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1 Introduction

Hypersynchronous discharges observed in postoperative human neocortical

slices are thought to be the outcome of epileptogenic processes. Both human

and experimental focal epilepsies are characterised by the presence of high

amplitude, fast EEG spikes followed by a slow wave, the so-called interic-

tal spikes (IISs) [1]. At the same time, spontaneous synchronous population

activities were observed on slices prepared from the human epileptic neo-

cortex [2]–[6] or the hippocampal formation [7]–[11] during physiological

conditions. These spontaneous population bursts had a waveform resembling

in vivo IISs [7], [12], [13]. Since healthy human tissue was not available for

obvious ethical reasons, researchers reached for animal brain preparations as

a control. However, the comparison of distinct species has its pitfalls as well.

No spontaneous field potentials could be detected in vitro in healthy rodent

[3], [14] nor primate [15] neocortical slices. Though populational spiking was

evoked by activating a single PC in neocortical slices of tumour patients [16].

Moreover, the observation of population activity arising in healthy rodents

and primate hippocampal slices raised the possibility that synchronous bursts

are not related to epilepsy [15], [17].

It is important to understand the cellular characteristics and firing pattern

of single neurons to reveal the contribution of different circuits to the genera-

tion of synchronous events. The paroxysmal depolarisation shift and bursting

behaviour were linked to the initiation of IISs in animals [1]. The leading

role of bursting excitatory cells in the generation of hypersynchronous events

was proposed by the observations in the Mg2+-free [14], in the K+-channel

blocker 4-aminopyridine [18], as well as in the bicuculline [19] models of

epileptiform activity in the human neocortex. The physiological conditions



of the cortex are associated with the dynamic balance of excitatory and in-

hibitory mechanisms. In epilepsy, this balance is disturbed during seizure ac-

tivity [20]. It has been shown that seizures with different onset were gener-

ated by different mechanisms. Some hypersynchronous events were initiated

by interneurons [20]–[22], while others were triggered by the enhanced exci-

tatory processes [3], [9], [21] in both human and experimental epilepsy.

In the present study, postoperative human neocortical slices derived from

epileptic and non-epileptic (tumour) patients were investigated. The first at-

tempt was to show whether human neocortical circuits are able to maintain

synchronous activity spontaneously, without the presence of an epileptogenic

agent. The contribution of different neural networks to the population events

was compared between the patient groups. Henceforth, the GABAA receptor-

mediated transmission was eliminated to investigate further the role of dif-

ferent cortical circuits in the synchronisation. The present study attempted to

compare the different population activities emerging in the non-epileptic, the

epileptic and the disinhibited human neocortex.



2 Methods

Postoperative neocortical tissue was resected from epileptic and tumour pa-

tients. Slices of 500 µm were prepared, then electrophysiological recordings

were obtained in an interface chamber, on body temperature, in the presence

of oxygenated physiological solution or bicuculline bath (bicuculline methio-

dide, Tocris Bioscience). Local field potential gradient (LFPg) was obtained

by a laminar multielectrode with 24 contact points and 150 µm of inter-

contact spacing [10], [12], [13], [23], [24]. The electrode was placed on the

brain slices perpendicular to the pial surface so that it covered all the neocorti-

cal layers. Local field potential deflections were detected, then current-source

density, multi-unit activity and time-frequency analyses were performed. The

frequency, amplitude and length of different synchronous events, as well as

the propagation pattern of bicuculline-induced events were calculated. The lo-

cation was determined by using the functional division of the cortical layers:

supragranular layers (layers I-III), granular layer (layer IV) and infragranu-

lar layers (layers V-VI). The action potentials (APs) of cells were clustered

on recordings with observable population activities. The firing behaviour of

the single units was examined. Different cell types were distinguished by

the shape of the AP and the nature of the autocorrelogram. To monitor the

behaviour of different cell types during the distinct synchronous events, the

normalised firing change was calculated using the perievent time histogram.

After that, the contribution of the neurons to the initiation of the population

activities was determined.
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3 Novel scientific results

Thesis groups 1: The emergence of population synchronies

in the human neocortex

Thesis Ia: I have revealed that postoperative human neocortical slices are

able to generate distinct types of synchronous activities, in vitro.

I have observed four distinct types of synchronous events with different mor-

phologies in the human neocortex, in vitro. Spontaneous synchronous popula-

tion activities (SPAs) emerged in physiological solution regardless of the pa-

tient groups. In the meantime, spontaneous interictal-like discharges (sIIDs)

developed in physiological solution as well, but only in slices derived from

epileptic patients. In bicuculline bath, spontaneous activities disappeared,

while bicuculline-induced interictal-like events (bIISs) or seizures arose. I

have observed these synchronies in both epileptic and non-epileptic patient

groups.

Figure 1: Different types of synchronous population events emerging in the

human neocortex in vitro.
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Thesis Ib: I have established that postoperative human neocortical tissue

derived from epileptic patients manifest a higher level of excitability.

More epileptic slices generate synchronous population activities compared

to non-epileptic tissue. Epileptic slices develop multiple synchronies more

often, and this synchronies have higher field potential amplitude. Hypersyn-

schronous discharges resembling in vivo interictal spikes emerge only in tis-

sue derived from patients with epilepsy in their anamnesis. The blockade of

GABAA receptors results in a higher level of synchrony with more complex

events in epileptic slices compared to non-epileptic slices. All these data pro-

pose the enhanced excitability of neural circuits in neocortical tissue derived

from patients with epilepsy.

Figure 2: The occurrence of spontaneous population activities in physiolog-

ical solution. Slices derived from patients with pharmacoresistant epilepsy

(ResEpi) tend to generate more multiple SPAs compared to those derived

from tumour patients without epilepsy (NoEpi). Only ResEpi tissue devel-

oped sIID, which implies a higher level of synchrony.
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Thesis Ic: I have confirmed that smaller neuron populations (hubs) are

able to generate hypersynchronous events in the epileptic neocortex.

In the disinhibition model, slices of epileptic patients develop spatially and

temporally complex interictal-like events, unlike non-epileptic slices. Epilep-

tic tissue is able to generate spatially more restricted bIISs as well. Only

events spreading through all the layers of the neocortex emerge in the non-

epileptic tissue. This suggests that smaller cellular networks (hubs) are able

to maintain hypersynchronous discharges in the epileptic neocortex.

Figure 3: The complexity of bIISs. NoEpi slices generated only temporally

and spatially simple (simple-simple) events which invaded the entire neocor-

tex. In contrast, bIISs emerged in the ResEpi tissue showed high temporal

and spatial complexity, sometimes restricted only to neuron populations be-

longing to a subset of the neocortical layers (e.g. the supragranular-granular

layers).
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Thesis groups 2: Synchronisation on the cellular and net-

work level in the disinhibition model

Thesis IIa: I have found that different neuron populations are activated

in physiological conditions compared to the disinhibition model.

Those neurons, which are firing in the presence of physiological solution,

usually remain silent after the application of bicuculline and vice versa. In

the physiological solution, the prominent role of the supragranular layers is

observable. During the condition of disinhibition, the close up of the granu-

lar layer is apparent. In the physiological solution, principal cells (PCs) are

significantly more active compared to interneurons (INs). In the presence of

bicuculline, INs take over the leadership.

Figure 4: LFPg recordings of the same recording site in physiological solu-

tion, in bicuculline bath and the presence of a bIIS. Different cell populations

are activated during different conditions. Grey arrows indicate the action po-

tentials of the neurons.
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Thesis IIb: I have proven that SPAs and BIPAs are maintained by differ-

ent cellular networks.

Only one-half of the active cells are accompanying the SPA. In contrast to

that, 90 % and almost 100 % of the detected cells are associated with the

bIISs and seizures. SPAs are usually initiated by PCs, while BIPAs are ini-

tiated majorly by INs. Similarly, more PCs contribute to the development of

SPAs, while more INs participate in the emergence of the BIPAs. Thus, it

could be claimed that different neuron populations are involved in different

synchronies.

Figure 5: The contribution of the different cell types to synchronous events.

Upper panel: the ratio of neuron types contributing to the events. Lower panel:

An example of enhanced PC firing during an SPA and leading IN firing during

a bIIS. PC = red , IN = blue, UC (unclassified cell) = grey.
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Thesis IIc: I have uncovered that neocortical circuits are able to maintain

synchronised discharges when the GABAergic transmission is reduced.

The disinhibition model shows a high level of synchrony. As the GABAergic

transmission is eliminated, and INs have a leading role in the synchronisa-

tion, other mechanisms have to be responsible for the collective activation of

neuron populations. Probably non-synaptic processes, such as gap-junctions

become conspicuous with the blockade of GABAergic inhibition.

Figure 6: Synchronised cell firing during a bIIS. Upper panel: LFPg recording

of a complex bIIS. Lower panel: raster plot of the underlying single units.

Action potentials show a high level of synchrony with a leading role of INs

despite the elimination of GABAergic inhibition.
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Thesis IId: I have shown that the population activities of the non-epileptic

neocortex, the epileptic neocortex and those induced by disinhibition re-

flect different levels of synschronies.

The field potential amplitude, the level of multi-unit activity (MUA) and the

power of high-frequency oscillations (HFOs) show a gradual growth from

the SPAs towards the BIPAs. sIIDs recruit more neurons than SPAs, and BI-

PAs form an even higher level of synchrony. Furthermore, different neurons

and different layers are activated during pathological and spontaneous popu-

lational discharges. After the application of the GABAA receptor antagonist

bicuculline, the spontaneous activity disappears, while bicuculline-induced

epileptiform events start to develop. All these results show that various neuron

populations are responsible for distinct events. They all represent a different

level of synchronisation in the following order: SPA < sIID < BIPA.

Figure 7: Characteristic MUA (upper panel) and HFO (lower panel) during

the population events. Note the different scales.
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4 Summary

This research aimed to investigate the physiological and pathological nature

of the distinct synchronies raising in postoperative human neocortical slices

derived from epileptic and non-epileptic patients in vitro.

It has long been a matter of debate whether healthy human neocortical

slices are able to generate physiological population activity. Since human

brain slices are not available for obvious ethical reasons, researches reached

for animal tissue as control. The results presented in this study propose that

the spontaneous synchronous population activity is based on the dynamic bal-

ance of excitatory and inhibitory mechanisms. This balance is disturbed in the

epileptic tissue. Cortical structures were shown to suffer specific inhibitory

cell-loss and the reorganisation of excitatory circuits. Changing the weight of

excitatory and inhibitory networks leads to compensatory effects which were

destined to maintain the excitability of the system. Advanced spontaneous

population activities and interictal discharges might be the evidence for this

enhanced tension in the epileptic human neocortex.

The effect of the reduced GABAergic transmission was investigated on

the physiological network properties. The disinhibition of the neocortical cir-

cuits leads to a disturbance in the balance of excitation and inhibition. As

a result, physiological population activities vanished, and in the meantime,

epileptiform events showed up. Bicuculline-induced interictal-like activities

were uniform in the non-epileptic tissue. In contrast to that, slices derived

from epileptic patients generated heterogeneous events. These paroxysmal

discharges either spread to the entire neocortex or restricted to smaller re-

gions with a high temporal and spatial variability. The results propose that

epileptic neocortical slices contain smaller neuron populations which are able



to develop an epileptiform activity.

The data provided here propose that different neuron populations con-

tribute to physiological and pathological events. While principal cells had

a leading role in the initiation and formation of spontaneous population

bursts, epileptiform discharges were dominated by interneurons. The extraor-

dinary commitment of inhibitory cells in the disinhibition model proposes

that other, non-synaptic mechanisms are also involved in the synchrony gen-

eration. Electrical coupling between specific interneurons might be a promis-

ing assumption, but further investigation is necessary for confirmation. The

results presented here regarding hypersynchronous epileptiform discharges

differ from those obtained in epileptic patients or animal models in earlier

studies. This suggests that distinct neuron populations are involved in the dis-

inhibited human neocortex compared to human epilepsies or animal models

of epilepsy. Therefore, the limits of extrapolation should be considered from

animals to human as well as from model to the disease before drawing far-

reaching conclusions in the case of pharmacologically induced epileptiform

activity.
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