models
difficulty in the study of GABAergic inhibition is to avoid artefactual interference with the native CI
gradient, a main determinant of GABA-A R mediated inhibitory function. Perforated-patch clamp
recordings with the compound antibiotic gramicidin provide electrical access to the cell through the
formation of pores in the membrane, permeable to cations but impermeant to CI". Perforated-patch
recordings with gramicidin have been successfully used in vitro to record GABAergic synaptic currents,
while keeping intracellular ClI- unaffected by the pipette solution® 121 Byt previous work has also
demonstrated that Cl" gradient can be affected by the slicing procedure 2> 2, questioning the claims
for excitatory GABAergic transmission based on in vitro recordings 2.

In vivo treatment with the diuretic bumetanide, which also reduces the accumulation of Cl" ions
in neurons through the inhibition of the CI" intruder NKCC1, was found to reduce behavioural
abnormalities in rat and mouse models of Autism Spectrum Disorders® and seizures in animal models
of epilepsy 2*%8. But bumetanide has a limited bio-availability in the brain due to poor blood brain

2931 and it is finally unclear if its action in vivo was indeed due to the restoration of

barrier penetration
neuronal CI gradient and inhibitory GABAergic transmission.

Direct investigation of the polarity of GABAergic transmission in vivo puts serious constraints in
terms of experimental access, and the evaluation of synaptic responses to GABA-A R activation is
challenging. Adapting to in vivo conditions the extracellular recording of unitary GABAergic

3234 \we could evaluate the polarity of

postsynaptic potentials (field IPSPs) previously described in vitro
perisomatic GABAergic signaling in the intact brain. As an exemple application, we now report the first
direct evidence for depolarizing actions of perisomatic GABAergic transmission and time-locked
excitation of CA3 pyramidal neurons in acute and chronic mouse models of epilepsy. We believe that

this demonstration will pave the way for the investigation of CI- homeostasis and inhibitory function in


https://doi.org/10.1101/630608

bioRxiv preprint doi: https://doi.org/10.1101/630608; this version posted May 7, 2019. The copyright holder for this preprint (which was not

61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

vivo, in physiological conditions and in situations in which alteration or even reversal of GABAergic
transmission is hypothesized to occur. It also constitutes an invaluable tool to quantify the actual in
vivo efficacy of drugs designed to modulate CI" homeostasis and restore physiological GABAergic

inhibition, thereby meeting high clinical and therapeutical expectations.

Results

Extracellular recording of perisomatic field-IPSPs and time-locked inhibition of CA3 pyramidal cell
firing in vivo.

Non-invasive recording of the dynamics of GABAergic synaptic transmission in vivo is a challenge.
Previous work in vitro has suggested that perisomatic inhibitory postsynaptic signals originating from
individual interneurons (basket and chandelier cells) could be recorded as extracellular field potentials
(fIPSPs) from their target pyramidal-cell population3?3*, This approach offers several main advantages.
First, extracellular recordings preserve native [Cl]i. Second, the polarity of the field events indicates
the direction of the current elicited in the target population of pyramidal cells, thereby addressing the
qguestion of depolarizing vs hyperpolarizing polarity of GABAergic postsynaptic signaling. And third,
combined with units recording and spike sorting of neuronal discharges, extracellular detection of
population fIPSPs provides a time reference to investigate the net effect of GABAergic perisomatic
synaptic signals on the firing of the target neurons with single cell resolution, allowing a direct
guantification of the efficacy of inhibition or excitation provided by perisomatic GABAergic inputs.

In order to evaluate the efficiency and polarity of perisomatic GABAergic transmission in the
hippocampus in vivo, we have therefore inserted silicon probes into the dorsal CA3 pyramidal layer of
urethane-anesthetized mice, recording spontaneous local field potentials and unitary neuronal
activity. As illustrated in Fig. 1, spontaneous activity from the CA3 pyramidal layer included action
potentials (units) and positive local field events with a profile similar to that of fIPSPs previously
described in vitro as the GABA-A receptor mediated postsynaptic potentials originating from PV
interneurons®*. Accordingly, these events were characterized by a fast rise time (2.01+0.53ms, n=8
mice) and a decay time constant increased by the GABA-A modulator diazepam (2mg/kg, IP) from
3.65+0.05ms to 4.19+0.06ms (n=3 mice, p<0.01, two-tailed paired t-test, t = 9.13, DF = 2). As observed
in vitro and expected from perisomatically projecting interneurons (basket and chandelier cells), in
vivo fIPSPs provided very powerful time-locked inhibition of local pyramidal cells. Accordingly, multi-
unit pyramidal cell activity was almost fully interrupted by fIPSPs, as observed in the traces shown in
Fig. 1b and in the trough that follows fIPSPs in the peri-event time histogram (PETH) shown in Fig. 1d-
e. Beside the peak firing that precedes fIPSPs and probably reflects the recruitment of perisomatic

inhibition by pyramidal cells discharge3*, 79.05+14.93% of the 139 putative pyramidal cells obtained
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96 from 8 mice were significantly inhibited by fIPSPs, resulting in a population firing reduced by

97 92.3+4.5%, returning to baseline values after 9.75£2.8ms (n=8 mice).

98

99 Perisomatic fIPSPs specifically originate from PV interneurons and provide homeostatic
100 redistribution of individual pyramidal cells firing rates in the CA3 hippocampal network.
101 In order to verify that fIPSPs actually originate from PV interneurons, we recorded the
102  extracellular field-potential responses to the optogenetic activation of PV interneurons. PV-Cre mice
103  were injected with the DIO hChR2 (E123T/T159C)-EYFP construct in the CA3 region in order to express
104  the cationic actuator ChR2 specifically in PV interneurons. PV immuno-staining of the infected mice
105 showed excellent specificity, with 96 to 100% (98.3+2%, n=3 mice) of the infected (GFP-positive) cells
106  being also PV-positive (Supplementary Fig. 1a). As illustrated in Fig. 2, brief (2ms) local optogenetic
107  activation of PV interneurons did evoke reliable fIPSPs, together with powerfull time-locked inhibition
108  of local pyramidal cells (n=33 pyramidal cells from 5 mice). PV interneuron firing is therefore sufficient
109  to evoke fIPSPs. In order to know whether other types of interneurons also significantly contributed to
110 the generation of perisomatic fIPSPs during spontaneous CA3 activity, PV-Cre mice were injected with
111  the FLEX-rev::PSAML141F,Y115F:GlyR-IRES-GFP construct to express the inhibitory pharmacogenetic
112 actuator PSAM-GIyR specifically in PV interneurons. PV immuno-staining of the infected mice showed
113  that in addition to high specifity (99+1%, n=3 mice), 98+1 % (n=3 mice) of the PV-positive cells in the
114 region of recording were also GFP-positive (Supplementary Fig. 1b), indicating that most PV
115 interneurons expressed PSAM-GIyR. As illustrated in Fig. 3g-h, the pharmacogenetic inhibition of PV
116  interneurons induced by local injection of the exogenous ligand PSEM-89S very efficiently suppressed
117 spontaneous fIPSPs, from 6.58+3.50 to 0.45+0.66 events/s (n= 5 mice, p<0.05, two-sided Wilcoxon
118  Mann-Whitney Test), suggesting that the recorded fIPSPs originated predominantly from PV
119 interneurons.
120 Even though pharmacogenetic silencing of PV interneurons in the anesthetized mouse did not
121 increase the global firing rate of the CA3 pyramidal cell population (Fig. 3h, 1.19+2.72Hz in control vs
122 0.96+1.04Hz in PSEM-89S, n=5 mice, NS, two-sided Wilcoxon Mann-Whitney Test), it did affect
123 individual cells firing. As illustrated in Supplementary Fig. 2, the correlation coefficient between
124  individual cells firing rates in consecutive epochs of 10min indicated a remarkable stability, both in
125 baseline (r=0.987, p<0.001) and after PV interneuron silencing (r=0.79, p<0.001). On the other hand,
126  as illustrated in Fig. 3i, the firing rates before vs after PSEM-89S were hardly correlated (r=0.38,
127  p<0.05), indicating that PV interneuron silencing induced a redistribution of firing rates among
128  pyramidal neurons within the CA3 circuit.

129
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130  Depolarizing and excitatory perisomatic GABAergic transmission in acute seizures in the drug-free
131 mouse.

132 The reversal potential of Cl-mediated GABAergic currents (E-GABA) is controlled by the passive
133 movement and active transport of Cl- through various ionic channels and transporters in the plasma
134 membrane. During spontaneous activity, Cl" ions flowing through GABA-A channels tend to shift the
135 reversal potential of GABAergic currents toward membrane potential. E-GABA is therefore a very
136  dynamic process that depends on ongoing fluctuations of membrane potential and GABAergic
137  conductances. During seizures, GABA is massively released by interneurons while pyramidal cells are
138  depolarized, therefore getting loaded with CI" until extrusion mechanisms restore an hyperpolarizing
139  CI gradient. It is therefore expected that due to the time course of CI extrusion, high ClI" load and
140  excitatory GABA might participate in a deficit of inhibition immediately after a seizure!® 3>. However,
141  thetime dynamics of CI" balance through intrusion and extrusion systems that has been studied in vitro
142 largely remains to be characterized in vivo. As illustrated in Fig. 4, taking advantage of fIPSPs as a non
143 invasive index of the polarity of GABAergic currents in the CA3 pyramidal population, we have
144 investigated the dynamics of perisomatic inhibition during acute interictal and ictal seizures in
145 unanesthetized mice. In order to monitor both spontaneous and evoked fPISPs, PV-Cre mice were
146 infected with the DIO-hChR2-EYFP construct in the CA3 region. Light stimulation with a locally
147 positioned optical fiber provided evoked fIPSPs by direct stimulation of PV interneurons. Acute seizures
148  were induced by a brief and focal intra-hippocampal injection of the convulsive agent bicuculline in
149 the contralateral hemisphere. Electrophysiological recordings displayed both interictal activity and
150  hippocampal ictal seizures, recognized as complex events lasting 30 to 40 seconds (39.25 +2.5s, n=6
151 seizures from 4 mice), even though the animal did not show behavioural convulsions. While in
152  comparison to baseline, fIPSPs were not significantly affected between epileptic discharges, they
153  transiently appeared with a reversed polarity after the termination of ictal seizures, returning to
154  normal polarity within 182 to 434 seconds after the termination of the seizure event (219.76+128.56s,
155 n=6 seizures from 4 mice), suggesting transiently reversed polarity of GABAergic transmission after
156 ictal seizures, but not after acute interictal discharges. Moreover, reversed fIPSPs entrained the
157 discharge of postsynaptic neurons, as indicated by the peak in the peri-event histograms between
158 reversed fIPSPs and multi-unit activity, suggesting not only depolarizing but also excitatory action of
159 perisomatic GABAergic synaptic transmission. No more fIPSP-related excitatory interactions were seen
160 after the recovery of the polarity of fIPSPs. These results suggest that an ictal seizure can entrain
161 transient depolarizing and excitatory actions of perisomatic GABAergic transmission in the CA3 circuit.
162

163 Discrete excitatory perisomatic GABAergic transmission in a chronic model of epilepsy.
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164 Acute ictal seizures, as induced experimentally by the injection of the convulsive agent kainic acid
165 (KA), can turn into chronic epilepsy after a silent period of up to several weeks. Previous work on
166 another model of epilepsy has suggested that reversed (excitatory) GABAergic transmission might be
167  involved in the transition between acute seizures and chronic epilepsy® * 27, This condition is of high
168  clinical relevance because incident occurrence of isolated seizures in human is known to be a main
169  factor for the development of chronic epilepsy after a latent period that can last from months to
170  several years®®. Identifying the cellular mechanisms responsible for this transition would therefore
171 potentially offer opportunities for preventive treatment against epilepsy.

172 We have evaluated the dynamics of perisomatic inhibition in the CA3 hippocampal region of
173  anesthetized KA-treated mice during the latent period, one week after KA injection in the contralateral
174  hippocampus®. Interictal discharges were present in all KA-treated mice, but in none of the control
175  animals (Supplementary Fig. 3). Among all identified fIPSPs, none appeared of reversed polarity,
176  whether in control or in KA-treated mice, suggesting that GABAergic transmission remained globally
177 hyperpolarizing at the network level. Nevertheless, because the polarity of fIPSPs represents the
178 average response of all the local pyramidal targets of the discharging presynaptic interneuron(s), the
179 possibility remained that a subpopulation of pyramidal cells might be depolarized or even excited by
180 GABAergic transmission in spite of a globally hyperpolarizing fIPSP population response. We therefore
181 evaluated the response of individual neurons to spontaneous fIPSPs, and indeed identified a minority
182  of neurons (n=4 out of 78 putative pyramidal cells from 3 KA-treated mice, among a total of 195
183 putative pyramidal cells from 8 KA-treated mice) that fired action potentials in response to GABAergic
184  synaptic inputs. Individual examples of putative pyramidal cells displaying the three distinct types of
185 observed responses to spontaneous fIPSPs (time locked excitation, time-locked inhibition, or no clear
186  change in net firing rate) are illustrated in Fig. 5. Therefore, analyzing single cell responses to fIPSPs
187  revealed an heterogenity of GABAergic alterations among KA-injected animals. These observations
188  suggest that fIPSPs in vivo may be useful to investigate whether the extent of reversed GABAergic
189  transmission at various delays after an acute seizure episode is involved in the distinct etiological
190 outcome among individual animals, differentially affected by the initial insult.

191

192

193 Discussion

194

195 The possibility that altered ClI" homeostasis and functionally reversed GABAergic transmission
196 (from inhibitiory to excitatory) might be involved in major pathologies such as epilepsy, autism
197  spectrum disorders or schizophrenia, has recently raised considerable interest?> 1015 18,19, 25,26, 38,39

198 However, a direct assessment of this hypothesis has been hindered by the technical difficulty of


https://doi.org/10.1101/630608

bioRxiv preprint doi: https://doi.org/10.1101/630608; this version posted May 7, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

199 probing CI" gradient and GABAergic synaptic function in vivo. Neuronal [Cl]i is very labile and even
200 intracellular recordings with sharp electrodes, which limit cytoplasmic wash-out, do not preserve
201 membrane integrity, potentially altering resting potential and endogenous CI" gradient. Indirect
202 evaluation of pyramidal cell response to optogenetic activation of GABAergic interneurons from the
203 frequency of glutamatergic inputs®, or direct cell-attached recording of single-channel currents,
204 including those evoked by GABA uncaging within the recording pipette®, are elegant approaches but
205 do not resolve the dynamics of synaptic transmission. On the other hand, previous work in vitro
206  suggested that the postsynaptic response of hippocampal pyramidal cells to their perisomatic
207  GABAergic inputs could be recorded extracellularly, as field-Inhibitory Postsynaptic Potentials (fIPSPs),
208  and that the polarity of fIPSPs could be used as an index of CI gradient and polarity of GABAergic
209 transmission. Indeed, perisomatically projecting interneurons (basket and chandelier cells) have a
210  densely arborised axon specifically confined to the pyramidal cell layer, and contact a large proportion

41, 42 so that each action potential of the

211  of pyramidal cells within a restricted projection area
212 interneuron triggers the nearly synchronous release of GABA on hundreds of target pyramidal cells,
213 which postsynaptic responses (IPSPs) sum up and can be readily identified from a local extracellular
214  electrode®”3* with a polarity reflecting that of the CI- gradient3> 33, This approach is well suited to
215 preserving endogenous [Cl]i, can be performed in vivo, and opens the possibility to resolve the
216 dynamics of ClI" gradient and polarity of GABAergic transmission over the course of ongoing synaptic
217 activity. A strong limitation however is that fIPSPs are the average response of multiple pyramidal cells
218 and therefore lack the resolution of individual cells, so that changes in GABAergic polarity could be
219  detected if they affect the whole neuronal population but may be missed if affecting only a subset of
220  cells. Morevover, GABAergic transmission involves both voltage and conductance changes, so that
221 reversed [CIli and depolarizing GABA carry a complex combination of excitatory (through
222  depolarization) and inhibitory (through increased conductance) influences?> #3%6, As a consequence,
223  determining the net postsynaptic effect of GABAergic transmission requires a direct readout of
224  postsynaptic firing activity. For all these reasons, we now propose that the method of choice to probe
225 Cl" gradient and GABAergic synaptic function in vivo lies in combined multi-electrode recording and
226 spike-sorting methods. While fIPSPs provide the timing and global (average) polarity of perisomatic
227 GABAergic synaptic events, the distributions (peri-event time histograms) of the spikes of individually
228 identified neurons provide the net functional effect of GABAergic transmission, with single cell
229 resolution.

230 In line with previous in vitro evidence for the direct involvement of basket and chandelier cells in
231  the generation of fIPSPs323* we provide direct evidence that in vivo fIPSPs originate mostly from PV
232 interneurons, because they were elicited by the optogenetic activation of PV interneuronal firing, and

233 largely eliminated by the pharmacogenetic inhibition of PV interneuronal firing. Perisomatic inhibition
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234 is considered to be functionally optimal for the control of neuronal discharge, with synapses
235  strategically located on the soma and close to the site of action potential initiation*”- %8, PV basket and
236 chandelier cells are thus considered to play a major role in the control of pyramidal cells firing through
237  time-locked inhibition, presumably preventing excessive firing within the hippocampal circuit.
238 However, in spite of the critical importance of excitatory-inhibitory interactions in the recurrent CA3
239 circuit, the literature is strikingly missing direct reports of the dynamics of excitatory-inhibitory
240  interactions in this neuronal circuit, presumably because of the technical difficulties to identify
241 perisomatic inhibitory events in vivo. Our experimental results confirm that perisomatic GABAergic
242  transmission provides very powerful time-locked inhibition of most CA3 pyramidal neurons. An
243 interesting observation is that the blockade of PV interneuron firing was responsible for a
244  redistribution of pyramidal cell activity, but was not accompanied by any major quantitative change of
245  activity at the network level. This suggests that perisomatic inhibition may be involved in the control
246  of the timing of pyramidal cells discharge rather than quantitative control of the network discharge.
247 Previous reports are compatible with this hypothesis. In a previous study conducted in vitro, we have
248 reported that fIPSPs were rather poorly recruited by network activity, suggesting that perisomatic
249 inhibition should be more efficient in shaping the timing of spike flow than in limiting excitatory
250 runaway recruitment and preventing the generation of hyper-synchronized discharges. Previous
251 report that transgenic mice with specifically disrupted glutamatergic inputs to parvalbumin-positive
252 interneurons displayed hippocampo-dependent spatial memory impairment but no epileptic
253  phenotype are also in support of this interpretation®*,

254 But one major advantage offered by the extracellular recording of fIPSPs is the possibility to
255  evaluate the efficiency, and even the polarity, of perisomatic GABAergic transmission in a variety of
256  conditions, including pathological conditions in which GABAergic transmission is suspected to be
257 affected, or even reversed, due to altered neuronal CI- homeostasis. Cl" gradient is dependent on both
258  recent neuronal activity involving CI" currents and the dynamics of pumps and transporters involved in
259  maintaining physiological Cl- gradient. Our experiments have tested the possibility to detect the
260 consequences for ClI regulation and GABAergic transmission of both acute hyperactivity and chronic
261 epilepsy. We report that transient hypersynchronized discharges induce a global reversal of neuronal
262 Cl and polarity of GABAergic transmission, shifting from inhibitory to excitatory for a duration of
263 several tens of seconds before returning to normal polarity and efficiency. While this reversal of
264 GABAergic polarity is readily seen as a reversed polarity of fIPSPs, we also report a more subtle effect
265 during the course of epileptogenesis in the KA model of chronic epilepsy. One week after KA injection,
266  we observed that perisomatic GABAergic transmission provided time-locked excitation to a minority
267  of pyramidal neurons in the hippocampus, while we did not observe a reversed polarity of fIPSPs. This

268  suggests that subtle alterations in the regulation of ClI" homeostasis and GABAergic transmission
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269 already operate in the hippocampal circuit during the latent period that precedes the establishment
270 of chronic epilepsy. The functional consequences of defective GABAergic transmission in a minority of
271 neurons, both in terms of coding and circuit dynamics, remain to be investigated. Independently of
272 seizure generation, reversed GABAergic transmission might significantly affect neuronal processing
273 and information coding.

274 The extracellular detection of perisomatic IPSPs therefore provides an invaluable tool to evaluate
275  ClI'homeostasis and inhibitory function, in physiological conditions and in situations in which alteration
276  or even reversal of GABAergic transmission is hypothesized to occur. This approach opens new
277  possibilities to evaluate the relevance of the excitatory GABA hypothesis in physiological development,
278  autism spectrum disorders, schizophrenia, various forms of epilepsy and the time course of
279  epileptogenesis, as well as to evaluate the potential of pharmacological interference with neuronal CI
280  gradient as an effective therapeutic strategy against major brain diseases.

281
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Figure 1: Spontaneous extracellular field inhibitory post-synaptic potentials (fIPSPs) in vivo

(a) Schematic of electrode track and histological verification of recording location within the CA3 hippocampal region
(Dil-labeled silicon probe in red, DAPI staining in blue).

(b) Exemple trace of spontaneous wide-band (0.1Hz-9KHz) field-recording activity in the CA3 pyramidal layer,
displaying 4 channels (10-20pm distance between recording sites) of the same shank of a 2-shanks Neuronexus Buzsakil 6
silicon probe. Field-events of positive polarity (upward deflections), fIPSPs (peaks, dashed blue lines). Fast downward
deflections, action potentials (AP), also labeled below as raster display (red ticks, multi-unit activity). Note the transient
interruption of neuronal firing after fIPSPs.

(c) Comparison of fIPSP decay (left, superimposed average traces normalized on amplitude, right, fIPSPs decay times,
meant SD, ** p<0.01) in control (black) and in presence of diazepam (grey). Note prolonged fIPSP decay under
diazepam.

(d) Peri-event time histogram (mean and SD, n=8 WT mice, time bin 1 ms) between all the spikes discharged by putative
pyramidal cells and fIPSPs (reference, peak-time), shown as average trace on top at the same time scale and aligned on
peak (dotted blue line). Baseline mean and 2SD are respectively shown as plain and dotted horizontal grey lines. Note
increased pyramidal cell discharge in the 10 ms prior to fIPSP, and the strong inhibition (trough, max inhibition) that
follows. Inset, schematic illustration of the recurrent excitatory/inhibitory loop: (1) the collective discharge of
interconnected pyramidal cells activates the discharge of local interneurons, resulting (2) in perisomatic fIPSP and
inhibition of pyramidal population activity.

(e) Diagram illustrating firing rates (mean + SD, same 8 mice as in D; baseline level = 100%, calculated from -50 ms
to -30 ms) at peak (bin of maximum firing in the 10ms prior to fIPSPs), trough (bin of minimum firing in the 4ms
post-fIPSPs), and recovery (last of post-fIPSPs time bin below baseline - 2SD) time points. Inset, proportion of
pyramidal cells (n=139 from 8 mice) with a significant post-fIPSPs trough (ie inhibited vs not-inhibited neurons).
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Figure 2: In vivo fIPSPs generated by optogenetic activation of PV interneurons

(a) Schematic representation of electrode and optic fiber positions in PV-Cre mice with AAV-driven ChR2
and GFP expression in CA3 PV interneurons.

(b-e) Confocal stacks of GFP-positive (green) and PV-positive (red) immunostaining in the hippocampal
CA3 region. (b, scale bar, 100um) GFP immuno staining. (c-e, scale bar, 50pum), higher magnification of
the CA3a region delimited by the white rectangle in B). (C) GFP immuno-staining. (d) PV
immunostaining. (¢) Overlay. Note the co-localization on the 4 identified PV interneurons (arrow-heads).

(f) Peri-event time histogram (mean = SD, n=5 mice, time bin 1 ms) between all the spikes discharged
by putative pyramidal cells and optogenetically evoked (laser ON 2ms, blue bar) fIPSPs (reference),
shown as superimposed (grey) and average (black) traces (n=60 from a single representative recording)
on top, aligned and at the same time scale. Note the powerful time-locked inhibition of pyramidal cell
firing in response to fIPSPs evoked by the optogenetic stimulation of PV interneurons.
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Figure 3: Inhibition of fIPSPs by pharmacogenetic inactivation of PV interneurons

(a) Schematic representation of electrode and injection site in PV-Cre mice with AAV-driven PSAM-GIlyR and GFP
expressionin CA3 PV interneurons.

(b-e) Confocal stacks of GFP-positive (green) and P V-positive (red) immunostaining in the hippocampal CA3 region. (b,
scale bar, 100pm) GFP immuno staining. (c-e, scale bar, 50um), higher magnification of the CA3aregion delimited by the
white rectangle in B). (¢) GFP immuno-staining. (d) PV immunostaining. (e) Overlay. Note the co-localization of PV and
PSAM-GlyR immuno-staining on the 3 labeled interneurons (arrow-heads).

(f) Example traces of spontaneous wide-band (0.1Hz-9KHz) field-recording activity in the CA3 pyramidal layer, in control
(left, baseline) and in presence of the exogenous ligand PSEM-89S (right, PSEM). Note the drastic reduction in fIPSPs
expression (*).

(g-h) Summary plots (mean + SD, n=5 mice) of fIPSP frequency (g) and pyramidal population firing rate (h) in control
(baseline) and in presence of PSEM (* p<0.05).

(i) Individual pyramidal cells firing rates (n=36 putative pyramidal cells from 3 mice) in control ("before" is the 10min
period that immediately preceeds PSEM-89S injection) and in presence of PSEM ("after" period is from 5 to 15min
after PSEM-89S injection). Black line, bissector (y=x). Red line, linear regression line. Note that the pharmacogenetic
blockade of PV interneurons with PSAM-GIlyR redistributed individual firing rates without any significant change on
global population firing activity.
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Figure 4: Transiently reversed fIPSPs and perisomatic GABAergic synaptic transmission following acute seizures

(a) Schematic representation of electrode and optic fiber positions in the left hippocampus of PV-Cre mice with A AV-driven ChR2 expression
in CA3 PV interneurons, and contralateral injection of the convulsivant bicuculline.

(b) Exemple trace (wide-band LFP) of a seizure as acute response to contralateral bicuculline injection.

(¢) Time course of individual fIPSPs amplitude (black dots, spontancous, blue dots, evoked by optogenetic activation of PV interneurons),
relative to acute seizures induced by the contralateral injection of bicuculline (vertical grey bar, 3 seizures from the same animal, aligned by
their ending time). Insets, representative individual field responses (optogenetically evoked fIPSPs; horizontal blue bars, laser ON) in
control (pre-seizure), during the period right after the seizure (reversed polarity), or after recovery (post-seizure). Note transiently evoked
spiking activity induced by fIPSPs of reversed polarity right after the seizure and progressive recovery of fIPSPs amplitude.

(d) Peri-event time histogram (mean and SD, time bin Ims) between all the spikes discharged by putative pyramidal cells (n=4 mice) and
spontaneous (in black, n=31682 events) or optogenetically evoked (in blue, n=2756 events) fIPSPs (reference) from the pre- and post-seizure
periods, shown as average traces on top (spontaneous, black; evoked, blue) at the same time scale and aligned on peak.

(e) Peri-event time histogram (mean and SD, time bin 1ms) between multi-unit activity and optogenetically evoked fIPSPs (reference) in
the period right after the seizure (n=57 fIPSPs from 6 seizures from 4 mice), shown as average traces on top at the same time scale and
aligned on peak. Note the clear time-locked excitation of neuronal firing and reversed polarity of the fIPSPs evoked by the optogenetic
stimulation of PV interneurons in the period right after the seizure.
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Figure 5: Normal fIPSP polarity but GABA-mediated time-locked excitation in head-fixed KA-treated mice

(a) CA3 neuronal activity was recorded from urethane-anesthetized WT mice one week after contralateral, intra-
hippocampal KA injection.

(b) Exemple trace (wide-band LFP) of interictal burst (interictal spikes, blue arrow-heads).

(c) Exemple traces of spontaneous CA3 pyramidal layer activity (left) and superimposed and averaged traces of fIPSPs
(right), in control (top) and KA (below) conditions. Note the presence of normal polarity, frequent fIPSPs, in both
conditions.

(d-f) Individual examples of putative pyramidal cells displaying the three distinct types of observed responses to
spontaneous fIPSPs in KA-treated mice (time locked excitation (d), time-locked inhibition (e), or no clear change in net
firing rate (f, non responding)). Upper left, average waveform from the 8 channels of the recording electrode. Upper
right, spike autocorrelogram. Middle, raster display of spike firing aligned on fIPSP ocurrence (vertical blue line,
fIPSP peak). Lower plot, normalized peri-event time histogram (time bin, 1ms) of the neuron discharge (AP count)
relative to fIPSP peak (reference, vertical blue line). Inset (d), similar peri-event time histogram but ignoring action
potential bursts (ie all spikes with preceding inter spike interval < 10ms omitted from the histogram).
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