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 We combined computational, in vivo, in vitro and clinical data to analyse local field potential (LFP) 
responses to Extracellular Local Bipolar Stimulation (ELBS). 

 

 We show LFP responses can reflect preferential activation of GABAergic interneurons provided 
that ELBS is appropriately tuned. 

 

 Based on the phase coherence of LFP responses, we propose an index that quantifies the degree 
of excitability of locally-stimulated neuronal networks. 

 

 We show that this index can be used in patients with focal epilepsy in order to identify 
hyperexcitable brain regions. 
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ABSTRACT 14 

Background. Neurological disorders are often characterized by an excessive and prolonged imbalance between 15 
neural excitatory and inhibitory processes. A ubiquitous finding among these disorders is the disrupted 16 
function of inhibitory GABAergic interneurons.  17 
Objective. The objective is to propose a novel stimulation procedure able to evaluate the efficacy of inhibition 18 
imposed by GABAergic interneurons onto pyramidal cells from evoked responses observed in local field 19 
potentials (LFPs).  20 
Methods. Using a computational modeling approach combined with in vivo and in vitro electrophysiological 21 
recordings, we analyzed the impact of electrical extracellular local bipolar stimulation (ELBS) on brain tissue. 22 
We implemented the ELBS effects in a neuronal population model in which we can tune the excitation-23 
inhibition ratio and we investigated stimulation-related parameters. Computer simulations led to sharp 24 
predictions regarding: i) the shape of evoked responses as observed in local field potentials, ii) the type of cells 25 
(pyramidal neurons and interneurons) contributing to these field responses and iii) the optimal tuning of 26 
stimulation parameters (intensity and frequency) to evoke meaningful responses. These predictions were 27 
tested in vivo (mouse). Neurobiological mechanisms were assessed in vitro (hippocampal slices).  28 
Results. Appropriately-tuned ELBS allows for preferential activation of GABAergic interneurons. A quantitative 29 
Neural Network Excitability Index (NNEI) is proposed. It is computed from stimulation-induced responses as 30 
reflected in local field potentials. NNEI was used in four patients with focal epilepsy. Results show that it can 31 
readily reveal hyperexcitable brain regions.  32 
Conclusion. Well-tuned ELBS and NNEI can be used to locally probe brain regions and quantify the 33 
(hyper)excitability of the underlying brain tissue. 34 
 35 
Keywords: neurostimulation, electrical, extracellular bipolar direct stimulation, neuronal network, excitability, 36 
GABAergic interneuron, local field potential, depth-EEG, computational model, in vivo, in vitro, epilepsy 37 
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Introduction 1 

Normal brain functions require input from local GABAergic interneurons onto pyramidal cells to 2 

maintain a balance between excitatory and inhibitory processes in cortical circuits [1]. This balance is 3 

of utmost importance and many neurological disorders are characterized by a disrupted function of 4 

GABAergic interneurons leading to impaired neuronal discharge and the associated symptomatology 5 

(see review in [2]). This dysregulation can be either diffuse as in autism spectrum disorders [3], [4], 6 

Down syndrome [5], and mood disorders [6] or more focal as in chronic pain [7] and epilepsy [8], as 7 

demonstrated in animal models for these diseases. 8 

In this context, a diagnostic procedure that would provide specific information about the integrity of 9 

inhibitory interneuron functions in the brain would be highly beneficial. Neurostimulation-based 10 

methods constitute an appealing option since evoked brain responses convey relevant information 11 

regarding the underlying excitatory and inhibitory neuronal processes responsible for their 12 

generation. In this perspective, three main challenging issues must be addressed. First, what are the 13 

optimal stimulation parameters (intensity, frequency, polarity) for which a reliable diagnostic can be 14 

achieved? This has always been – and still is - a matter of debate for applications in neurological 15 

disorders in general [9], and in epilepsy in particular [10]. Second, how do responses induced by 16 

stimulation and observed in local field potentials (LFPs) relate to the interneuron function in the 17 

stimulated brain tissue? Third, how can unequivocal information be extracted from LFP responses in 18 

order to quantitatively measure the excitability state of the local neuronal networks?  19 

In this study, these three issues are dealt with. Following upon pioneering studies where active 20 

stimulation paradigms were used in order to detect the seizure onset zone and, eventually, to 21 

anticipate epileptic seizures [11,12] [13], the objective is to design an invasive electrical stimulation 22 

procedure that can provide quantitative information about the excitability level of locally-stimulated 23 

neural networks.  24 
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Using a computational modelling approach [14] combined with in vivo and in vitro recordings [15], 1 

we show that extracellular, local, bipolar stimulation (ELBS) can mainly activate GABAergic 2 

interneurons provided that intensity and frequency parameters are appropriately tuned. We 3 

disentangle the network and cellular mechanisms involved in evoked responses and provide 4 

guidelines for optimal adjustment of the stimulation parameters. Finally, we propose a Neural 5 

Network Excitability Index (NNEI) that can be computed from responses recorded in LFPs. Regarding 6 

the clinical application, results obtained in four patients with drug-resistant focal epilepsy indicate 7 

that NNEI can be used to identify hyperexcitable brain regions. Considering the central role of 8 

GABAergic interneurons in the brain [16], this study opens numerous perspectives such as following 9 

disease progress. 10 

Materials and methods 11 

In the following, the proposed stimulation procedure is referred to as Extracellular Local Bipolar 12 

Stimulation (ELBS). 13 

Computational modeling and predictions about ELBS effects on a population of neurons  14 

The effects of ELBS were first assessed using a computational modelling approach. The different 15 

steps of this investigation are summarized in Fig.1-A. A neural mass model (NMM, neuronal 16 

population level) was used to simulate LFPs in response to ELBS. This model accounts for the 17 

coupling between the electric field resulting from stimulation and the average membrane at the two 18 

sub-populations of PCs and INs. In addition, the excitability level of the local population of neurons 19 

could be tuned by adjusting the amplitude of average excitatory and inhibitory postsynaptic 20 

potentials. From simulated LFP signals, the Neural Network Excitability Index was computed and 21 

plotted versus the model excitability. From with comparison, we could make predictions i) about the 22 

contribution of PC and INs to evoked responses and ii) about optimal ELBS intensity and frequency 23 

values for which the NNEI value (range: [0, 1]) best reflects the excitability level (low, medium, high). 24 
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In the following, details about the NMM, the coupling between NMM and stimulation, the simulated 1 

field potentials and the NNEI metric are provided. 2 

Neural mass model (NMM). The computational model is inspired from neurophysiology and consists 3 

in a neuronal population comprising two sub-populations of neurons, namely PCs and INs. Although 4 

this model is aggregated (no explicit representation of individual neurons), it offers three main 5 

advantages. As directly inspired from neurophysiology, it has been shown to provide relevant insights 6 

into the relationship between excitation-/inhibition-related model parameters, on the one hand, and 7 

the field activity as recorded by extracellular electrodes, on the other hand. Readers may refer to 8 

[17-20] for detailed information about the model (structure, equations, parameter interpretation 9 

and setting). In brief, as shown in Fig.1-B, the design is intended to macroscopically represent a 10 

simplified neuronal network consisting of two synaptically coupled subsets: pyramidal cells (PCs) and 11 

local interneurons (INs). In each subset, a linear transfer function at
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the relation between the average post-synaptic potential and the average density of pulses fired by 16 

the neurons.  17 

Coupling between NMM and stimulation. To mimic ELBS effects, we introduced, in the model, the 18 

impact of biphasic current pulses applied locally with extracellular bipolar electrodes (Fig.1-B). 19 

Regarding the coupling model, we considered that i) each stimulation pulse induces a transient 20 

change in the mean membrane potential of both PC and IN subsets [21] and ii) this perturbation of 21 

the membrane potential is a linear function of the externally-applied current magnitude [13]. In 22 

practice, as illustrated in Fig.1-C, periodic stimulation pulses denoted by      were thus added to the 23 

mean membrane potential at the input of each sigmoid function     . Thus, according to this 24 

coupling model, and since pulses are biphasic, a transient increase of the average firing rate in 25 
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stimulated neuron subsets is systematically achieved (output of each sigmoid function     ), in line 1 

with experimental data [22]. The above considerations lead to the 6th-order set of ordinary 2 

differential equations that govern the temporal dynamics in the model: 3 
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where parameters A and B denote the amplitude of average EPSPs and IPSPs, respectively, where a  5 

and b  (expressed in s-1) are used to adjust the rise and decay time of these PSPs and where 6 

parameters C1-C4 represent the average number of synaptic contacts between PC and IN sub-7 

populations. Note that parameters A and B are used to control the level of excitability in the model. 8 

This set of equation is solved by numerical integration methods (Euler, fixed step method, for 9 

example). Special attention must be paid to its stochastic nature due to the noise input )(tn .  10 

Simulated local field potentials. The average postsynaptic activity of the PC subset was chosen as the 11 

model output, according to the assumption that summated PSPs at the level of pyramidal cells 12 

constitute the main contribution of LFPs. This model output (see example in Fig.1-C) was compared 13 

to actual LFPs recorded in vivo, both in mice and in patients.  14 

Neural Network Excitability Index. Details about the NNEI computation are provided in the 15 

Supplementary Material 1 (SM1). In brief, the NNEI is a normalized quantity (ranging from 0 to 1) 16 

that measures the phase similarity among signals. It discloses low values where LFP evoked 17 

responses (time locked to each pulse of the stimulation train) have similar time-courses, and high 18 

values where LFPs have irregular time-courses, provided that the stimulation intensity is 19 

appropriately tuned.  20 
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In vivo experiments 1 

In vivo experiments (LFP recordings and ELBS) were performed in adult C57BL/6RJ male mice (80 ± 5 2 

days, n = 18). Sub-convulsive dose of pentylenetetrazole (PTZ, 35mg/kg, IP) (Dhir, 2012) was used to 3 

induce an increase of the level of brain excitability in naive animals. All experiments were in 4 

accordance with the guidelines of INSERM for animal care in research, and were approved by the 5 

ethics committee of Rennes (agreement N° R-2012-PB-Ol). See Supplementary Material SM2 for 6 

details. Quiet awaking periods were retained for NNEI computation. LFP signals were recorded using 7 

a video-EEG monitoring system (Deltamed TM, Natus Group, sampling at 2048 Hz). The signals were 8 

processed using both MATLAB and C-code routines developed in the lab.  9 

In vitro experiments 10 

In vitro experiments (patch-clamp and LFP recordings, ELBS) were performed in rat hippocampal 11 

organotypic slice cultures [23] that offer the major advantage (as compared with acute slices) that 12 

functional properties (electrophysiological and synaptic) of neurons in studied CA1 networks are well 13 

preserved [24]. Details are provided in Supplementary Material SM2. Slice cultures were then 14 

transferred to a patch-clamp recording setup and superfused with artificial cerebrospinal fluid (ACSF) 15 

equilibrated with 95% O2/5% CO2 containing (in mM): 124 NaCl, 2.5 KCl, 26 NaHCO3, 1.25 NaH2PO4, 16 

10 glucose, 3 CaCl2, 2 MgCl2, pH 7.4. Field and intracellular recordings were simultaneously 17 

performed. The patch clamp pipette (4–6 MΩ) was placed in the vicinity of the field recording pipette 18 

and filled with 140 K-gluconate, 5 NaCl 10 HEPES, 10 phosphocreatine, 1 mM EGTA, 1 mM MgCl2 pH 19 

7.2 with 0.2% Biocytin 20 

Clinical data 21 

The clinical data were recorded in four patients (P1-P4, Table 1) undergoing pre-surgical evaluation 22 

of drug-resistant temporal lobe epilepsy (TLE, P1) and temporal ‘plus’ epilepsies [25] (P2-P4). Stereo-23 

EEG (SEEG, depth electrodes) recordings were performed during long-term video-EEG monitoring (5 24 
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days, Micromed, SystemPLUS Evolution) using intracerebral multiple lead electrodes placed 1 

intracranially according to Talairach's stereotactic method. SEEG was carried out as part of regular 2 

clinical care. The location of each electrode contact was post-operatively checked using post-3 

implantation 3D CT-scan and preoperative 3D MRI reconstruction into Medtronic Neuronavigation 4 

system. ELBS procedure was performed using an isolated biphasic stimulator (Micromed Inc., Energy 5 

Surgical version) allowing for fine tuning around optimal intensity value (0.1 – 0.5 mA) and frequency 6 

value (5 – 10 Hz). Stimulation parameter values used in each patient are given in Table 1. Patients 7 

gave written informed consent about the stimulation procedure that was approved by the local 8 

committee of the Neurology department, Rennes University Hospital. During the stimulation session, 9 

none of the patients experienced a particular sensation or showed a particular symptom. 10 

Calibration of the Extracellular Local Bipolar Stimulation (ELBS) intensity value 11 

In the computational model, we determined that the optimal intensity value (i.e. leading to a high 12 

contrast in NNEI values associated with low and high excitability states) is obtained when evoked 13 

responses start to become discernible in the LFP for repetitive pulses. This finding was translated into 14 

a statistical test based on the linear correlation among responses (see Supplementary Material SM3 – 15 

for theoretical basis). This calibration procedure was applied for in vivo recordings. ELBS was applied 16 

starting from a very low intensity (1 µA in mice, 0.2 mA in patients) and was gradually increased until 17 

a negative wave following the artefact was discernible in the LFP. For each train, the statistical test 18 

was performed and  was computed. The intensity for which  reached the 2.6 threshold value 19 

was kept (Sup. Mat. SM3). In practice, in mice, the optimal intensity was generally about 1.4 µA and 20 

the NNEI value around 0.1 under “normal” excitability conditions. It is worth mentioning that each 21 

biphasic pulse consisted of a first positive (100 µs) pulse followed by a second negative pulse (100 22 

µs). The amplitude of the second negative pulse was adjusted by a few tens of nano-amperes (0.01 -23 

 0.05 µA) to compensate the offset between both pulses what resulted in evoked responses very 24 

w w
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marginally contaminated by the stimulation artefact. In patients (Table 1), the optimal intensity was 1 

0.5 mA (P1) and 0.3 mA (P2-P4).  2 

The difference between intensity values in mouse and in human is explained by the dramatic 3 

difference in the electrode size (microwires vs. clinical macroelectrodes). Indeed, we estimated, as a 4 

first approximation, the order of magnitude of the current density produced in both cases. We 5 

considered the current density    in the space between the two closest electrode contacts (for in vivo 6 

electrodes, in the region of space between the tips of the twisted wires; for human electrodes, 7 

between the two closest contacts along the stimulation electrodes). We used the general expression 8 

              for the current density, which we simplified as I = J.S where S is the surface of the 9 

electrode contact. For in vivo electrodes, the electrode tip (disk) has a diameter D = 139 m (Table 10 

2), which we used to compute the surface     
 

 
  . The current intensity was 1.4 A, resulting in a 11 

current density estimation of 92 A/m2. For clinical electrodes, each contact is cylindrical, with a 12 

diameter D = 0.8 mm and a contact height H = 2 mm (Table 2), with the contact surface being 13 

calculated as        . The current intensity was on the order of 0.4 mA (0.3-0.5, Table 1), which 14 

results in a current density estimation of 79 A/m2. Interestingly, this estimation is in the same order 15 

of magnitude, confirming that, despite the significant difference in electrode physical properties, the 16 

stimulation applied in vivo and in humans operates at comparable scales.  17 

Results 18 

Since the computational models provided the framework for the experimental studies we start with 19 

the former. 20 

Computational model predictions. A key feature of the computational model [18] is the ability to 21 

simulate LFPs according to i) varying levels of excitability states and ii) various conditions of 22 

stimulation parameters. Changes in excitability in the model, from a low to a high level were 23 

obtained by simply changing the ratio between two parameters, namely the average amplitude of 24 
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the EPSP and the IPSP. Therefore we investigated the effects of changing the excitability level both 1 

on background (on-going) activity and on simulated LFPs, under two conditions: without stimulation 2 

(no stim., i.e. “passive” condition), and with stimulation (stim., i.e. “active” paradigm).  3 

In the first case (Fig. 2A, no stim.), we did not find any noticeable change in the background activity 4 

nor in the corresponding power spectra when excitability changed from low to high level. In the 5 

second case (Fig. 2B, stim.), the simulated pulse stimulation applied to both pyramidal cells and 6 

interneurons, elicited small LFP waves following the stimulation artefacts. In the case of low 7 

excitability, the time-course of LFP signals was found to be reproducible from one pulse to another, 8 

as shown by surperimposed responses (each time-locked to the pulse onset). In contrast, for high 9 

excitability, surperimposed responses were found to have a more irregular, variable time course. 10 

We devised a neural network excitability index (0 < NNEI < 1) that quantifies the level of the 11 

excitability state (for details see Supplementary Material 1 -SM1- Computation of the NNEI). This 12 

index displays i) low values when the LFP responses display constant phase w.r.t. the pulse 13 

stimulation onsets and ii) high values when these responses show irregular phases. 14 

The NNEI was found to provide a reliable indication of the modelled level of excitability state in the 15 

case where both PCs and INs were stimulated (Fig. 2B), and also in the case where only INs were 16 

stimulated (Fig. 2C, left). Strikingly, no such consistent responses appeared in the LPF when 17 

stimulation was applied only to PCs (Fig. 2C, right). In addition, the NNEI was blind to changes of 18 

excitability state (low, medium, high) in this case, suggesting that direct excitation of INs is a 19 

necessary condition to evoke discernible consistent responses in the LFP and subsequently to obtain 20 

a NNEI value indicative of the excitability level in the model. 21 

Computer simulations allowed us, further, to assess the effects of two crucial stimulation 22 

parameters, namely the intensity and the frequency of the bipolar single pulse stimulation. Fig. 2D-23 

left displays the impact of pulse intensity on simulated responses for 3 excitability levels, low, 24 
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medium and high. The model reveals that both the shape and the phase coherence of evoked LFP 1 

responses depend on the stimulation intensity value (I-value). For very low I-values, evoked 2 

responses were either absent or of very low amplitude, i.e. simulated signals were difficult to 3 

distinguish from background activity. For intermediate I-values, simulated signals disclosed small 4 

coherent evoked responses. For high I-values, simulated signals took the form of high amplitude, 5 

highly-coherent evoked responses. These intensity effects were quantified for three excitability 6 

conditions (Fig. 2D, right). For very low I-values (dark to light blue color), the NNEI was either - blind 7 

to - or provided incomplete information on - the level of the excitability condition, as values 8 

remained limited to a narrow range [0.5, 0.85]. Similarly, for high I-values (red to orange color), the 9 

NNEI values were restricted also to a narrow interval [0, 0.25]. In contrast, for intermediate I-values 10 

(yellow to blue color), the NNEI range was much broader ([0.05, 0.65]) indicating that a better 11 

contrast between low and high excitability conditions was achieved in this case. These modelling 12 

results indicate that intensity is a critical parameter for interpretation of NNEI values. Results 13 

regarding the frequency parameters are provided in Fig. 2E and 2F. They showed that the NNEI is a 14 

reliable indicator for the excitability level in the model as long as the stimulation frequency remained 15 

below 10 Hz.  16 

Overall, the model shows that stimulation parameters must be “optimally” tuned to obtain 17 

responses from which NNEI values are able to differentiate between low and high levels of 18 

excitability state: the bipolar stimulation must be applied to local neuronal subpopulations at 19 

appropriate intensity (Fig. 2D) and at appropriate frequency (Fig. 2F). 20 

In vivo validation of model predictions. We performed in vivo stimulations in the hippocampus of 21 

the mouse while recording LFPs in the CA1 stratum radiatum (see Methods and Sup. Mat. SM2). In 22 

order to fine-tune the intensity value, we followed the ELBS calibration procedure described in the 23 

methods (see also Sup. Mat. SM3). At “optimal” I-value, small-amplitude evoked responses appeared 24 

in the LFPs, as illustrated in Fig. 3B. The responses obtained using the model, in silico, and in vivo are 25 
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shown side-by-side in Fig. 3A and 3B. This provides a direct comparison between in silico and in vivo 1 

results for control animals. As depicted, in vivo results strongly resemble those obtained in the 2 

computational model, in terms of i) shape of evoked responses vs. I-value, ii) evolution of the w 3 

statistics vs. I-value and iii) evolution of the NNEI vs. I-value. 4 

The ability of this fine-tuning procedure to reveal excitability changes in vivo was then evaluated by 5 

changing the level of excitability of the mouse hippocampus (Fig. 3C). For an optimally-tuned 6 

stimulation intensity I-value (1.3+/-0.1µA), the NNEI dramatically increased just after PTZ injection 7 

(0.2 to 0.8) (Fig. 3D). It stayed high (NNEI > 0.4) for about 10 min and then returned to basal value 8 

(>0.2) which is compatible with the pharmaco-kinetics of PTZ [26]. It should also be noted that 9 

although this low dose of PTZ did not induce seizures (n = 18), infrequent sporadic interictal epileptic 10 

spikes (IESs, 7/min on average over the 15 min period) were observed. Differences between NNEI 11 

values measured before, during and after PTZ injection were found to be significantly different 12 

(p<0.01, Fig. 3D, right). Finally, we showed that “non-optimal” tuning of the intensity value leads to 13 

ambiguous results, as reported in the supplementary Figure S2. When the same experiment is 14 

repeated with non-optimal stimulation intensities (either too low or too high), LFP waveforms, either 15 

not distinguishable from background or very pronounced, were also observed, as predicted by the 16 

NMM model.  17 

These in vivo results confirm that the fine tuning of both stimulation intensity and frequency 18 

parameters is crucial to derive an interpretable NNEI, i.e. a NNEI that reliably reflects the underlying 19 

excitability condition.  20 

Cellular mechanisms of ELBS. To resolve the cellular mechanisms underlying the evoked responses 21 

observed in LFPs, ELBS was performed in vitro using organotypic hippocampal slices. Simultaneous 22 

intra- and extracellular recordings were performed in the CA1 subfield (Fig. 4A) under ELBS. 23 

Pyramidal cells (PCs) were identified according to the following criteria: anatomical location (PC 24 
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layer), morphology (biocytin labelling), presence of dendritic spines, firing patterns and resting 1 

membrane potential (see details in Methods and Supplementary Material SM2). 2 

The ELBS intensity was progressively increased from 10 to 500 µA. The first suprathreshold LFP 3 

response was associated with a hyperpolarization of PCs (for an average stimulation intensity of 116 4 

± 9 µA, n=36) (Fig. 4B). Interestingly, simultaneous extra-/intracellular recordings (n=5) showed that 5 

this minimal stimulation intensity, necessary to elicit a measurable small deflection in the LFP, was 6 

systematically associated with an IPSP in PCs.  7 

Under conditions of low excitability (ACSF), repetitive stimulation at 2Hz induced simultaneous and 8 

reproducible small LFP deflections (extra-cell.) and IPSPs (intra-cell.), without noticeable rundown 9 

(Fig. 4C). This suprathreshold stimulation intensity was applied under control (low excitability, ACSF, 10 

Fig. 4D top) and high excitability (low Mg2+, GABAA receptor antagonist bicuculline) conditions (Fig. 11 

4D, bottom). For control conditions, field evoked responses were found to be coherent in time and to 12 

display very similar time courses (Fig. 4D, upper superimposition of colored traces). Conversely, 13 

under conditions of increased excitability, evoked LFP responses were much less synchronized with 14 

respect to stimulation onset (Fig. 4D bottom). Note that under blockade of GABAA receptors, their 15 

polarity reversed (Fig. 4D). This absence of coherence among LFP responses is reflected in a 16 

significant increase in the NNEI (from 0.02 to 0.33, p<0.01, n=5)(Fig. 4D right panel), in agreement 17 

with in vivo and in silico findings. 18 

The synaptic basis of the observed hyperpolarization was pharmacologically assessed. As illustrated 19 

in Fig. 5A, the observed intracellular inhibitory responses were fully blocked by bath application of 20 

bicuculline (10 µM) (97 ± 4%, n=8, p<0.01) or TTX (1 µM)(98±2%, n=6, p<0.01). The evoked LFP 21 

response decreased under superfusion of bicuculline (10 µM, n=6). These results indicate ELBS-22 

induced responses reflect the synaptic activation of GABAA receptors on PCs, suggesting that ELBS 23 

promotes the excitation of interneurons and therefore the release of GABA onto targeted PCs. 24 
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To assess whether GABA released by ELBS was sufficient to locally inhibit PCs, direct bipolar 1 

stimulation was applied during the evoked firing of the pyramidal cell (in current-clamp mode). As 2 

depicted in Fig. 5B, in fact ELBS transiently stopped its firing.  3 

PSPs on PCs were then measured and plotted against the ELBS intensity values (0 to 400 µA). At low 4 

intensity (100-250 µA), IPSPs were recorded (Fig. 5C) in most pyramidal cells (89%, 32 pyramidal cells 5 

out of 36). Conversely, beyond 250 ± 30 µA, EPSPs/spike were measured in all recorded PCs (n=21). 6 

Therefore, in this latter case, ELBS excited at least a few pyramidal cells. This result indicates that an 7 

inhibitory effect is obtained within a restricted range of ELBS values (Fig. 5D). With supra-threshold 8 

ELBS (100-200 µA), IPSPs were recorded in 89% of PCs (n = 32) whereas higher intensity (220-400 µA) 9 

stimulation induced EPSPs and/or action potentials in all recorded PCs (n=21) (Fig. 5E). 10 

Overall, these in vitro results show that LFP small-amplitude responses simulated in silico and 11 

observed in vivo correspond to short-term GABAergic inhibition of PCs. Most important, these results 12 

suggest that low intensity ELBS allows the preferential activation of GABAergic interneurons versus 13 

pyramidal cells.  14 

Clinical application. In drug-resistant epileptic patients candidate to surgery, a pre-surgical 15 

evaluation consists in the direct recording of brain activity from multiple intracranial electrodes (Fig. 16 

6A). We raised the hypothesis that the proposed low intensity ELBS could be performed using these 17 

intracranial electrodes in order to assess GABAergic inhibition in healthy and epileptic brain tissue. 18 

Prospectively, we took advantage of the unique opportunity that of the 4 patients (Table 1) who 19 

underwent ELBS, three patients (P1 - P3) had depth-electrodes implanted bilaterally in both 20 

hippocampi. In patient P1, the electrical pattern of the left hippocampus (LHIP) strongly suggested 21 

hippocampal sclerosis. This was confirmed by the postoperative histology. Fig. 6B illustrates a 22 

subclinical epileptic discharge recorded from the LHIP whereas the simultaneous activity in the 23 

contralateral hippocampus (RHIP) is normal. Low intensity low frequency ELBS (0.5 mA, 10 Hz) 24 

protocol was applied alternatively to the LHIP and in the RHIP (Fig. 6C) during the interictal period. As 25 
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in the computational model, in the studies both in vivo and in vitro, ELBS produced small but 1 

discernible coherent LFP responses in the healthy RHIP but less regular in the epileptogenic LHIP (Fig. 2 

6D). This result was substantiated by the mean NNEI values for each train of 50 pulses applied (Fig. 3 

6C). As shown in Fig. 6E, significantly higher (Mann Whitney U-test, p < 0.01) NNEI values were found 4 

in the LHIP (0.45 +/- 0.04) compared to the healthy RHIP (0.15 +/- 0.03).  5 

In patients P2 and P3 (Fig. 7A and 7B), under ELBS (0.3 mA, 5 Hz), high NNEI values (0.3 < NNEI < 0.5) 6 

were computed from SEEG signals recorded on both sides, indicating increased excitability in both 7 

the left and right hippocampus. This abnormal excitability was further confirmed by the presence of 8 

locally-generated epileptic spikes that occurred either asynchronously or simultaneously at both 9 

sides (Fig. 7A and 7B, right panels). Finally in patient P4 (Fig. 7C), NNEI values, computed from SEEG 10 

signals recorded in the right hippocampus (RHIP) and in the right middle temporal gyrus (RMTG) 11 

under ELBS (0.3 mA, 5 Hz), were found to be very different at both sites (RHIP: NNEI=0.34, RMTG: 12 

NNEI=0.04) suggesting abnormal excitability in the RHIP and healthy tissue in the RMTG. This result 13 

was confirmed by electrophysiological data (rhythmic discharges of epileptic spikes occurring in the 14 

RHIP with simultaneous normal activity in the RMTG, Fig. 7C, right panel) and by imaging data (MRI 15 

strongly evocative of a right hippocampal sclerosis).  16 

Discussion 17 

Altered brain excitability is a hallmark of many neurological disorders. In particular, abnormal 18 

hyperexcitability in neural networks has been demonstrated in most, if not all, types of experimental 19 

models of epileptogenesis (review in [27]) as well as in human epileptic tissue [28]. An important 20 

challenge, however, is how to assess quantitatively the excitability state of brain tissue in vivo.  21 

To the best of our knowledge, the present study is the first to show i) that appropriately tuned ELBS 22 

is capable of preferentially eliciting responses mediated by GABAergic interneurons and ii) that this 23 
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evoked response as reflected in the LFP can be advantageously used to quantify the underlying 1 

network excitability. 2 

The proposed stimulation procedure is particularly suited as GABAergic interneurons play a central 3 

role in the CNS and as their dysregulation (sometimes referred to as “interneuronopathy” [29,30] 4 

was observed in many pathological conditions, including epilepsy ([31,32], among others). In 5 

addition, active paradigms (i.e. stimulation-based) have been shown to outperform passive 6 

procedures (i.e. based on the observation of spontaneous EEG activity) regarding the capacity to 7 

reveal the functional properties of neuronal systems in epilepsy [12,13,33].  8 

To elaborate this stimulation procedure, to understand the effects of induced currents and to define 9 

the optimal stimulation parameters (intensity, frequency), we followed a combined in silico/in vivo/in 10 

vitro approach. 11 

To our knowledge, the detailed analysis of ELBS effects has never been performed before in a neural 12 

mass model. Results indicated that the NMM could accurately reproduce actual LFPs despite a 13 

number of limitations regarding the representation of biophysical effects of ELBS. Indeed, the 14 

coupling model used in this study is rather simple as limited to a mean membrane voltage change 15 

linearly related to the intensity of short-duration (100 µs) biphasic pulses. It does not account for the 16 

specific features pf electrodes (surface area, curvature of the electrode tip, resistive coating to 17 

electrode contacts, …) that alter the current-density distribution and thus the way local populations 18 

of neurons are impacted by non-uniform electric fields [34]. In this respect, results from detailed 19 

studies [35] will help to improve the physical realism of the model and possibly lead to calibrated 20 

values which remain, in the present form, disconnected from real values. Nevertheless, and in spite 21 

of aforementioned limitations, this study shows that the model somehow captures “the essence” of 22 

the observed phenomenon into a simple (but not too simple) neural mass representation of i) the 23 

dynamic properties of a population of interacting excitatory and inhibitory neurons, ii) the 24 

generation of LFPs (major contribution of PSPs) and iii) the direct and transient depolarizing effect of 25 
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local stimulation. By aggregating these main “ingredients”, some predictions logically followed. First, 1 

low excitability means high inhibitory drive onto PCs and thus large IPSPs (4 times > EPSPs) and 2 

consequently a reflection in the LFP as a small deflection following stimulation pulses. High 3 

excitability means lower inhibitory drive (and increased excitatory drive) resulting from a lesser 4 

contribution of IPSPs to the LFP which are, at the same time, masked by the input noise which is 5 

excitatory. Combined with experimental data, the model pointed toward the critical effect of three 6 

factors: the cell type being stimulated, the stimulation intensity and the stimulation frequency.  7 

Overall, this theoretical/experimental approach led to the following main findings. 8 

Appropriate stimulation intensity is required. The described low intensity ELBS procedure is efficient 9 

for revealing the underlying excitability level if, and only if, the current intensity is appropriately 10 

adjusted. As shown by in silico and in vivo data, when this intensity value falls within the “optimal” 11 

range, then the NNEI value provides a meaningful indication about the excitability of the probed 12 

networks. Using in vitro data, we found that this optimal range corresponds to an “inhibitory 13 

window” in which IPSPs are preferentially elicited onto pyramidal cells. In this study, we provided a 14 

systematic method to define the optimal stimulation intensity based on the statistical correlation 15 

among evoked field responses.  16 

Regarding the ELBS frequency, beyond 10 Hz, both computational and in vivo data showed LFP 17 

responses that did not lead to a reliable NNEI value. In the neural mass model, this result is explained 18 

by nonlinear system dynamics. At high frequency, the system is being constantly stimulated during a 19 

transient regime, i.e. during the time-course of its response to pulses. In that case, the NNEI 20 

computation is performed on truncated responses, and gives erroneous estimates. The same applies 21 

to real data, where responses were also found to be truncated under similar conditions. In addition, 22 

it is worth mentioning that stimulation above 10 Hz is likely to induce a prominent depression of 23 

GABAergic IPSCs, as reported in [36].  24 
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A well-tuned intensity can preferentially activate interneurons. Our results indicate that GABAergic 1 

interneurons are recruited before pyramidal cells when a local bipolar stimulation at an accurately 2 

tuned intensity is used. The question is “why?”.  3 

A first hypothesis is cytoarchitectural. In cortical structures, interneurons are known to have 4 

extensive local axon ramifications as compared with the sparser branching of PC axons ([37-39], 5 

reviewed in [40]). In addition, through these highly divergent axons, inhibitory neurons contact most 6 

neighboring pyramidal cells [41,42]. Finally, based on combined electrical stimulation and two-7 

photon calcium imaging, microstimulation sparsely activates axons in a volume tens of microns in 8 

diameter around the electrode even at low currents ([43], [44]). Therefore, the probability of eliciting 9 

action potentials in axons of interneurons is high upon direct stimulation. These action potentials 10 

synchronously triggered generate secondarily summed IPSPs in most surrounding PCs, as shown in 11 

the CA1 region of the hippocampus [45]. The subsequent LFP response is evocative of unitary 12 

inhibitory field potentials at monosynaptic latencies [45-47]. Indeed, these in vitro (hippocampal 13 

slices) studies showed that direct intracellular stimulation of single interneurons cells generate field 14 

potentials detected at multiple sites and over distances greater than 800 µm. The authors 15 

demonstrated that similar stimulation in single PCs is unable to generate a comparable field 16 

response. In addition, in the hippocampus, IPSPs have a larger amplitude than EPSPs [48]. To some 17 

extent, PSP-related parameters (rise time, decay time, average amplitude) in our neuronal 18 

population model are in agreement with these data as the inhibitory drive is much higher than the 19 

excitatory drive. Consequently, as shown in the results, direct stimulation of the inhibitory sub-20 

population favors the generation of a field response at weak stimulations intensities. 21 

A second hypothesis relates to the resting membrane potential value of interneurons, which is 10 to 22 

15 mV higher (i.e. more depolarized) than that of PCs [49,50]. In addition, even if stimulation excites 23 

axons of PCs, the amplitude of EPSPs onto interneurons is two to four times greater than that 24 
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generated onto PCs [24]. Due to these physiological properties, under weak electrical stimulation, 1 

interneurons will reach threshold faster and will generate APs before PCs. 2 

Translation to patients. Reported results show the great potential of invasive electrical low intensity 3 

local bipolar stimulation for diagnosis particularly when hyperexcitability stems from a sustainable 4 

dysfunction of GABAergic processes that can be probed during interictal periods. It is noteworthy 5 

that overactivation of GABAergic interneurons can actively participate to initiating seizures [51]; but 6 

this effect might be due to excitatory GABAergic post-synaptic potentials [52][53]. These dynamic 7 

and rapid changes of GABAergic PSP effect during transition to seizure is not targeted by our method 8 

at the first intent.  9 

In the patients considered in this study, intracerebral electrodes were used for both stimulation and 10 

recording of evoked LFP responses. NNEI values were found to be highly indicative of the excitability 11 

level in stimulated brain structures, as also assessed by inspection of intracerebral EEG signals 12 

showing either normal or locally-generated epileptiform activity. In patients with drug-resistant 13 

partial epilepsy who are candidate for surgery, intracerebral recording and stimulation is a routine 14 

procedure. In these patients, both healthy and epileptogenic regions are explored as part of the pre-15 

surgical evaluation. In contrast to stimulation protocols aimed at modulating epileptiform discharges 16 

[54], the objective of our low-intensity ELBS is to locally probe the brain regions explored by depth-17 

electrodes without changing the ongoing activity. The proposed method can potentially complement 18 

the standard explorations performed during pre-surgical evaluation of patients with drug-resistant 19 

epilepsy. Indeed, as based on an active paradigm (electrical stimulation), it can be used on all pairs of 20 

electrode contacts exploring brain regions in order to provide a quantified index characterizing 21 

underlying excitability. It does not require recording of interictal epileptiform events (which 22 

interpretation can be a matter of debate in some cases).  23 

Today, the introduction of depth-electrodes in the human brain has been used in a large number of 24 

neurological disorders (Parkinson's disease, major depression, obsessive compulsive disorder, 25 
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Alzheimer’s disease, dystonia, addiction, chronic pain, …) [55] offering the unique opportunity to 1 

directly record from - and to probe – (dys)functioning neuronal networks.  2 

Supplementary Material 3 

Supplementary Material 1 (SM1). Computation of the Neural Network Excitability Index (NNEI) 4 

The NNEI is derived from the Fourier Transform (FT) which provides both the amplitude and the 5 

phase of oscillatory components present in the signals. In practice, the NNEI computation involves 6 

three steps. First, the LFP signal recorded during periodic pulse stimulation is divided into single 7 

response epochs. Second, a Fast Fourier Transform (FFT) is performed on each epoch s yielding both 8 

the amplitude and phase of its frequency components, as complex-valued coefficients . Third, at 9 

each frequency f, the Phase Clustering Index (PCI, see [13] for details) is computed as the average of 10 

these complex coefficients, normalized by their magnitudes, over epochs: 11 

 12 

 is close to zero for randomly distributed phases, and close to 1 for coherent phases. 13 

Finally, in order to derive from  an index that is congruent with the excitability levels we 14 

define the NNEI given by  where fs denotes the stimulation frequency. The 15 

main difference between NNEI and the relative phase clustering index, or the rPCI introduced as 16 

max ( ( ) ( ))f sPCI f PCI f  in [56] is that while in the later the presence of high frequency 17 

harmonic components locked to the stimulus do contribute to the measurable effect, in the currently 18 

used NNEI quantity only the spectral components at the stimulation frequency are taken into 19 

account. The NNEI discloses low values, at low excitability levels, where LFP evoked responses (time 20 

locked to each pulse of the stimulation train) have similar time-courses, and high values, at high 21 
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excitability levels, where LFPs have irregular time-courses, provided that the stimulation intensity is 1 

appropriately tuned. 2 

Supplementary Material 2 (SM2). In vivo recordings, in vitro recordings and neuron labelling. 3 

In vivo LFP recordings were performed in adult C57BL/6RJ male mice (80 ± 5 days). Surgery was 4 

performed under anesthesia (chloral hydrate 4% and xylazine 0.04% (10 μl/g) in a stereotaxic frame 5 

(KOPF® 957) in a flat skull position. All mice were implanted with a bipolar depth electrode in the 6 

right hippocampus (CA1 region) and one monopolar surface electrode over the cerebellum 7 

(reference). Positions of hippocampi for implantation (AP=-2.0 mm, ML=-1.5 mm or ML=+1.5 mm, 8 

DV=-1.9 mm) were chosen using mouse brain atlas [57]. Electrodes were made of a polyester 9 

insulated stainless steel wire (Ø = 139 µm) and fixed to the skull with cyanoacrylate and dental acrylic 10 

cement and finally connected to a female connector placed on top of the cement. Depth bipolar 11 

electrodes were assembled by twisting wires with a gap of approximately 0.5 mm between the 12 

higher and the lower contact. After surgery, animals were placed into individual cages where they 13 

could recover during three days (no EEG recording). During recordings, they were placed in a 14 

transparent Plexiglas cage, positioned in a Faraday cage. Animals were first habituated for one hour 15 

and then baseline data were recorded. At the end of in vivo recordings, brains were extracted and 16 

sliced (20 µm thickness) with a cryostat. All slices were colored using Cresyl violet acetate. 17 

Histological analyses were performed to verify the location of intracerebral electrodes.  18 

In vitro recordings were performed in organotypic hippocampal slices as described in [23]. Slices 19 

were prepared from 6 day old Wistar rats and maintained for 3–6 weeks in vitro using the roller drum 20 

technique. Animals were killed by decapitation. Neurons were visualized with DIC optics. Signals 21 

were amplified with an Axopatch 200B amplifier (Axon Instruments, Foster City, CA, USA), filtered at 22 

2 kHz, stored and analyzed with pClamp9 software (Axon Instruments). All animal procedures were 23 

performed in accordance with Swiss law, with strict attention given to the care and use of animals. 24 
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The protocols for our experiments were approved by the Ethics Committee of the Veterinary 1 

Department of the Canton of Zurich (Approval ID 41/2011).  2 

Drugs. Concentrated stock solutions of drugs were prepared in distilled water or dimethylsulfoxide 3 

(not exceeding a final concentration of 0.02%), stored at -20°C in single-use aliquots, thawed and 4 

diluted in ACSF immediately before use. Bicuculline was purchased from Sigma, and tetrodotoxin 5 

(TTX), NBQX (2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide), from Abcam 6 

Biochemicals (Cambridge, UK). 7 

Pyramidal cells and Interneurons. Intracellular CA1 pyramidal cell recordings were made with the 8 

patch-clamp technique in whole-cell current-clamp mode in stratum pyramidale, and were identified 9 

according to their electrophysiological properties, their morphology and the presence of dendritic 10 

spines. Interneurons were identified by their firing properties (low adaptation), presence of a large 11 

IAHP, their morphology and an absence of dendritic spines (as in (Gee et al., 2010)) . 12 

Extracellular local bipolar stimulation. Parallel bipolar electrodes (FHC Corporate and Manufacturing, 13 

PB SA 1075, Bowdoin, USA) were used for local stimulation. Space between the two electrodes was 14 

manually reduced to 500 µm. Stimulation was applied across CA1 pyramidal layer (one electrode in S. 15 

Oriens and the other in S. Radiatum of the CA1 subfield) unless specified. 16 

Neuron Labelling. After recording, slices were fixed 4–12 h in 4% paraformaldehyde in 0.1 M 17 

phosphate buffer pH 7.4. Slices were washed in 0.1 M phosphate buffer then removed from the 18 

coverslips, washed in 0.1 M phosphate buffer and permeabilized in 0.1 M phosphate buffer, 0.4% 19 

Triton X-100 and 5% heat-inactivated horse serum for 24 h at 4 °C. Slices were then processed with 20 

streptavidin-conjugated AlexaFluor-488 (4 μg/ml, Invitrogen) to reveal biocytin-filled neurons. To 21 

visualize the layers of the hippocampus, a primary antibody that recognizes mature neurons 22 

(neuronal nuclear antigen, mouse anti-NeuN 1:500, Chemicon, Temecula, CA, USA) was incubated for 23 

24h at 4°C in 0.1 M phosphate-buffered saline with 0.4% Triton X-100 and 3% heat-inactivated 24 
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normal horse serum (NHS). Cultures were washed with 0.1 M PB 0.4% Triton X-100 (4-30 min) and 1 

incubated at 4°C overnight with donkey anti-mouse Alexa 546 (1:1000, Molecular Probes, Eugene, 2 

OR, USA) in 0.1 M PB, 0.4% Triton X-100 and 3% heat-inactivated horse serum. After extensive 3 

washings in 0.1M PB sections were mounted onto gelatin-coated slides with Vectashield-mounting 4 

medium (Reactolab) to preserve fluorescent labeling and stored in the dark at 4 °C. Image stacks 5 

were collected with a laser scanning confocal microscope (Olympus IX 81, Olympus, Tokyo, Japan) 6 

equipped with a 40x objective (N.A. 1.25). 7 

Supplementary Material 3 (SM3). Statistical test for optimal stimulation intensity 8 

The optimal intensity value corresponds to the intensity for which the cross-correlation among 9 

stimulation evoked LFP responses becomes significant, and thus the null-hypothesis, (H0: ), 10 

can be rejected. The proposed test starts with the computation of the value of the linear 11 

correlation coefficient  for any pair i of evoked responses X and Y. A log-transform of  is 12 

introduced: . It can be shown that the obtained random variable  is 13 

normally distributed with mean  and variance  = 1/(m-3) under the 14 

null hypothesis H0: , where m is the size of evoked LFP responses (# samples).  15 

The sum of  values over the N = n(n-1)/2 pairs of evoked responses (for simplicity considered as 16 

independent) recorded from a stimulation train of n pulses is also Gaussian: 17 

 ~ N Thus, the acceptance region at the (1-p) level of confidence for the hypothesis 18 

of absence of correlation among evoked responses is given by 19 

, where z is the normalized variable. It follows that values 20 
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outside the interval [-2.576, +2.576] constitute evidence for the existence of a correlation between 1 

evoked responses at 99% level of confidence (p-value = 0.01, z0.005 = -2.576). Supplementary Fig. S1 2 

shows the evolution of the NNEI computed from simulated LFPs, for three excitability states (low, 3 

med and high) and for three stimulation intensity values (optimal, optimal divided by 3 and optimal 4 

times 3). The optimal I-value (1.5 a.u) was that corresponding to = 2.6 (i.e. just above statistical 5 

threshold 2.576). As depicted, for this precise intensity, the NNEI can effectively discriminate the 6 

three excitability states. In contrast, when the intensity is too low (  << 2.576) or two high (7 

 >> 2.576), NNEI values are not indicative of the excitability level in the model. 8 
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Legends 1 

 2 

Table 1: Clinical data for the four patients (P1 - P4) who underwent ELBS. Clinical results are shown in 3 

Figures 6 and 7. 4 

Table 2: Technical features of electrodes used for in vivo, in vitro and clinical measurements. 5 

 6 

 7 

 8 

Figure 1: Computational modeling approach carried out to analyze ELBS effects on a population of 9 

neurons.  10 

A: LFP signals in response to ELBS were simulated from a NMM representing a local population of 11 

neurons. In this model, the excitability level could be tuned and the Neural Network Excitability Index 12 

could be computed from LFP signals. From with comparison, a number of predictions were made 13 

regarding ELBS.  14 

B: The neuronal population model used to simulate LFPs under pulse stimulation comprises 2 sub-15 

populations of neurons (PCs and INs). Stimulation can be applied on PCs and/or INs. 16 

C: Computational modeling of local field potentials (LFPs) under pulse stimulation. Block diagram of 17 

the model showing the positive (excitatory) and negative (inhibitory) feedback loops in which the 18 

linear transfer function h and the nonlinear function S account for the relationship between the two 19 

main variables of the model, namely the membrane potential and the firing rate at each sub-20 

population. Pulse stimulation effects were modeled as a perturbation of the mean membrane 21 

potential in PC and IN subsets, that linearly depends on the externally-applied current intensity. 22 

 23 

Figure 2: Predictions from a computational model on the impact of low intensity local stimulation 24 

on a neuronal population. 25 

A: Spontaneous activity. LFP signals simulated with the computational model for parameters 26 

mimicking low/high levels of excitability (by increasing the ratio between EPSP/IPSP amplitudes): the 27 

spontaneously-generated background activity did not reveal noticeable differences in time-series and 28 

power spectra. 29 

B: Stimulation-based paradigm. Top: Result of electric stimulation (pulses at 8Hz, low intensity direct 30 

stimulation) applied both to pyramidal cells and interneurons (arrows) under low/high levels of 31 

excitability. Bottom: superimposed LFP raw traces (time-locked to the stimuli). Note that for the high 32 

excitability condition, superimposed responses have an irregular time course. Right: Averages of 33 

Neural Network Excitability Index (NNEI) values according to low, medium and high (Lo, Me and Hi) f 34 

excitability levels. 35 
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C: Left: Electric stimulation applied only to IN population: LFP responses and NNEI index for three 1 

excitability levels (Lo, Me, Hi). Right: Idem but electric stimulation applied only to PC population. The 2 

NNEI was able to distinguish between the three simulated excitability conditions (Lo, Med, Hi) in the 3 

former (left) but not in the latter (right) case.  4 

D: Impact of the stimulation intensity (I-value) on simulated responses for the three excitability 5 

conditions. Left: superimposed traces obtained for very low, intermediate and high I-values. Right: 6 

for a very low I-value (dark to light blue color) and a high I-value (red to orange color), the NNEI was 7 

either - blind to - or - not fully informative of - the excitability condition. In contrast, for intermediate 8 

I-values (yellow to blue color), the NNEI showed conspicuous differences with respect to excitability 9 

levels. 10 

E: Effects of the stimulation frequency. Periodic stimulation was applied in the model for various 11 

excitability conditions (Lo, Me and Hi). The stimulation frequency varied from 1 to 40 Hz.  12 

F: For a stimulation frequency ranging from 1 to 10 Hz (blue, green curves), the NNEI computed for 13 

simulated signals is indicative of the underlying excitability state. Beyond 10 Hz (orange to red), the 14 

contrast between low and high NNEI values decreases and leads to equivocal results.  15 

 16 

Figure 3: Calibration and evaluation of the NNEI in vivo. 17 

Calibration of the stimulation intensity both in silico and in vivo (hippocampus, mouse). LFPs elicited 18 

by pulse train stimulation (8 Hz) in the computational model (A - left) and in vivo (B - right). Note that 19 

a small response is visible in simulated and real LFPs after each stimulation pulse. A LFP 20 

undistinguishable from noise was obtained for a low intensity (1-3 a.u, in silico) and (.6 - 1.0 µA in 21 

vivo). A small deflection was visible for intermediate stimulation intensity (3-4.5 a.u in silico; 1.0-1.8 22 

µA in vivo). A prominent wave appeared for high stimulation value (>4.5 a.u in silico; >1.8 µA in vivo). 23 

The optimal stimulation intensity can be obtained using a statistical test (mean w above threshold) of 24 

the linear correlation among evoked responses (see methods). In practice, the mean w test 25 

confirmed the visual inspection of the LFP to determine the optimal intensity. Histograms showing a 26 

similar evolution of NNEI values as a function of the stimulation intensity in the computational model 27 

and in mice.  28 

C. Typical LFP recordings performed in vivo before and after PTZ injection. Left: pulse train 29 

stimulation. Middle: magnified evoked LFP response. Note the presence of the small deflection 30 

subsequent to each pulse, before PTZ injection. Note that this deflection disappears 10 min after PTZ 31 

injection. Right: superimposed evoked LFP responses in both conditions. Note the irregular, variable 32 

time course of responses after PTZ injection. Similar results were obtain in 6 mice. 33 

D. Evolution of average (PTZ: n=6, control: n=6) NNEI values before and after injection. Right: 34 

comparison between max. NNEI values computed before and after injection (from t=5 to t=10 min). 35 
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 1 

Figure 4: ELBS-induced suprathreshold LFP response and hyperpolarization of pyramidal cells in 2 

organotypic slice culture. 3 

A: Simultaneous field (stratum radiatum) and patch-clamp recording (current clamp, CA1 pyramidal 4 

cell layer) performed during extracellular local bipolar stimulation - ELBS - (bipolar electrodes placed 5 

in CA1 area, in S-Oriens and S-Radiatum). Pyramidal cells (PC) were characterized by their 6 

morphology, presence of dendritic spines and firing pattern. Note the low frequency of the firing 7 

pattern and the attenuation upon current clamp depolarization. 8 

B: Progressive increase of ELBS intensity (70, 100, 170, 230 µA) during simultaneous recording of 9 

intracellular membrane potential of a single CA1 PC (patch-clamp, current-clamp mode) and 10 

extracellular field recording (LFP). Note that a visible deflection appeared in the LFP simultaneously 11 

with PC hyperpolarization. 12 

C: Example of reproducible LFP and PC hyperpolarization evoked by optimal ELBS stimulation under 13 

low excitability condition (ACSF). D: Increasing excitability of organotypic slice by application of low-14 

Mg2+ modified ACSF + bicuculline induced LFP response variability and corresponding increase of the 15 

NNEI. Example of LFP during superfusion of normal ACSF and following bath application of low-Mg2+ 16 

modified ACSF + bicuculline (10 µM). Note that under the high excitability condition superimposed 17 

LFP responses were less coherent. Histogram: significantly different average NNEI values were 18 

obtained for low (ACSF) or high excitability condition (low-Mg2+ + bicuculline), as calculated from LFPs 19 

(n = 5, p < 0.001), in vitro. 20 

 21 

Figure 5: ELBS induces GABAergic IPSPs in pyramidal cells. 22 

A: ELBS induced hyperpolarization was fully and reversibly blocked by the GABAA receptor antagonist 23 

bicuculline (10µM) and by the voltage-gated sodium channel blocker TTX (1 µM). Illustrative traces 24 

are shown below. Similar results were obtain on 8 (Bic) and 6 (TTX) cells. 25 

B: Pyramidal cells were depolarized in current clamp mode. ELBS induced a hyperpolarization and 26 

transiently stopped the firing of PCs. 27 

C: Progressively increasing ELBS intensity (50, 100, 150, 250 µA) induced suprathreshold IPSPs (100 –28 

 150 µA). Stronger stimulation (250 µA) induced first an EPSP.  29 

D: Average amplitude of CA1 postsynaptic potentials measured after ELBS (CA1 area local stimulation 30 

and CA1 PC recording, left) relative to stimulation intensity. Suprathreshold evoked postsynaptic 31 

potentials were inhibitory (negative value) for local stimulation.. 32 

E: Histogram showing the percentage of pyramidal cells responding with an IPSP or an EPSP after 33 

optimal ELBS, high intensity ELBS, or remote extracellular stimulation (CA3 area). Average results 34 

shown in C, D, E were obtained from 32 cells. 35 
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 1 

Figure 6: Clinical investigation (Patient P1, detailed). 2 

A: MRI data from a patient with temporal lobe epilepsy, prior to surgery. This patient underwent 3 

intracerebral EEG exploration (iEEG, stereo-electro-encephalographic technique) as part of the pre-4 

surgical assessment. For simplicity, only the two depth-electrodes positioned in the left (LHIP, red 5 

color) and right (RHIP, blue color) hippocampus are indicated in the MRI coronal view. Two contacts 6 

were chosen to perform ELBS (0.5 mA, 10 Hz, biphasic pulses, 100 µs/phase, 6 trains of 5 sec).  7 

B: iEEG signals simultaneously recorded from the two contacts located in both hippocampi during a 8 

sub-clinical seizure (no symptoms). Epileptiform activity only involved the LHIP. Meanwhile, no visible 9 

change could be detected in the background activity recorded from the RHIP. 10 

C: iEEG signals recorded during ELBS from both hippocampi (non-simultaneously). Outside 11 

stimulation pulse trains, the activity does not change significantly. Several interictal epileptic spikes 12 

can be observed in the LHIP. 13 

D: Raw stimulation-induced evoked responses time-locked to the stimulation onset (black lines) and 14 

averaged over responses (blue and red lines). On the left side (LHIP), the time-course of responses 15 

appears as more irregular when compared with the right side (RHIP). The negative deflection is more 16 

pronounced on the average response of the RHIP as compared with LHIP.  17 

E: NNEI values computed from the left (LHIP) and the right (RHIP) hippocampi for the 6 trains of 50 18 

pulses. NNEI values are relatively stable over time. NNEI values recorded from LHIP are significantly 19 

higher than those recorded from RHIP (Mann Whitney U-test, p < 0.01). 20 

 21 

Figure 7: Clinical investigation (Patients P2, P3 and P4). 22 

A, B: In patients P2 and P3, high NNEI values (0.3 < NNEI < 0.5) were computed from evoked 23 

responses in SEEG signals recorded in both right and left hippocampi (RHIP, LHIP). This abnormal 24 

excitability is confirmed by the presence of locally-generated epileptic spikes that occur either 25 

asynchronously or simultaneously at both sides (right panels).  26 

C: In patient P4, NNEI values were computed from SEEG signals recorded in the right hippocampus 27 

(RHIP) and in the right middle temporal gyrus (RMTG). The strong contrast (RHIP: NNEI=0.34, RMTG: 28 

NNEI=0.04) suggests abnormal excitability in the RHIP and healthy tissue in the RMTG. SEEG signals 29 

show rhythmic discharges of epileptic spikes occurring in the RHIP with simultaneous normal activity 30 

in the RMTG (right panel). 31 

 32 

 33 

 34 

 35 
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Supplementary Figure S1: Statistical test for optimal stimulation intensity. 1 

NNEI computed from simulated LFPs, for three excitability states (low, med and high) and for three 2 

intensity values (opt: optimal, opt divided by 3 and opt times 3).  3 

 4 

The optimal intensity value is obtained when the cross-correlation among evoked responses reaches 5 

statistical significance (z = 2.576, p=0.01). In this case, the NNEI values are relevant with respect to 6 

the underlying excitability state (low, med or high). Such a result cannot be achieved for non-7 

optimally adjusted intensities. 8 

 9 

 10 

Supplementary Figure S2: Intensity and frequency effects in ELBS (in vivo, PTZ condition) 11 

A: NNEI evolution in vivo after single subconvulsive dose injection of pentylenetetrazole (PTZ, 12 

37 mg/kg, i.p.) with optimal calibration (1.3 ± 0.1µA, 8Hz, n = 6 mice). Raw traces showed that the 13 

stimulation-induced small deflection in the LFP disappeared 5-10 minutes after PTZ injection and 14 

recover. Averaged maximal NNEI values measured before during and after PTZ injection obtained in 6 15 

mice (p<0.001). 16 

B, C: No significant changes in the averaged NNEI values could be measured when the stimulation 17 

intensity was (B) too low (1.0 µA, n = 3) or (C) too high (1.7 µA, n = 3), in contrast with (A) (optimized 18 

intensity). 19 

D, E: NNEI evolution in vivo after single subconvulsive dose injection of pentylenetetrazole (PTZ, 20 

37 mg/kg, i.p.) for (D) low (2 Hz, n = 3) and (E) high (30 Hz, n = 3) stimulation frequency, at optimal 21 

intensity (1.3 ± 0.1µA). Low-frequency stimulation (D) led to significant and reliable changes in the 22 

NNEI after PTZ injection, namely at 2 Hz (0.1<NNEI<0.7, n=3) and at 8 Hz (0.1<NNEI<0.6, p<0.01, 23 

n=6). Conversely, 30 Hz-stimulation (E) led to equivocal results (NNEI = 0.2, p=0.25 i.e. no change 24 

after PTZ, n=3). 25 

 26 

 27 
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PATIENT 

# 

GENDER AGE 
(y/o) 

TYPE OF 
EPILEPSY 

ETIOLOGY SURGICAL 
OUTCOME 

STIMULATED 
ELECTRODE 
CONTACTS: 

BRAIN 
STRUCTURE 

SEEG 
ACTIVITY 

(N: Normal, 
E: 

Epileptiform) 

STIMULATION 
INTENSITY 

and 
FREQUENCY  

P1 
 

M 22 Left 
temporal 

Hippocampal 
sclerosis 

Engel Ia B1-2 : right 
anterior 

hippocampus 
CP1-2: left 
posterior 

hippocampus 

B1-2 : N 
CP1-2: E 

0.5 mA 
10 Hz 

P2 
 

F 24 Bi 
temporo-

perisylvian 

Cryptogenic Surgery 
contraindic

ation 

B1-2: right 
anterior 

hippocampus 
BP1-2: left 

anterior 
hippocampus 

B1-2: E 
BP1-2: E 

0.3 mA 
 5 Hz 

P3 
 

M 33 Fronto-
temporal 

Probable 
anterior left 
focal cortical 

dysplasia 

Surgery 
scheduled 

B2-3: right 
anterior 

hippocampus 
BP2-3: left 

anterior 
hippocampus 

B2-3: E 
BP2-3: E 

0.3 mA 
5 Hz 

P4 
 

F 42 Right 
Temporo-
perisylvian 

Hippocampal 
sclerosis and 

probable 
anterior 

temporal non 
Taylor 

associated 
dysplasia 

Surgery 
scheduled 

B2-3: right 
anterior 

hippocampus 
C11-12: right 

posterior 
middle 

temporal gyrus 

B2-3: E 
C11-12: N 

0.3 mA 
5 Hz 

 

Table 1: Clinical data for the four patients (P1 - P4) who underwent ELBS. Clinical results are shown 
in figures 6 and 7. 

 

Table 1



 
 
 
 
 
 
 

Stimulation electrode In vivo  In vitro  Clinical  

Type Twisted wires Parallel bipolar Multi-contact 

Diameter 139 µm 125 µm 0.8 mm 

Material Stainless steel Platinum Iridium Platinum Iridium 

Contact length N/A N/A 2 mm 

Distance between the 
two electrode 

contacts 

500 µm 400 µm 1.5 mm 

 
Table 2. Technical features of electrodes used for in vivo, in vitro and clinical measurements 

 

Table 2
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