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SUMMARY
The hypothesis that reversed, excitatory GABA may be involved in various brain pathologies, including epi-
leptogenesis, is appealing but controversial because of the technical difficulty of probing endogenous
GABAergic synaptic function in vivo. We overcome this challenge by non-invasive extracellular recording
of neuronal firing responses to optogenetically evoked and spontaneously occurring inhibitory perisomatic
GABAergic field potentials, generated by individual parvalbumin interneurons on their target pyramidal cells.
Our direct probing of GABAergic transmission suggests a rather anecdotal participation of excitatory GABA
in two specificmodels of epileptogenesis in themouse CA3 circuit in vivo, even though this does not preclude
its expression in other brain areas or pathological conditions. Our approach allows the detection of distinct
alterations of inhibition during spontaneous activity in vivo, with high sensitivity. It represents a promising tool
for the investigation of excitatory GABA in different pathological conditions that may affect the hippocampal
circuit.
INTRODUCTION

Fast and time-locked inhibition, considered essential for network

balance and neuronal coding, is mediated by GABAA receptors

(GABAA R), which are permeable to chloride ions (Cl�). In normal

conditions, neurons maintain a low intracellular concentration of

chloride ([Cl�]i), so that the reversal potential of Cl�-mediated

currents is more negative than the resting potential (Blaesse

et al., 2009). GABA release therefore generates an influx of

Cl�, with a hyperpolarizing effect on membrane potential, and

an inhibition of neuronal discharge.

Recent publications have proposed the implication of defec-

tive inhibition in the etiology of various pathologies, including ep-

ilepsy, depression, schizophrenia, Down syndrome, or autism

spectrum disorders (Menendez de la Prida and Trevelyan,

2011; Cellot and Cherubini, 2014; Tyzio et al., 2014; Deidda

et al., 2015; Doyon et al., 2016; Lopez-Pigozzi et al., 2016;

Ben-Ari, 2017; Valero et al., 2017; Kharod et al., 2019). In vitro

and in vivo experiments have suggested that the defective func-

tion of the K-Cl co-transporter KCC2, which would normally

extrude Cl� from the cell, was responsible for a reversed polarity

of GABAergic transmission from inhibitory to excitatory, partici-

pating in epileptogenesis in animal models (Khalilov et al., 2003;

Pathak et al., 2007; Riekki et al., 2008; Bragin et al., 2009; Bar-

mashenko et al., 2011; Nardou et al., 2011; Ellender et al.,
This is an open access article under the CC BY-N
2014; Chen et al., 2017; Moore et al., 2017; Wang et al., 2017;

Di Cristo et al., 2018; Magloire et al., 2019), as well as in human

tissue resected from patients with epilepsy (Cohen et al., 2002;

Huberfeld et al., 2007; Pallud et al., 2014). One major difficulty

in the study of GABAergic inhibition is to avoid artifactual interfer-

ence with the native Cl� gradient, a main determinant of GABAA

R-mediated inhibitory function. Perforated-patch clamp record-

ings with the compound antibiotic gramicidin provide electrical

access to the cell through the formation of pores in the mem-

brane, permeable to cations but impermeant to Cl�. Perfo-

rated-patch recordings with gramicidin have been successfully

used in vitro to record GABAergic synaptic currents, preserving

intracellular Cl� (Gulledge and Stuart, 2003; Khalilov et al., 2003;

Pathak et al., 2007; Barmashenko et al., 2011; Ellender et al.,

2014). The Cl� gradient has also been shown to be affected by

the slicing procedure (van den Pol et al., 1996; Dzhala et al.,

2012; Valeeva et al., 2016), which calls into question the claims

for excitatory GABAergic transmission based on in vitro record-

ings (Valeeva et al., 2016).

In vivo treatment with the diuretic bumetanide, which also re-

duces the accumulation of Cl� ions in neurons through the inhi-

bition of the Cl� intruder NKCC1, was found to reduce behavioral

abnormalities in rat and mouse models of autism spectrum dis-

orders (Tyzio et al., 2014) and seizures in animal models of epi-

lepsy (Dzhala et al., 2005; Kahle and Staley, 2008; Brandt
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et al., 2010; Marguet et al., 2015; Kourdougli et al., 2017; Wang

et al., 2017). Bumetanide, however, has a limited bioavailability in

the brain due to poor blood-brain barrier penetration (Puskarjov

et al., 2014; Donovan et al., 2016; Römermann et al., 2017), and it

is unclear whether its action in vivowas actually due to the resto-

ration of neuronal Cl� 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 responses to spontaneous synaptic

GABAA R activation is challenging. The ideal method would fully

preserve the exact spatiotemporal interactions between mem-

brane potential, conductance, and ongoing synaptic inputs

(both excitatory and inhibitory), the natural dynamics of which

are highly complex and yet critical for the net inhibitory or excit-

atory effect of GABAergic transmission (Lu and Trussell, 2001;

Gulledge and Stuart, 2003; Lovett-Barron et al., 2012; Astorga

et al., 2015; Assaf and Schiller, 2016; Magloire et al., 2019).

Adapting to in vivo conditions the extracellular recording of

GABAergic postsynaptic potentials (field inhibitory postsynaptic

potential [IPSPs]) previously described in vitro (Glickfeld et al.,

2009; Bazelot et al., 2010; Beyeler et al., 2013), we were able

to evaluate the polarity of perisomatic GABAergic signaling dur-

ing spontaneous activity in the intact brain.

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 orig-

inating from individual interneurons (basket and chandelier cells)

could be recorded as extracellular field potentials (field-inhibitory

postsynaptic potentials [fIPSPs]) from their target pyramidal cell

population (Glickfeld et al., 2009; Bazelot et al., 2010; Beyeler

et al., 2013). This approach offers several main advantages.

First, extracellular recordings preserve native [Cl�]i and other

cytoplasmic factors critical for GABAergic transmission (Glykys

et al., 2014). Second, the polarity of the field events indicates

the direction of the current elicited in the target population of py-

ramidal cells, thereby addressing the question of depolarizing

versus hyperpolarizing polarity of GABAergic postsynaptic

signaling. Third, combined with unit recording and spike sorting

of neuronal discharges, the 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 quan-

tification of the efficacy of inhibition or excitation provided by

perisomatic GABAergic inputs. To evaluate the efficiency and

polarity of perisomatic GABAergic transmission in the hippo-

campus 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.

Basic properties of spontaneous fIPSPs

As illustrated in Figure 1, spontaneous activity from the CA3 py-

ramidal layer included action potentials (APs, units) and positive
2 Cell Reports 36, 109381, July 13, 2021
local field events with a profile similar to that of fIPSPs previously

described in vitro as theGABAA receptor-mediated postsynaptic

potentials originating from parvalbumin (PV) interneurons (Bey-

eler et al., 2013). Accordingly, these events were characterized

by a rapid rise time and a slow decay (time to peak, 2.01 ±

0.53 ms, exponential decay time constant, 3.65 ± 0.05 ms, n =

8 mice), and showed the pharmacological profile of GABAA R-

mediated IPSPs. As illustrated in Figure S1B, fIPSPs persisted

(although with reduced frequency) in the presence of locally in-

jected glutamatergic antagonists (frequency of occurrence,

16.3% ± 5.6% of control in D-(�)-2-amino-5-phosphonopenta-

noate+6,7-dinitroquinoxaline-2,3-dione (APV+DNQX), 5 and

2 mM, respectively, 200–300 nL), at a dose that efficiently abol-

ished glutamatergic transmission, as indicated by the loss of the

local field potential (LFP) response evoked by the contralateral

electrical stimulation of CA3 inputs. In contrast, fIPSPs were fully

blocked by the GABAA R antagonist bicuculline (0% of control in

presence of bicuculline 100 mM, 200 nL, with or without

APV+DNQX, n = 3 mice, 1-way ANOVA, F(3) = 872.37, p <

0.001). The decay kinetics of fIPSPs were prolonged by the

GABAA modulators diazepam (2 mg/kg, intraperitoneal [i.p.])

and zolpidem (10 mg/kg, i.p.). Because fIPSPs amplitude is

directly affected by resting membrane potential, an uncontrolled

parameter in our extracellular recording conditions, we have

restricted our analysis to the decay kinetics of fIPSPs. As illus-

trated in Figure 1C, zolpidem increased the spontaneous fIPSPs

decay time constant by �180% (from 4.66 ± 0.36 to 13.07 ±

4.18 ms, n = 5 mice, p < 0.01, 2-tailed paired t test, t(4) =

�4.62), and diazepam by �15% (from 3.65 ± 0.05 to 4.19 ±

0.06 ms, n = 3 mice, p < 0.01, 2-tailed paired t test, t(2) = 9.13).

Time-locked inhibition of pyramidal cells

As observed in vitro and expected from perisomatically projec-

ting interneurons (basket and chandelier cells), in vivo fIPSPs

were associated with the time-locked inhibition of local pyrami-

dal cells. As shown in Figure 1, beside the peak firing that pre-

cedes fIPSPs and probably reflects the recruitment of periso-

matic inhibition by pyramidal cell discharge (Beyeler et al.,

2013), most of the 389 putative pyramidal cells obtained from

18 mice were significantly inhibited after fIPSPs (71.1% ±

12.9% of the neurons tested, n = 18 mice), resulting in a popula-

tion firing reduced by 83.5% ± 10.4%, returning to baseline

values after 10.2 ± 3.5 ms (n = 18 mice).

Perisomatic fIPSPs specifically originate from PV
interneurons
Optogenetic activation of PV interneurons

To verify that fIPSPs actually originate from PV interneurons, we

recorded the extracellular field potential responses to the opto-

genetic activation of PV interneurons. PV-Cremice were injected

with the DIO hChR2 (E123T/T159C)-EYFP (double-floxed in-

verse open reading frame-human channelrhodopsin 2 (E123T/

T159C)-enhanced yellow fluorescent protein) construct in the

CA3 region to express the cationic actuator ChR2 specifically

in PV interneurons. PV immunostaining of the infected mice

showed excellent specificity, with 96% to 100% (98.3% ± 2%,

n = 3 mice) of the infected (GFP+) cells being also PV+ (Fig-

ure S1A). As illustrated in Figures 2 and S2, brief (2 ms) local op-

togenetic activation of PV interneurons evoked fIPSPs, together
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Figure 1. Spontaneous extracellular field inhibitory postsynaptic potentials (fIPSPs) in vivo

(A) Schematic of electrode track and histological verification of recording location within the CA3 hippocampal region (1,1-dioctadecyl-3,3,3,3-tetramethy-

lindocarbocyanine perchlorate [DiI]-labeled silicon probe in red, DAPI staining in blue). Scale bar, 100 mm.

(B) Example trace of spontaneous wide-band (0.1 Hz–9 KHz) field-recording activity in the CA3 pyramidal layer, displaying 4 channels (10–20 mm distance

between recording sites) of the same shank of a 2-shanks Neuronexus Buzsaki16 silicon probe (scale bars, 50 ms, 100 mV). 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 (top, superimposed average traces normalized on amplitude; below, histogram distributions of fIPSPs decay times) in control

(black, n = 934 events from 8mice), in the presence of zolpidem (blue, n = 566 events from 5mice) or diazepam (red, n = 259 events from 3mice). Note prolonged

fIPSP decay in the presence of zolpidem and diazepam.

(D) Peri-event time histogram (mean ± SD, n = 18 WT mice, time bin 1 ms) between all the spikes discharged by putative pyramidal cells and fIPSPs (reference,

peak time), shown as average trace (vertical scale bar, 100 mV) on top at the same timescale and aligned on peak (dotted blue line). Baseline mean and 2 SD are

shown as plain and dotted horizontal gray lines, respectively. Note increased pyramidal cell discharge in the 10 ms before fIPSP, and the inhibition (trough,

maximum 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 ± SEM, same 18 mice as in D; baseline level = 100%, calculated from �50 to �30 ms) at peak (bin of maximum firing in

the 10 ms before fIPSPs), trough (bin of minimum firing in the 4-ms post-fIPSPs), and recovery (last of post-fIPSPs time bin below baseline - 2SD) time points.

Inset, proportion of pyramidal cells (n = 18 mice, for a total of 389 cells) with a significant post-fIPSPs trough (i.e., inhibited versus non-inhibited neurons).
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with time-locked inhibition of local pyramidal cells (n = 33 pyra-

midal cells from 5 mice). Compared to spontaneous fIPSPs,

evoked fIPSPs (n = 5 mice) had a longer decay time constant

(5.45 ± 1.15 ms for evoked versus 4.11 ± 0.73 ms for sponta-

neous, t(4) = 2.93, p < 0.05), faster rise time (1.54 ± 0.15 versus

1.96 ± 0.15 ms, t(4) = �3.38, p < 0.01), and larger amplitude

(287.5 ± 40.53 mV versus 218.1 ± 15.48 mV, t(4) = �3.19, p <

0.05). As illustrated in Figures 2G–2I, the success rate of PV inter-

neuron optogenetic stimulation to evoke fIPSPs was not signifi-

cantly affected by the local presence of the glutamatergic recep-

tor antagonists APV and DNQX, but evoked fIPSPs were fully

(and reversibly) blocked by the GABAA R antagonist bicuculline
(success rate 81.5% ± 7.1% in control, 91% ± 11.6%

in APV+DNQX, 0% in bicuculline, with or without APV+DNQX,

1-way ANOVA, F(3) = 162.15). PV interneuron firing is therefore

sufficient to evoke fIPSPs.

Chemogenetic silencing of PV interneurons

To know whether other types of interneurons also significantly

contributed to the generation of perisomatic fIPSPs during spon-

taneous CA3 activity, PV-Cre mice were injected with the FLEX-

rev::PSAML141F,Y115F:GlyR-IRES-GFP construct to express

the inhibitory chemogenetic pharmacologically selective actu-

ator module-glycine receptor (PSAM-GlyR) specifically in PV in-

terneurons. PV immunostaining of the infectedmice showed that
Cell Reports 36, 109381, July 13, 2021 3
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Figure 2. In vivo fIPSPs generated by opto-

genetic activation of PV interneurons

(A)Schematic representationofelectrodeandoptical

fiber positions in PV-Cremicewith AAV-driven ChR2

and EYFP expression in CA3 PV interneurons.

(B–E) Confocal stacks of EYFP+ (green) andPV+ (red)

immunostaining in the hippocampal CA3 region.

(B) EYFP immunostaining (scale bar, 100 mm).

(C–E) Higher magnification (scale bar, 5 mm) of the

CA3a region delimited by the white rectangle in (B).

(C)EYFP immunostaining. (D)PV immunostaining. (E)

Overlay. Note the co-localization on the 4 identified

PV interneurons (arrowheads).

(F) Peri-event time histogram (mean ± SEM, n = 5

mice, time bin 1 ms) between all the spikes dis-

charged by putative pyramidal cells and opto-

genetically evoked (laser ON 2 ms, blue bar) fIPSPs

(reference), shown as superimposed (gray) and

average (black) traces (n = 60 from a single repre-

sentative recording) on top, aligned and at the same

timescale (vertical scale bar, 300 mV). Note the

powerful time-locked inhibition of pyramidal cell

firing in response to fIPSPs evoked by the opto-

genetic stimulation of PV interneurons.

(G) Example traces of fIPSPs (left, gray, super-

imposed, black, average; scale bars, 20 ms and

100 mV) evoked by the optogenetic stimulation of PV

interneurons (vertical blue line, laser ON), and of the

LFP response evoked on the same recording elec-

trode by the electrical stimulation of the contralateral

CA3 region (right, scale bars, 20 ms, 400 mV). Note

that the GABAA antagonist bicuculline (bicu) blocked

evoked fIPSPsand increased theelectrically induced

population response to multiple spikes, while the

glutamatergic antagonists APVandDNQXabolished

the electrically induced population response but not

the evoked fIPSPs.

(H and I) Summary plots (mean ± SD, n = 3 mice) of

the effects of bicuculline, APV, and DNQX on the

frequency of occurrence of spontaneous fIPSPs (H),

normalized tobaseline frequencyandon the success

rate of evoking fIPSPs by the optogenetic stimulation

of PV interneurons (I). ***p < 0.001.

See also Figures S1 and S2.
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in addition to high specificity (99% ± 1%, n = 3 mice), 98% ± 1%

(n = 3 mice) of the PV+ cells in the region of recording were also

GFP+ (Figure S1B), indicating that most PV interneurons ex-

pressed PSAM-GlyR. As illustrated in Figure 3, the chemoge-

netic inhibition of PV interneurons induced by local injection of

the exogenous ligand PSEM-89S suppressed 92.6% ± 9.7%

(median = 97%, n = 5 mice) of spontaneous fIPSPs, from 6.58

± 3.5 to 0.45 ± 0.66 events/s (n = 5 mice, p < 0.05, 2-sided Wil-

coxon-Mann-Whitney test), suggesting that the recorded fIPSPs

originated predominantly from PV interneurons. Chemogenetic

silencing of PV interneurons in the anesthetizedmouse did, how-

ever, not increase the global firing rate of the CA3 pyramidal cell

population (Figures 3H; 1.19 ± 2.72 Hz in control versus 0.96 ±

1.04 Hz in PSEM-89S, n = 5 mice, not significant [NS], 2-sided

Wilcoxon-Mann-Whitney test; 1-way ANOVA, F(1) = 1.51, NS).

The application of PSEM-89S in PV-Cre mice not injected with

the PSAM-GlyR viral construct did not affect global hippocampal

activity (average global pyramidal firing rate, 0.6 ± 0.21 Hz in
4 Cell Reports 36, 109381, July 13, 2021
control versus 0.59 ± 0.18 Hz with PSEM-89S; fIPSP frequency

of occurrence, 6.72 ± 1.71 Hz in control versus 6.31 ± 1.44 Hz

with PSEM-89S, n = 5 mice, Wilcoxon-Mann-Whitney rank-

sum test, NS).

Depolarizing and excitatory perisomatic GABAergic
transmission in acute seizures in the drug-free mouse
The reversal potential of Cl�-mediated GABAergic currents (E-

GABA) is controlled by the passive movement and active trans-

port of Cl� through various ionic channels and transporters in

the plasma membrane to reach the homeostatic set point for

[Cl]i determined by local impermeant anions (Glykys et al.,

2014). During spontaneous activity, Cl� ions flowing through

GABAA channels tend to shift the reversal potential of

GABAergic currents toward membrane potential. Changes in

external [K+]will also affect theK-Cl cotransport andCl�gradient.

E-GABA is therefore a very dynamic process that depends on

ongoing fluctuations of membrane potential, GABAergic
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Figure 3. Inhibition of fIPSPs by chemogenetic inactivation of PV interneurons

(A) Schematic representation of electrode and injection site in PV-Cre mice with AAV-driven PSAM-GlyR and GFP expression in CA3 PV interneurons.

(B–E) Confocal stacks of GFP+ (green) and PV+ (red) immunostaining in the hippocampal CA3 region (see also Figure S1).

(B) GFP immunostaining (scale bar, 100 mm).

(C–E) Higher magnification (scale bar, 50 mm) of the CA3a region delimited by the white rectangle in (B).

(C) GFP immunostaining.

(D) PV immunostaining.

(E) Overlay. Note the co-localization of PV and PSAM-GlyR immunostaining on the 3 labeled interneurons (arrowheads).

(F) Example trace of spontaneous wide-band (0.1Hz–9KHz) field-recording activity in the CA3 pyramidal layer (scale bars, 100 ms, 100 mV), in control (left,

baseline) and in the presence of the exogenous ligand PSEM-89S (right, PSEM). Note the drastic reduction in fIPSPs expression (*).

(G and H) Summary plots (mean ± SD, n = 5mice) of fIPSP frequency (G) and pyramidal population firing rate (H) in control (baseline) and in the presence of PSEM

(*p < 0.05).

(I and J) Summary plots (mean ± SD, n = 5 mice) of fIPSP frequency (I) and pyramidal population firing rate (J) in control (baseline) and in the presence of PSEM-

89S in WT mice (i.e., not expressing PSAM-GlyR).
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conductances, and network activity. During seizures, GABA is

massively released by interneurons while pyramidal cells are de-

polarized and therefore loaded with Cl� until extrusion mecha-

nisms restore a hyperpolarizing Cl� gradient. It is expected that

due to the time course of Cl� extrusion, high Cl� load and excit-

atory GABA may participate in a deficit of inhibition immediately

after a seizure (Fujiwara-Tsukamoto et al., 2003; Ellender et al.,

2014). However, the time dynamics of spontaneous GABAergic

synaptic transmission and the Cl� gradient through the interac-

tions between the fluctuations of membrane potential and intru-

sion and extrusion systems, which have been studied in vitro,

largely remain to be characterized in vivo. As illustrated in Fig-

ure 4, taking advantage of fIPSPs as a non-invasive index of the

polarity of GABAergic currents in the CA3 pyramidal population,

we have investigated the dynamics of perisomatic inhibition dur-
ingacute interictal and ictal seizures in awakemice.Spontaneous

fIPSPs in the head-fixed condition had a lower frequency of

occurrence than under urethane anesthesia (4.13 ± 1.30 Hz

versus 8.57±2.05, t(8) = 3.63, p< 0.01) but comparable rise times

(1.81 ± 0.23 versus 1.956 ± 0.15 ms, t(8) = 1.03, NS), decay time

constants (3.65 ± 0.45 versus 4.11 ± 0.73ms, t(8) = 1.04, NS), and

amplitudes (206.4 ± 9.35 versus 218.1 ± 15.48 mV, t(8) = �0.35,

NS).

Reversed fIPSPs after acute seizures

To monitor both spontaneous and evoked fIPSPs, PV-Cre mice

were infected with the DIO-hChR2-EYFP construct in the CA3

region. Light stimulation with a locally positioned optical fiber

evoked fIPSPs by the direct stimulation of PV interneurons.

Acute seizures were induced by a brief and focal intra-hippo-

campal injection of the pro-epileptic agent bicuculline in the
Cell Reports 36, 109381, July 13, 2021 5
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Figure 4. Transiently reversed fIPSPs and

perisomatic GABAergic synaptic transmis-

sion following acute seizures

(A) Schematic representation of electrode and opti-

cal fiber positions in the left hippocampus of PV-Cre

mice with AAV-driven ChR2 expression in CA3 PV

interneurons, and contralateral injection of the pro-

epileptic agent bicuculline.

(B) Example trace (wide-band LFP; scale bars, 10 s,

1 mV) of a seizure (preceded by a single interictal

spike, *) as acute response to contralateral bicucul-

line injection (red arrow).

(C) Summary plot of the time course of fIPSPs

amplitude (mean ± SEM, n = 7 mice, black bars,

spontaneous; blue bars, evoked by optogenetic

activation of PV interneurons; stimulation 2ms every

2 s without interruption throughout the recording),

relative to acute seizures induced by the contralat-

eral injection of bicuculline (vertical gray bar, n = 7

mice, for a total of 14 seizures, aligned by their

ending time). Insets, superimposed representative

individual spontaneous (scale bars, 10 ms, 100 mV)

and optogenetically evoked (horizontal blue bars,

laser ON) fIPSPs in control (pre-seizure), during the

period right after the seizure (reversed polarity), and

after recovery (post-seizure). Note the progressive

recovery of fIPSP amplitude. The absence of blue

bars during and immediately after the seizure in-

dicates the failures of optogenetically evoked

response. See also Figure S3.

(D) Peri-event time histogram (mean±SEM, time bin

1 ms) between all the spikes discharged by putative

pyramidal cells (n = 7 mice) and spontaneous (in

black, n = 44,435 events) or optogenetically evoked

(in blue, n = 7,738events) fIPSPs (reference) from the

pre- and postseizure periods, shown as average

traces on top (spontaneous, black; evoked, blue;

scale bar, 100 mV) at the same timescale and aligned

on peak.

(E) Peri-event time histogram (mean ± SEM, time bin

1 ms) between firing activity (n = 3 responding

putative pyramidal cells from 2 mice of 42 cells from

7mice) andoptogenetically evoked fIPSPs (reference) in theperiods right after theseizures (n=18 fIPSPs from4seizureswithexcitedputativepyramidal cells, out of a

total of 14 seizures), shownas average traceson topat the same timescale and alignedonpeak (scale bar, 100 mV). Note theclear time-locked excitation of pyramidal

cell 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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contralateral hemisphere. Electrophysiological recordings from

the drug-free hippocampal hemisphere displayed both interictal

activity and ictal seizures, recognized as complex events lasting

30–40 s (33.7 ± 12.3 s, n = 14 seizures from 7mice), even though

the animal did not display behavioral convulsions. Optogenetic

stimulations (2 ms, 0.5 Hz) were delivered without interruption

throughout the recording session, even though we observed

that spontaneous and evoked fIPSPs were transiently interrup-

ted upon ictal seizure onset. While in comparison to baseline,

the amplitude profiles of fIPSPs were not significantly affected

between epileptic discharges, they transiently appeared with a

reversed polarity after the termination of ictal seizures

(cf. Figure 4C, latency to normal polarity, 219–550 s, 473.8 ±

140.5 s, n = 7 mice totalizing 14 seizures; cf. Figure S3A for a

representative example from a single animal and Figure S3B

from a single seizure from another animal), suggesting transiently

reversed polarity of GABAergic transmission after ictal seizures,

but not after acute interictal spikes.
6 Cell Reports 36, 109381, July 13, 2021
Time-locked excitation of pyramidal cells

Reversed fIPSP-associated perisomatic GABAergic transmis-

sion often (n = 9 over 14 seizures from 7 mice) could entrain

the discharge of postsynaptic target neurons, as illustrated

by the short-latency APs evoked after fIPSPs in the traces

of Figure S2A and in the peri-event histogram between

reversed fIPSPs and pyramidal cell firing activity in Figure 4E

(n = 3 cells from a total of 42 putative pyramidal cells). The

short latency (range 1–3 ms) between fIPSP onset and pyrami-

dal spike firing is compatible with direct excitation but not with

previously described rebound from inhibition (Cobb et al.,

1995; Assaf and Schiller, 2016; Chang et al., 2018). No more

fIPSP-related excitatory interactions were seen after the

recovery of the polarity of fIPSPs. These results suggest

that an ictal seizure can entrain transient depolarizing and

excitatory actions of perisomatic GABAergic transmission in

the CA3 circuit. Nevertheless, the expression of excitatory

GABA, in terms of time-locked postsynaptic AP firing, was
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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 1 week after contralateral, intrahippocampal KA injection.

(B) Example trace (wide-band LFP) of interictal burst (interictal spikes, blue arrowheads; scale bars, 100ms, 200 mV), and summary plot (n = 18 control and 23 KA-

treated mice) of interictal event frequency of occurrence (Hz).

(C) Example traces of spontaneous CA3 pyramidal layer activity in control (top) and KA (bottom) conditions. Scale bars, 100 ms, 200 mV.

(D) Superimposed (gray) and averaged (black) traces of spontaneous (top) or optogenetically evoked (bottom) fIPSPs in KA-treated mice. Scale bars, 20 ms,

200 mV. Note the presence of normal polarity fIPSPs in both conditions.

(E–G) Individual examples of putative pyramidal cells displaying the 3 distinct types of observed responses to spontaneous fIPSP-associated events in KA-

treated mice (time-locked excitation [E], time-locked inhibition [F], or no clear change in net firing rate [G, non-responding]). Upper left, average waveforms from

the 8 channels of the recording electrode. Scale bars, 0.5 ms, 200 mV. Upper right, spike autocorrelogram. Center, raster display of spike firing aligned on fIPSP

occurrence (vertical blue line, fIPSP peak). Lower plot, normalized peri-event time histogram (time bin, 1 ms) of the neuron discharge (AP count) relative to fIPSP

peak (reference, vertical blue line). Inset of (E), similar peri-event time histogram but ignoring AP bursts (i.e., all spikes with preceding interspike interval <10 ms

omitted from the histogram).
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restricted to <10% of the putative pyramidal cells identified,

and confined to the postictal period devoid of spontaneous

neuronal activity.

Discrete excitatory perisomatic GABAergic
transmission in a chronic model of epilepsy
Acute ictal seizures, as induced experimentally by the injection of

the convulsive agent kainic acid (KA), can turn into chronic epi-

lepsy after a silent period of up to several weeks. Previous studies

on various models of epilepsy have suggested that reversed

(excitatory) GABAergic transmission may be involved in the tran-

sition between acute seizures and chronic epilepsy (Pathak et al.,
2007; Bragin et al., 2009; Barmashenko et al., 2011;Nardou et al.,

2011; Töpfer et al., 2014;Kourdougli et al., 2017). This condition is

of high clinical relevance because incident occurrence of isolated

seizures in humans is known to be a main factor in the develop-

ment of chronic epilepsy after a latent period that can last from

months to several years (French et al., 1993). Identifying the

cellular mechanisms responsible for this transition may offer op-

portunities for preventive treatment against epilepsy.

Unchanged fIPSP polarity

We have evaluated the dynamics of perisomatic inhibition in the

CA3 hippocampal region of anesthetized KA-treatedmice during

the latent period, 1 week after KA injection in the contralateral
Cell Reports 36, 109381, July 13, 2021 7
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hippocampus—therefore at a stage when the animals are not yet

epileptic (Riban et al., 2002). All KA-treated mice experienced

acute status epilepticus. One week later, as illustrated in Fig-

ure 5B, interictal discharges were present in all KA-treated

mice (frequency of occurrence, 0.012 ± 0.014 Hz, n = 23 mice),

but in none of the control animals (n = 18 mice). As illustrated

in Figure 5C, among all identified fIPSPs, none appeared of

reversed polarity, whether spontaneous or evoked by the opto-

genetic activation of PV interneurons, in control (n = 18 WT and

5 PV-ChR2 mice injected with Cre-dependent ChR2) or in KA-

treated mice (n = 8 WT and 15 PV-ChR2 mice injected with

Cre-dependent ChR2), suggesting that GABAergic transmission

was globally hyperpolarizing at the network level. Nevertheless,

because the polarity of fIPSPs represents the average response

of all of the local pyramidal targets of the discharging presynaptic

interneuron(s), the possibility remained that a subpopulation of

pyramidal cells may be depolarized or even excited by

GABAergic transmission in spite of a globally hyperpolarizing

fIPSP-associated population response. We have therefore eval-

uated the responses of individual cells to spontaneous fIPSP-

associated events, and identified some neurons that fired APs

in response to GABAergic synaptic inputs.

Altered perisomatic GABAergic transmission

Individual examples of putative pyramidal cells displaying the

three distinct types of observed responses to spontaneous

fIPSP-associated events (time-locked excitation, time-locked in-

hibition, or no clear change in net firing rate) are illustrated in Fig-

ure 5. None of the cells recorded in control animals showed

GABAergic excitation (n = 0 of 389 putative pyramidal cells

from 18 mice); excitatory GABAergic transmission expressed

in KA-treated mice was the exception. It was observed only in

a minority of animals (n = 3 of 23 KA-treated mice), and even in

those animals, in a minority of neurons (n = 4 of 78 putative py-

ramidal cells from 3 KA-treated mice), for a global incidence of

0.6% of all putative pyramidal cells recorded from KA-treated

mice (n = 4 of 707 putative pyramidal cells, recorded from 23

KA-treated mice). In fact, the most striking alteration of periso-

matic inhibitory function in KA-treated mice was a loss of inhib-

itory control over most pyramidal neurons.

As illustrated in Figure 6, the frequency of occurrence of

fIPSPs was not significantly different in control and KA-treated

mice (control, 7.99 ± 3.39 Hz, n = 18 mice; KA-treated, 8.51 ±

2.96 Hz, n = 23 mice; t(39) = �0.52, p = 0.6), and neither was

the distribution of spontaneous or evoked fIPSP amplitudes (2-

way ANOVA, F(39) = 0.54, p = 0.98 for spontaneous, F(39) =

0.79, p = 0.8 for evoked). In both KA-treated and control mice,

fIPSPs displayed some rhythmicity at gamma frequency, as indi-

cated by the 25-ms (i.e., 40 Hz) peak in the distribution of inter-

event intervals displayed in Figures 6C and S5, and showed a

similar preference for the downward phase of theta oscillations

(cf. Figures 6B and S4), which is in line with the previously

described theta phase locking of PV-basket cell activity (Klaus-

berger and Somogyi, 2008). Significant theta phase locking of

fIPSPs was found for both control and KA-treatedmice (Rayleigh

test, p < 0.001). The preferred phase (m) was 1.15 ± 0.11p in con-

trol and 1.12 ± 0.18p in KA-treated mice (t(14) =�0.39, NS). The

modulation strength (k) was 0.57 ± 0.22 in control and 0.49 ±

0.13 in KA-treated mice (t(14) = �0.86, NS). However, only
8 Cell Reports 36, 109381, July 13, 2021
45.1% ± 30.6% of putative pyramidal cells were inhibited by

spontaneous fIPSP-associated events in KA-treated mice (me-

dian 38.8%, n = 17 mice, for a total of 572 cells) versus 71.7%

± 12.9% in control animals (median 71.7%, n = 18 mice, for a to-

tal of 389 cells; Mann-Whitney test, p < 0.05). Putative pyramidal

cells from KA-treated mice that were inhibited by fIPSP-associ-

ated events presented the same strength and kinetics of inhibi-

tion as neurons from control mice (strength of inhibition: control,

90.6% ± 1.9%, n = 18 mice, for a total of 280 inhibited pyramidal

cells; KA-treated, 90.8% ± 9.2%, n = 23 mice, for a total of 346

inhibited pyramidal cells, NS, Mann-Whitney test, p = 0.87;

time before recovery from inhibition: control, 7.92 ± 1.85 ms,

n = 18 mice, for a total of 280 pyramidal cells; KA-treated, 8.22

± 1.73 ms, n = 23 mice, for a total of 346 pyramidal cells, NS,

Mann-Whitney test, p = 0.2), and the kinetics of fIPSPs were

similar in control and KA-treated mice (rise time: 1.98 ±

0.15 ms, n = 5 control mice, 1.67 ± 0.15 ms, n = 5 KA-treated

mice, NS, 2-sample t test, p = 0.093; decay time constant:

4.11 ± 0.73 ms, n = 5 control mice, 4.68 ± 1.17 ms, n = 5 KA-

treated mice, NS, 2-sample t test, p = 0.39). Overall, pyramidal

population activity was nevertheless �50% lower in KA-treated

mice than in controls (control, 0.81 ± 0.32 Hz, n = 18 mice, for

a total of 389 pyramidal cells; KA-treated, 0.39 ± 0.23 Hz, n =

23 mice, for a total of 703 pyramidal cells; Mann-Whitney test,

p < 0.001), in line with the hypothesis that perisomatic inhibitory

function is not the main determinant of quantitative population

activity in the CA3 hippocampal circuit. In future studies, it may

be interesting to investigate at various delays after an acute

seizure episode whether the observed interindividual heteroge-

neity in the fate of perisomatic inhibitory function across KA-

treated mice is involved in the distinct phenotypic outcome of

individual animals differentially affected by the initial insult.

DISCUSSION

CA3 fIPSPs to reveal the spontaneous dynamics of
GABAergic transmission in vivo

The possibility that altered [Cl�]i regulation and functionally

reversed GABAergic transmission (from inhibitory to excitatory)

may be involved in major pathologies such as epilepsy, autism

spectrum disorders, or schizophrenia has recently engendered

considerable interest (Pathak et al., 2007; Kahle and Staley,

2008; Bragin et al., 2009; Barmashenko et al., 2011; Nardou

et al., 2011; Löscher et al., 2013; Tyzio et al., 2014; Deidda

et al., 2015; Marguet et al., 2015; Doyon et al., 2016; MacKen-

zie et al., 2016; Ben-Ari, 2017; Chen et al., 2017; Moore et al.,

2017; Wang et al., 2017; Kharod et al., 2019). However, a direct

assessment of this hypothesis has been hindered by the tech-

nical difficulty of probing endogenous GABAergic synaptic

function in vivo because it implies minimized perturbation of

cytoplasmic content, membrane potential, and natural synaptic

GABAergic activity (Gulledge and Stuart, 2003; Tyzio et al.,

2008; Magloire et al., 2019). The difficulties reside in both the

recording methods and the activation of GABAergic transmis-

sion. Neuronal [Cl�]i is very labile and even intracellular record-

ings with sharp electrodes, which limit cytoplasmic washout,

do not preserve membrane integrity, potentially altering resting

potential and endogenous Cl� gradient. Patch clamp (cell-
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Figure 6. Loss of perisomatic inhibition in a majority of CA3 pyramidal cells during the latent, pre-epileptic period

Summary boxplots and histogram distributions of various parameters of neuronal activity and perisomatic inhibition in CA3 putative pyramidal cells in control (Ctr,

n = 18 mice for a total of 389 cells for all of the plots, except in (B), in which only n = 9 mice expressing reliable theta oscillations were included) and KA-treated

mice (1 week post-KA injection, n = 23 mice for a total of 703 cells for all of the plots, except in (B), in which only n = 8 mice expressing reliable theta oscillations

were included). *p < 0.05, ***p < 0.001.

(A) Frequency of fIPSPs occurrence (Hz).

(B) fIPSPs theta phase distribution (normalized fIPSP count, %, mean ± SD).

(C) Interevent (fIPSPs) time interval distribution (normalized fIPSP count, %, mean ± SD).

(D and E) Amplitude distribution (normalized fIPSP count, mean ± SD) of spontaneous (spont) and optogenetically evoked (opto) fIPSPs.

(F) Proportion of pyramidal cells inhibited by spontaneous fIPSP-associated events (%).

(G) Latency to recovery (ms) from perisomatic inhibition for neurons that were actually inhibited by fIPSP-associated events (last of post-fIPSPs time bin with firing

rate below baseline, 2 SD).

(H) Strength of perisomatic inhibition (percentage of firing inhibition in the bin of minimum firing in the 4-ms post-fIPSPs) for neurons that were actually inhibited by

fIPSP-associated events.

(I) Average pyramidal firing rate (Hz). Note the loss of perisomatic inhibitory control (i.e., non-responding cells) in the majority of pyramidal cells in KA-treatedmice

but the normal inhibition in responding neurons (inhibited by fIPSP-associated events).

See also Figures S4 and S5.
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attached) recordings are challenging in vivo, yield information

about a single neuron at a time, and potentially affect neuronal

resting potential (Chavas and Marty, 2003), a major parameter

for the function of GABAergic transmission. Imaging techniques

(e.g., of calcium or chloride) are advantageous in terms of

spatial resolution, but they do not offer the time resolution of

electrophysiological recordings and become invasive when

applied to deep structures. Calcium imaging, in addition,

does not detect depolarizations that do not reach the threshold

of calcium channel activation, and hardly discriminates be-

tween depolarizing and excitatory effects that can both result
in calcium increases, for example, during a shunting depolari-

zation not associated with AP firing (Kirmse et al., 2015) or

GABAA-induced calcium increases not mediated by changes

in membrane potential (Chavas et al., 2004). As for the activa-

tion of GABAA-R, neither the exogenous applications of

GABAergic agonists nor the electrical or optogenetic activation

of GABAergic inputs used in previous studies (Krook-Magnu-

son et al., 2013; Minlebaev et al., 2013; Astorga et al., 2015;

Kirmse et al., 2015; Assaf and Schiller, 2016; Valeeva et al.,

2016; Magloire et al., 2019) respect the dynamics of sponta-

neous synaptic transmission. For example, boosting Cl�
Cell Reports 36, 109381, July 13, 2021 9
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extrusion through KCC2 was recently shown to prevent the

prolongation of seizures induced by the optogenetic activation

of PV interneurons, but had no effect on spontaneous, ongoing

seizures (Magloire et al., 2019). Therefore, in spite of a reversed

Cl� gradient and GABAergic polarity with important functional

consequences if activated optogenetically, it remains unclear

whether excitatory GABAergic transmission functionally partic-

ipated in spontaneous ongoing seizure activity. Another caveat

is that different types of interneurons interact with each other,

such as the mutually inhibiting PV and somatostatin (SOM)-ex-

pressing interneurons (Lovett-Barron et al., 2012). Experimental

manipulation of specific interneurons (e.g., PV) may therefore

also influence seizure expression indirectly by the modulation

of pyramidal cells’ GABAergic inputs from other interneurons.

This illustrates the potential confound of interpreting the effects

of GABAergic activation at the network level rather than obtain-

ing a direct readout of monosynaptic, spontaneous GABAergic

transmission.

Previous work in vitro suggested that the direct postsynaptic

response of hippocampal pyramidal cells to their spontaneously

occurring perisomatic GABAergic inputs could be recorded

extracellularly, as fIPSPs, and that the polarity of fIPSPs could

be used as an index of the Cl� gradient and polarity of

GABAergic transmission. Perisomatically projecting interneu-

rons (basket and chandelier cells) have a densely arborized

axon specifically confined to the pyramidal cell layer and contact

a large proportion of pyramidal cells within a restricted projection

area (Buhl et al., 1994; Sik et al., 1995). Therefore, each AP of the

interneuron triggers the nearly synchronous release of GABA on

hundreds of target pyramidal cells, which postsynaptic re-

sponses (IPSPs) sumup and can be readily identified from a local

extracellular electrode (Glickfeld et al., 2009; Bazelot et al., 2010;

Beyeler et al., 2013). In vitro investigations in controlled experi-

mental conditions have moreover demonstrated that the polarity

of fIPSPs reflected that of the Cl� gradient (Glickfeld et al., 2009;

Bazelot et al., 2010). This approach is well suited to preserving

endogenous [Cl�]i, can be performed in vivo, and opens the pos-

sibility of resolving the dynamics of the Cl� gradient and polarity

of GABAergic transmission over the course of ongoing synaptic

activity. A strong limitation, however, is that fIPSPs are the

average response of multiple pyramidal cells and therefore

lack the resolution of individual cells, so that changes in

GABAergic polarity can be detected if they affect the whole

neuronal population, butmay bemissed if affecting only a subset

of cells. Moreover, as mentioned before, GABAergic transmis-

sion involves both voltage and conductance changes, so that

reversed Cl� gradient and depolarizing GABA carry a complex

combination of excitatory (through depolarization) and inhibitory

(through increased conductance) influences (Staley and Mody,

1992; Lu and Trussell, 2001; Gulledge and Stuart, 2003; Tyzio

et al., 2008; Khalilov et al., 2015; Kirmse et al., 2015). As a conse-

quence, determining the net postsynaptic effect of GABAergic

transmission requires a direct readout of postsynaptic firing ac-

tivity. For all of these reasons, we now propose that the method

of choice to probe Cl� gradient andGABAergic synaptic function

in vivo lies in combined multi-electrode recording and spike-

sorting methods. While fIPSPs provide the timing and global

(average) polarity of spontaneous perisomatic GABAergic syn-
10 Cell Reports 36, 109381, July 13, 2021
aptic events, the distributions (peri-event time histograms)

of the spikes of individually identified neurons provide the net

functional effect of GABAergic transmission, with single-cell

resolution.

Qualitative versus quantitative control of CA3 pyramidal
cell activity by perisomatic inhibition from PV
interneurons
In line with previous in vitro evidence for the direct involvement of

basket and chandelier cells in the generation of fIPSPs (Glickfeld

et al., 2009; Bazelot et al., 2010; Beyeler et al., 2013), we provide

direct evidence that in vivo fIPSPs originate mostly from PV inter-

neurons, with little contribution from CCK basket cells, because

they were elicited by the optogenetic activation of PV interneu-

ronal firing and largely eliminated by the chemogenetic inhibition

of PV interneuronal firing. Perisomatic inhibition is considered to

be functionally optimal for the control of neuronal discharge, with

synapses strategically located on the soma and close to the site

of AP initiation (Miles et al., 1996; Somogyi and Klausberger,

2005). PV and CCK basket as well as chandelier cells are thus

considered to play a major role in the control of pyramidal cells

firing through time-locked inhibition, presumably preventing

excessive firing within the hippocampal circuit. However, in spite

of the critical importance of inhibitory control over the recurrent

CA3 circuit, the literature is strikingly bereft of direct reports of

the dynamics of excitatory-inhibitory interactions in CA3, pre-

sumably because of the technical difficulties of identifying peri-

somatic inhibitory events in vivo. Our experimental results

confirm that perisomatic GABAergic transmission provides

powerful time-locked inhibition of most CA3 pyramidal neurons.

An interesting observation is that the blockade of PV interneuron

firing was not accompanied by any major quantitative change of

activity at the network level. This suggests that in the CA3 hippo-

campal region, perisomatic inhibition by PV basket cells may be

involved in the control of the timing of pyramidal cell discharge

rather than quantitative control of the network discharge. Previ-

ous reports are compatible with this hypothesis. In a previous

study conducted in vitro (Beyeler et al., 2013), we reported that

fIPSPs were rather poorly recruited by network activity, suggest-

ing that perisomatic inhibition should bemore efficient in shaping

the timing of spike flow than in limiting excitatory runaway

recruitment and preventing the generation of hypersynchronized

discharges. Previous reports that transgenic mice with specif-

ically disrupted glutamatergic inputs to PV+ interneurons dis-

played hippocampo-dependent spatial memory impairment

but no epileptic phenotype also support this interpretation

(Fuchs et al., 2007; Rácz et al., 2009).

Detection of alterations in GABAergic perisomatic
inhibition in epileptogenesis
One major advantage offered by the extracellular recording of

fIPSPs is the possibility of evaluating the efficiency, and even

the polarity, of perisomatic GABAergic transmission in a variety

of conditions, including pathological conditions in which

GABAergic transmission is suspected to be affected, or even

reversed, due to altered neuronal Cl� homeostasis. The Cl�

gradient is dependent on a number of factors, including mem-

brane potential, the distribution of intra- and extracellular
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impermeant anions, osmotic pressure, ionic content of the extra-

cellular milieu (e.g., [K+]), recent neuronal activity involving Cl�

currents, and the dynamics of pumps and transporters involved

in maintaining physiological Cl� gradient (Glykys et al., 2014;

Goutierre et al., 2019). Our experiments have tested the possibil-

ity of detecting the short- and long-term consequences of acute

seizures on Cl� regulation andGABAergic transmission, which is

particularly important in understanding the mechanisms of epi-

leptogenesis and identifying therapeutic actions against the

development of epilepsy. We report that transient hyper-

synchronized discharges can induce a global reversal of

neuronal Cl� gradient and polarity of GABAergic transmission,

shifting from inhibitory to excitatory for a duration of several

tens of seconds before returning to normal polarity and effi-

ciency. The strongly depolarized membrane potential induced

by ictal seizures (depolarizing block) is not in favor of a depolariz-

ing Cl� gradient and excitatory GABAergic transmission. How-

ever, subsequent neuronal hyperpolarization is likely to occur

due to the activation of Ca-dependent potassium channels acti-

vated by the massive Ca increase that takes place in neurons

during the postictal depolarizing block. We hypothesize that

the fIPSPs of reversed polarity that were evoked after ictal sei-

zures occurred during this period of strong neuronal hyperpolar-

ization. Accordingly, we did not observe any fIPSPs immediately

upon the termination of ictal seizures, and the transient reversal

of Cl� electrochemical gradient and excitatory GABAergic trans-

mission were confined to the period devoid of spontaneous

neuronal firing. In line with recent work demonstrating the pro-

longation of seizures by reversed GABAergic transmission

upon the optogenetic activation of PV interneurons but not dur-

ing spontaneous activity (Magloire et al., 2019), our results high-

light the importance of probing the polarity of spontaneous

GABAergic synaptic transmission in addition to the responses

evoked by artificial experimental stimulations.

While this reversal of GABAergic polarity in acute seizures is

readily seen as a reversed polarity of fIPSPs, we also report a

more subtle effect during the course of epileptogenesis in the

KA model of chronic epilepsy. One week after KA injection,

the majority of pyramidal cells had escaped inhibitory control

by perisomatic GABAergic events. One possibility could be

compromised synaptic transmission between PV interneurons

and pyramidal cells, as reported earlier in the context of interic-

tal activity (Karlócai et al., 2014). Our observation is, however, a

statistical analysis, and we cannot exclude that the same neu-

rons could be excited by some GABAergic events and inhibited

by others (e.g., due to the fluctuations in time of the Cl� electro-

chemical gradient), resulting, on average, in the absence of a

net effect of GABAergic transmission on postsynaptic AP firing.

We observed that perisomatic GABAergic transmission pro-

vided time-locked excitation of pyramidal neurons in the hippo-

campus, but was restricted to a minor subset of neurons, and

we did not observe a reversed polarity of fIPSPs. Therefore,

subtle alterations in the regulation of Cl� homeostasis and

GABAergic transmission already operated in the hippocampal

circuit during the latent period that precedes the establishment

of chronic epilepsy. Independent of seizure generation, defi-

cient perisomatic inhibition may significantly affect neuronal

processing and information coding. Moreover, even though
our method specifically probes the functional transmission

from perisomatically projecting PV interneurons, altered Cl�

gradient most likely affects GABAergic transmission from other

types of interneurons as well. The functional consequences of

defective GABAergic transmission, both in terms of coding

and circuit dynamics, and in other periods, other models of

epilepsy and other pathologies, remain to be investigated.

From our recordings, we may hypothesize that excitatory

GABAergic transmission may make a more limited contribution

to CA3 hippocampal epileptogenesis than suspected from pre-

vious studies (Dzhala et al., 2005; Brandt et al., 2010; Barma-

shenko et al., 2011; Nardou et al., 2011; Ellender et al., 2014;

Marguet et al., 2015; Chen et al., 2017; Kourdougli et al.,

2017; Di Cristo et al., 2018), which was not based on direct

in vivo evidence. However, we cannot exclude the decisive

participation of excitatory GABA at different sites than where

our recordings were performed. Previous work on human brain

tissue resected from patients with epilepsy emphasized the po-

tential involvement of excitatory GABA in the subiculum (Cohen

et al., 2002; Huberfeld et al., 2007) or in the neocortex surround-

ing epileptogenic gliomas (Pallud et al., 2014). The exact contri-

bution of excitatory GABA may depend on the exact brain area

and identity of the affected neurons.

Finally, the extracellular detection of perisomatic IPSPs pro-

vides an invaluable tool to evaluate Cl� homeostasis and inhibi-

tory function, in physiological conditions and in situations in

which alteration or even reversal of GABAergic transmission is

hypothesized to occur. This approach may open possibilities

to evaluate the relevance of the excitatory GABA hypothesis in

physiological development, autism spectrum disorders, schizo-

phrenia, various forms of epilepsy, and the time course of epilep-

togenesis, aswell as to evaluate the potential of pharmacological

agents to interfere with neuronal Cl� gradient, as an effective

therapeutic strategy against major brain diseases.

Limitations of study
Although our results support the primary involvement of periso-

matically projecting interneurons (basket and axo-axonic) in the

generation of fIPSPs, we cannot exclude the minor participation

of other subtypes of interneurons projecting to the dendrites of

pyramidal cells, such as bistratified or OLM cells. Regarding

the significance of excitatory GABAergic transmission in epilep-

togenesis, excitatory GABA after acute seizures was confined to

a period of neuronal silence and we did not observe a single

neuron excited in the absence of laser stimulation (0% of cells

were excited by spontaneously occurring fIPSPs). One week af-

ter KA-induced seizures (chronic model), we report that among

20 of 23 KA-treated mice (87% of animals), the incidence of

excitatory GABA was 0 of 629 neurons = 0%, and from the re-

maining 3 mice (13% of animals), it was 4 of 78 neurons =

5%—a global incidence of 0.6%. These results do not support

a significant role in epileptogenesis of excitatory GABA from

CA3 perisomatically projecting PV interneurons, but they do

not discard the possibility that GABA may exert excitatory ac-

tions at other synapses, between other neuronal types, in distinct

areas than the precise locations of our recording electrodes

(within or out of the recorded CA3 region), and in other models

of epileptogenesis or other brain pathologies.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse Monoclonal Anti-Parvalbumin

antibody

Sigma-Aldrich Cat# P3088; RRID:AB_477329

Rabbit GFP Polyclonal Antibody, Alexa

Fluor 488

Thermo Fisher Cat# A-21311; RRID:AB_221477

Goat anti-Mouse IgG, Alexa Fluor 647 Thermo Fisher Cat# A-21235; RRID:AB_2535804

Bacterial and virus strains

AAV9-Ef1a-DIO hChR2(E123T/T159C)-

EYFP

Mattis et al., 2011 Addgene Catalog # 35509-AAV9

rAAV-syn::FLEX-rev::PSAML141F:GlyR-

IRES-GFP

Magnus et al., 2011 Addgene Catalog # 32479

Chemicals, peptides, and recombinant proteins

PSEM-89S Scott Sternson, Janelia Farm

Research Campus, VA, USA

N/A

Bicuculline Sigma Aldrich Catalog #14340

Dil Stain (1,1’-Dioctadecyl-3,3,30,
30-Tetramethylindocarbocyanine

Perchlorate (‘DiI’; DiIC18(3)))

Thermofisher Catalog number: D282

Urethane Sigma Aldrich Catalog # U2500

ketamine (Imalgene 1000) Merial N/A

xylazine (Rompun 2%) Bayer N/A

DAPI Sigma Aldrich Catalog # D9542

Experimental models: organisms/strains

Mouse: B6;129P2-Pvalbtm1(cre)Arbr/J Hippenmeyer et al., 2005 JAX stock #008069

Mouse: B6129SF2/J N/A JAX stock #101045

Software and algorithms

ImageJ https://imagej.net

Imaris Oxford Intruments https://imaris.oxinst.com

Neuroscope ndmanager Hazan et al., 2006 http://neurosuite.sourceforge.net

KlustaSuite Rossant et al., 2016 https://www.ucl.ac.uk/cortexlab/

MiniAnalysis software Synaptosoft Inc. www.synaptosoft.com/MiniAnalysis

Origin OriginLab, Northampton, MA https://www.originlab.com

MATLAB MathWorks https://www.mathworks.com
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Xavier

Leinekugel (xavier@arcadi.eu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The data shown in the paper and custom code for analysis supporting the current study will be made available from the correspond-

ing author upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

A total of 58 male adult mice (age 5-10 weeks, body weight 30-40 g) were used in this study. Animals were kept on a 12h:12h light

(7am-7pm) / dark (7pm-7am) cycle and provided with ad libitum access to food and water. Among 32 transgenic mice expressing the

Cre-recombinase under the control of the Parvalbumin promoter (PV-Cre, Hippenmeyer et al., 2005), Jackson Laboratory, B6;129P2-

Pvalbtm1(cre)Arbr/J), 27 were injected with Cre-dependent Channelrhodopsin2 (ChR2) for optogenetic activation of PV interneurons

with light pulses delivered from a laser source through an optical fiber, among which 15 received an intrahippocampal injection of the

convulsive agent kaı̈nic acid (Sigma-Aldrich Co., St Luis, MO), and 5 with the Cre-dependent Pharmacologically Selective Actuator

Module fused to the glycine receptor (PSAM-GlyR) for chemogenetic silencing of PV-interneurons with the exogenous specific ligand

PSEM-89S (Magnus et al., 2011; Sternson and Roth, 2014). Among 26 wild-type mice (B6129SF2), 8 received an intra-hippocampal

injection of kainic acid, and the other 18 served as controls. All experimental procedures were performed in accordance with the EU

directives regarding the protection of animals used for experimental and scientific purposes (86/609/EEC and 2010/63/EU), with the

French law, and approved by the Ethical committee CEEA50 (saisines #10894, 10896 and 19354).

METHOD DETAILS

Surgical procedures
The mice were anesthetized with isoflurane (1.5 - 5%), placed in a stereotaxic frame (David Kopf Instruments) and kept on a thermal

blanket (Physitemp) to maintain their body temperature at 37.5�C. The eyes were covered with a protective liquid gel (Ocrygel). The

scalp and periosteum over the dorsal surface of the skull were removed. For virus injection (optogenetic and chemogenetic con-

structions), a small craniotomy was executed at the coordinates of the left dorsal hippocampus (AP-1.6mm and L2.5mm relative to

Bregma), and the injections (500nl measured using a Hamilton syringe, 2mm deep from the brain surface) performed (n = 32 PV-Cre

mice) using a thin glass capillary (40-80mmat the tip). After injection, the capillary wasmaintained in situ for about 10min before being

slowly removed. The scalp was then sutured and the animal housed individually for 3-6 weeks before electrophysiological recording.

For head-restrained experiments (n = 7 PV-Cre mice), reference and ground wires were implanted in the cerebellum and attached

to a 2-pin connector, maintained together with a small custom-made horizontal stainless-steel bar anchored to the skull above the

cerebellum with dental acrylic. A thin anchoring layer of dental acrylic (Super-Bond, Frapident) was applied on the exposed skull,

except at specific locations in which a thin layer of bone was kept intact to allow for dorsal CA3 targeting with the recording silicon

probe (left hemisphere, AP-1.6, L2.5, vertical insertion) and optical fiber (AP-1.6, L 3.2, insertion with an angle of 15� from vertical) as

well as contralateral (right hemisphere) dorsal hippocampus targeting of the capillary for bicuculline injection (AP-1.6 L1.5, insertion

20� from vertical). For the study of chronic epileptogenesis (n = 8 WT mice and 15 PV-Cre mice injected with Cre-dependent

ChR2), a craniotomy was performed above the dorsal hippocampus (right hemisphere, AP-1.6, L1.5) for vertical insertion of a capil-

lary and injection of kainic acid (0,2mg dissolved in saline, 500nl measured using a Hamilton syringe) at 1.8 mm from the brain surface.

After injection, the capillary was maintained in situ for an additional 5 min before being slowly removed. The scalp was then sutured

and the animal housed individually for 1 week before electrophysiological recording. As described in previous work (Bouilleret et al.,

1999; Riban et al., 2002), 90% of the mice injected with KA experience an initial status epilepticus followed by a latent period (i.e.

without seizures) of about 2 weeks before expressing chronic epilepsy. We can therefore consider that most of the animals we re-

corded (n = 23 mice) were in a pre-epileptic state. Bicuculline, diazepam and kaı̈nic acid were purchased from Sigma-Aldrich Co., St

Luis, MO.

Genetic tools to manipulate PV interneurons
For optogenetic excitation of PV interneurons, PV-Cre mice were injected with an adeno-associated virus (AAV) bearing ChR-2 with

a YFP reporter (Mattis et al., 2011), pAAV-Ef1a-DIO hChR2 (E123T/T159C)-EYFP (gift from Karl Deisseroth, packaged into AAV sero-

type 9 from Addgene, plasmid # 35509, initial viral titerR 1x10*13 gcp/ml, diluted four times in HBSS). Optogenetic activation (light

wavelength 473nm, power max 10-14mW, 2ms pulses, 0.5Hz, driven by a train generator and current stimulator from Digitimer Ltd)

was delivered through an optical fiber (diameter 200mm) connected to a diode-pumped solid-state (DPSS) laser (Shangai instrument,

100mWor IKECOOLCorporation). For chemogenetic inhibition of PV interneurons, we used an AAV bearing PSAM-GlyRwith a GFP

reporter, -rAAV-syn::FLEX-rev::PSAML141F,Y115F:GlyR-IRES-GFP (Addgene, gift fromScott Sternson, plasmid # 32481, packaged

into AAV serotype 9, initial viral titer R 10*13 gcp/ml, diluted four times in HBSS). PSAM-GlyR activation was performed by the in-

jection of the specific ligand PSEM-89S (150-200nl, 15mM in saline, obtained from Scott Sternson, Janelia Farm Research Campus,

VA, USA), pressure-ejected into the left hippocampus from a glass capillary (40-80mm at the tip).

Head-restrained recordings
The mice (n = 7 PV-Cre), previously implanted with head-posts, were maintained in the stereotaxic apparatus from their implanted

fixation bars. Their body was inserted into a plastic tube (diameter approximately 5cm) to provide a reassuring confined environment

and prevent excessive body movement. The animals readily habituated to head-fixed conditions. After initial training periods of a

few minutes, restraint duration was gradually increased each day until the mouse would sit calmly for a period of roughly 1h. Elec-

trophysiological recordings were performed after several days (at least five) of habituation. The dominant behavioral state in the
e2 Cell Reports 36, 109381, July 13, 2021
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head-restrained condition was awake immobility. On the day of recording, under brief isoflurane anesthesia (and body temperature

control with a heating pad, 37.5�C), the craniotomies were completed and the silicon probe, optical fiber and injection-capillary in-

serted. After 1h recovery from anesthesia, and baseline recording, bicuculline was injected (100-200nl, 100mM in saline) into the right

dorsal hippocampus to induce acute hippocampal seizures. At the end of the recording session, the animals were sacrificed and their

brains removed for histological verification of electrode and optical fiber positions. The seizures induced in the head-restrained

awake condition are most often not convulsive. In case of convulsion, the animal was immediately anesthetized with isoflurane

and the experiment interrupted. This experimental aspect has been specifically submitted and approved by the local ethics commit-

tee (EC50) and the final protocol validated by the French Government (saisine #19355).

Multi-site extracellular recording in vivo

Extracellular recordings of spontaneous multi-unit activity and local field potentials were performed on mice either drug free in the

head-restrained configuration (n = 7 PV-Cre mice) or anesthetized (n = 25 PV-Cre mice and 26 WT mice) with urethane (1.7g/kg,

IP) and a complement of ketamine/xylazine (respectively 6.6 and 0.66mg/kg, IM, repeated whenever necessary, usually every 30

to 60min) and kept on a thermal blanket (Physitemp) to maintain their body temperature at 37.5�C. Animals were fixed in the stereo-

taxic apparatus (David Kopf instrument), the craniotomy was performed, the dura was gently removed, and a multi-site silicon probe

(Neuronexus Technologies, either A1x32-Poly3-5mm-25 s-177, 32 channels arranged on a single shank as 3 rows of vertically ar-

ranged staggered recording sites, vertical separation 25mm, or Buzsaki16, 2 shanks separated by 200 mm, 8 recording sites each

separated by 10-20mm), covered with DiI (Molecular Probes) for post hoc verification of electrode position, was inserted vertically

through the neocortex until the pyramidal layer of the CA3a hippocampal region. The stratum pyramidale was recognized by the

presence ofmultiple firing cells and fIPSPs, and confirmedwith the post hoc identification of DiI labeling. Recordings were performed

using either Lynx-8 amplifiers (Neuralynx, gain x1000, bandpass filter 0.1Hz to 9KHz) and a digitizer (United Electronics, 14bits, A/D

Gain x2, sampling rate 20KHz) controlled by a custom-made LabView (v7.1, National Instruments) program, or an integrated Digital-

Lynx SX system (Neuralynx, Cheetah v5.0 software, 24bits, sampling rate 32KHz, bandpass 0.1Hz to 9KHz and range ± 5mV for LFP

analysis, as well as bandpass 1Hz to 9KHz and range ± 1mV for spike sorting), and stored on a PC for offline analysis. The pyramidal

layer was recognized electrophysiologically by the typical presence of fIPSPs and multi-unit firing. The recording started approxi-

mately 30 minutes after the insertion of the probe. Urethane was purchased from Sigma-Aldrich, ketamine (Imalgene 1000) fromMe-

rial and xylazine (Rompun 2%) from Bayer.

Histological processing
At the end of the recording session, the animal was transcardially perfused with 4% paraformaldehyde. Coronal sections (60mm-

thick, cut using a VT1000S Leica vibratome) were blocked in 5% Bovine Serum Albumin (BSA) and 0,25% Triton X-100. After

Tris-buffered saline washes, sections were incubated overnight at 4�C in 1%BSA, 0,25% Triton X-100 with mouse primary antibody

against parvalbumin (1:200, Sigma-Aldrich Co., St Luis, MO) and rabbit antibody against GFP conjugated to Alexa Fluor 488 (1:2000,

Thermo Fisher). After Tris-buffered saline washes, sections were then incubated with 1% BSA, 0,25% Triton X-100 and Alexa Fluor

647 conjugated goat antibody to mouse (1:500, Thermo-Fisher) 4h at room temperature. After Tris-buffered saline washes, sections

incubated 10 minutes with DAPI (1:1000 Sigma-Aldrich Co., St Luis, and MO) at room temperature. After washing, sections were

mounted and coverslipped on slides. Confocal stack images from the CA3a hippocampal region were acquired and visualized

with the ImageJ software. The number of GFP and PV-immunopositive cell bodies was counted on the stacks with the IMARIS soft-

ware (Oxford instruments). To quantify co-localization, individual GFP labeled interneurons were identified and subsequently scored

for PV immunoreactivity. Scans from each sample were collected in 3 slices per animal (n = 3 ChR2 injected and 3 PSAM-GlyR

injected PV-Cre mice).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were visualized and processed using NeuroScope and NDManager from the Neurosuite software (Hazan et al., 2006) (http://

neurosuite.sourceforge.net), and analyzed using Excel (Microsoft Office 2013), Origin (OriginLab, Northampton, MA) and MATLAB

(MathWorks) built-in or custom-built procedures.

Spike sorting
The spikeswere detected and extracted (SpikeDetekt), automatically clustered (KlustaKwik), and the resulting clustersmanually veri-

fied and refined (KlustaViewa) using the KlustaSuite software (Rossant et al., 2016) (https://www.ucl.ac.uk/cortexlab/). Beside multi-

unit activity (MUA), only the clusters with a clear refractory period and typical bursting pattern of putative pyramidal cells were

included in the analysis of neuronal firing (and referred to as pyramidal cells).

Event detection
The fIPSPs were detected with the MiniAnalysis software (6.0.3 Synaptosoft Inc.) from the raw signal using the following parameters

(manually adjusted within the indicated ranges []): amplitude (mV), min = 100, rise time (ms), min = 1, max = [4 10], decay (ms), min = [1

2], max = [6 10], halfwidth (ms) min = [1 2], max = [6 10], and decay10-90-slope (mV/ms), min = 25, max = [500 1500]. In results, the
Cell Reports 36, 109381, July 13, 2021 e3
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value taken for rise time is the time to peak (latency from onset to peak) while the decay time constant is the constant value of the

exponential curve best fitting the decay of the event. Epileptiform events (inter-ictal spikes) were identified with MiniAnalysis as

events of positive polarity and larger than 5 times the average amplitude of the detected fIPSPs. All detected events were verified

by visual inspection.

Reliability of fIPSP detection
To evaluate the reliability of fIPSP detection in the context of in vivo neuronal dynamics requires ground truth information about the

actual occurrence of perisomatic GABAergic events. From the postsynaptic responses (unitary field-potentials) to the optogenetic

stimulation of PV interneurons (in which the ground truth is that of laser activation, n = 100 events from each animal), we could es-

timate the proportions of evoked fIPSPs that have been successfully detected (true positives) versus those that have failed to be de-

tected (false negatives). Beside a shift in the distribution of fIPSP amplitudes, a drop in the apparent success rate of evoked fIPSPs

may also reveal the potential expression of ‘‘invisible’’ or undetectable fIPSPs due to reversed Cl- gradient in a subset of cells

canceling the field response of other cells. The success rate of fIPSP detection in response to the optogenetic activation of PV in-

terneurons (i.e. the proportion of optogenetic stimulations resulting in a detected fIPSP) in head-fixed mice was 76.7 ± 10.4% in con-

trol (n = 3 mice) and 91 ± 1.7% in the presence of the glutamatergic blockers APV and DNQX (n = 3 mice), and did not differ between

control and KA-treated mice (respectively 74 ± 9.6%, n = 5 mice, and 76 ± 12.5%, n = 9 mice, t(12) = �0.26, p = 0.79). Manual ex-

amination of the optogenetic stimulations which produced an undetected fIPSP (i.e. evoked fIPSPs missed by the detection algo-

rithm, for example due to subthreshold amplitude) indicate that the proportion of false negatives in head fixed mice was 5 ± 2%

in control (n = 3mice) and 2.3 ± 0.6% in APV+NBQX (n = 3mice), and did not differ between control and KA-treatedmice (respectively

2.8 ± 0.8%, n = 5mice and 3.6 ± 1.3%, n = 9mice). The amplitude threshold for detection was set as to prevent artifactual detections

(i.e. detected events that are not actual fIPSPs). Accordingly, therewere no false positives (i.e. fIPSP detection in absence of an actual

fIPSP) among optogenetically evoked fIPSPs in any of the conditions. From these results, we can estimate that the reliability of our

detection algorithm is between 95 and 98% (i.e. 95 to 98% of emitted fIPSPs are properly captured with our detection parameters),

and that the reliability of the fIPSP approach (i.e. the emission of a fIPSP in response to the stimulation of PV interneurons, that can be

detected either automatically or manually) is between 82 (in control) and 93% (in APV+NBQX) in head fixed mice, and does not differ

between control and KA-treated mice (respectively 76.8 and 79.6%). In fact, this quantitative assessment is an underestimate of the

actual reliability of postsynaptic fIPSP detection, because the absence of evoked fIPSP in response to the optogenetic stimulation of

PV interneurons may also be due to presynaptic factors (e.g. occasional failure to evoke spike firing or GABA release from interneu-

rons stimulated at sub-maximal intensity).

Effects of perisomatic GABAergic events
Peri-event time histograms display the time-distributions of neuronal activity relative to fIPSPs detected from the same electrode/

shank. The number of spikes was counted within time-bins of 1ms around reference events (either fIPSP-peak or optogenetic

light-stimulation onset), and normalized by the total number of spikes within the histogram. Baseline activity was computed as

the mean (and SD) of values between �50 and �30ms. Putative monosynaptic excitatory and inhibitory interactions were assessed

from the distribution of action potentials (Csicsvari et al., 1998; Bartho et al., 2004). Pyramidal cells were considered as inhibited by

fIPSP-associated events if their firing rate decreased and remained below that of [baseline - 2SD] from 0 to at least 4ms after fIPSP-

peak. The strength of inhibition was then quantified as the percentage of firing inhibition (relative to baseline) in the inhibitory trough

(bin of minimum firing in the 4ms post-fIPSPs), and the duration of recovery as the latency to the last of post-fIPSPs time-bin below

[baseline - 2SD]. Only cells with [baseline - 2SD] > 0 were considered to have high and stable enough firing for the possible detection

of potential fIPSP-associated inhibition. Pyramidal cells were considered as excited by fIPSP-associated events if their firing rate

increased above [baseline + 3SD] within 4ms after fIPSP-peak. Because bursts of action potentials (short interspike intervals) which

first spike would evoke a fIPSP would potentially produce a spurious post-fIPSP peak in the peri-event histogram that may be

wrongly interpreted as pyramidal cell excitation, we also computed the peri-event histograms of putatively excited pyramidal cells

excluding all the spikes preceded by an action potential by less than 10ms. The post-fIPSP peak-firing was still present in all the

tested putatively excited pyramidal cells, excluding the contribution of misinterpretation due to burst firing. Pyramidal cells were

considered as non-responding if they were neither inhibited nor excited by fIPSP-associated events. In the quantification of the pro-

portion of non-responding pyramidal cells in KA-treated mice, we included only the animals with at least 8 pyramidal neurons with

enough spikes for peri-event time histograms (i.e. [baseline - 2SD] > 0).

Theta phase-locking
The phase histograms illustrated in Figure 6B represent the distribution of fIPSPs relative to theta phase. For the determination of

theta periods, the raw EEG integrated power was calculated in the 3.5-10Hz (theta) and 1-3Hz (delta) frequency bands using the

multi-taper method (1 s time window and 4 tapers) implemented in the Chronux MATLAB toolbox (Mitra and Bokil, 2008). Theta pe-

riods were defined as theta/delta power above 3 and validated manually using the Sonic Visualizer free software. Among the 18 con-

trol and 23 KA-treated anesthetized mice recorded, only n = 9 control and 8 KA-treated mice expressed reliable theta oscillations,

and were thus included in theta-phase modulation analysis. Theta phase was computed in theta periods using the Hilbert transform

on the CA3 pyramidale band-pass filtered (4-11 Hz) LFP (downsampled data, 1250Hz). Phase modulation of fIPSPs relative to
e4 Cell Reports 36, 109381, July 13, 2021
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theta oscillations was tested on individual animals by using the Rayleigh test (nonuniformity of the circular distribution). When phase

modulation was significant (p < 0.05), von Mises parameters m and k were estimated via maximum likelihood as indices of preferred

phase and modulation strength, respectively (Berens, 2009).

Statistics
All statistical analyses were performed in MATLAB (MathWorks) or Origin (OriginLab). Statistical details (statistical test used, exact

value of n and whether it represents events or animals, etc...) are provided in the main text for each quantified analysis. Data were

systematically tested for normal distribution with the Shapiro test. Data following a normal distribution were analyzed using para-

metric tests (Student’s t test or ANOVA and post hoc Bonferroni’s test). Data which did not follow a normal distribution were analyzed

using nonparametric tests (Mann–Whitney U-test for independent datasets and Wilcoxon signed-ranks test for paired data). Differ-

ences were considered statistically significant at p < 0.05. Unless indicated otherwise, all results are presented as mean ± SEM.
Cell Reports 36, 109381, July 13, 2021 e5
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