A nonsynaptic mechanism underlying interictal discharges in human
eplleptic neocortex

;25 Newcastle
University

Anita K. RoopuhJennifer D. Simonottg Michelle L. Pierce Alistair Jenking lan S. SchofiefkjRoger G. Whittaket, Marcus
Kaiser-1, Miles A. Whittingtort, Roger D. Traub& Mark O. Cunningharm

1. Institute of Neuroscience, Medical School, Framlington Place, Newcastle University, NE2 4HH, UK, 2. School of Comgnem@ Bcemont Tower, Newcastle University, NE1 7RU,
UK 3. Regional Neurosciences Centre, Newcastle General Hospital, Westgate Road, NewdkgtleBE, UK, 4. IBM T.J. Watson Research Center, Yorktown Heights, NY, USA

I t d t Seizure Semiology Pathology Surgical Outcome
n ro UC Ion 44 M Complex Partial Messi,aIITem.poraI PreGAB/ OX Seizure Free
Clerosis
Very Fast Oscillations (VFOs,>80Hz) can be recorded with 20 M Complex Partial esial Temporal - CBZ Reducton qin seizure
S“btdwalg.rl'd o d:f?fh%eamdes”t‘_ the ??;tlzeéo‘c pa“e”ts‘{"'thd Characteristics of spontaneous epileptic activity in Excitatory and inhibitory synaptic events are not GapJunctions are critical for VFO generation 25 ¢ Complex ariale? Generalied  Ofigodenogio  LEV Reducionin sz
] . . . . ma re
human cortical sices viro corelated o every VFO event
embeddedon interictal Sharpwave§’5. A ) . A Carbenoxolone [200M] B 11 M Complex Partial&?2 Generalised Higpé(lnecrirsnigal LEV/ILAM Seizure Free
A InvivoForamen Ovale Electrode B | _ . . " S
* < 4 * o ® o o LFP 54 M  Complex Partial& 2 Generalised Mild nonspemﬁc CBz Reduction in seizure
ECOGtudieshavesuggestedhat VFOsare generatedin highly ) 14, P A LFP ~oOhz - o e ————_—r—_——
localisedneuronal networks located within the seizureonset " it B2 T e e \ M\/\MWWWWW 31 B “acms T
zoné’. Thus,their presencemay be important for localising %OY_ L PR " 21 F Complex Partal Astrocytoma - CBZIVAL Seizure Free
epileptogenidissue 0 s § . . : mo - B stananeous neak 25ms 37 F Complex Partial Mesgegl;ec:)r:izoral ZOM/LEV/CLB Seizure Free
In vitro LFP . ) . . :., °. -~ .° . amplitude of sharp waves) 40 F Complex Partial with 2 Hippocampal ZOM/PHE Reduction in seizure
Mechanismsunderlying VFOgeneration have been proposed ' AR I A PANE S 8 generalisation Sclerosis fred
through animal models of epilepsyin vitro. Severalstudies e Frequency (H2) S _ Py 17 M Partial motoricomplex partial  Hippocampal  LEVIVAL T y—
suggestedinterneurons play a role in VFO generation, as _ .| - ST g 4 M e Scerose
transient firing of fastspiking Iinterneurons appeared >80 Hz WWW| S 20 10 o ) ) N | — ]
correlatedwith the fast eventson sharpwave$?®. However, it | = >80Hz Summaryof Results
wasunclearwhether interneuronalfiring causedthe VFOor if - 002 ° | 4 IB Cell prugs
their firing wasan effect of the sharpwaveevent Acompletely < 332 ¢ 0 Ssomz 2 p 0 mVMJUKw Spontaneous/FOactivity (80-500Hz) can be recordedfrom
contrastingmechanismexploredby computationalandin vitro 2w o 250m5. human epileptic temporal cortex slicesin vitro. VFOwas
studies, suggestedthat VFO exists when excitatory activity =0 4 8 1 16 20 100 200 300 400 s e ————————— 5 found embeddedon interictal sharpwavedischarges
spreadsthrough an electricallycouplednetwork pyramidalcell Time (s) rregeney ) intracell MA : e 7 o

axons1o, In vivoFO In vitro LEP

Evidenceof a casual rather then causalrole of inhibition in

C Model 'ESS';S;/ W C 03 —

. the generationof VFQOsthree fold:
In our researchwe utilise human epileptic temporal cortex m WWW\\‘N (i ZSOmSI% 02
slicesin vitro, this unique experimentalapproachallows us to WB ’W‘M ‘ ol o
perform extracellularrecordingsto assesshe distribution of >80 Hz oA

VFOsto analysethe pharmacologyof epileptic activity and to

Firstly, an antagonist of GABA-receptors did not
blockVFQactivity (but did abolishinterictal activity)

recordthe propertiesof individualneuronsto understandtheir >80 Hz
synapticcontributionto epilepticactivity.

Secondlyjnhibitory postsynapticeventsreceivedby
R&ellsoften failedto coincidewith VFOsn the field
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Figure 3: A. A scatterplot correlating the amplitude of VFOevents and the size of EPSP¢ IPSPSrom regular spiking
pyramidalcells Therewasno relationshipbetweenthesefactors,signifyinga lackof correlationbetweensynapticeventand
VFO B. Tracef filtered LFPactivity (>80Hz)and correspondingracesof i) IPSPandii) EPSPBom regularfiring pyramidal
cellsin vitro. Note that synapticeventsoften failedto coincidentlyarisewith VFOs

Theaimsof this researchareto assesshe mechanism®f VFOS
recordedspontaneouslyin epileptichumantemporal cortexin

vitro. In particular,analysingwhether VFOactivity is generated
by an inhibitory mechanismor if it manifestsin electrically

couplednetwork of neurons

Figure1l: A{) A 20s trace of activity from an ForamenOvaleelectrode implantedin a patient with medial temporal lobe
sclerosis,activity was recorded in Wide Band (WB) mode and subsequentlyfiltered at >80Hz (ii) Extracellularin vitro
recordingsfrom slicesof tissue derived from the above patient. Spontaneousactivity was recordedin WB and filtered at
>80Hz (iii) Spectrogranof in vitro datafrom (ii). B. (i) Powerspectraof VFOactivity between80-400Hzin temporal cortex
slicesin vitro. (ii) A histogramof total numberof VFOeventsrecordedfrom 80-400Hz Binwidth =5Hz Forgraphsin B, data
was pooled from 60s epochsfrom 20 differenceslicesrecordings C. A comparisonof VFOobservedin vivo, in vitro andin
silicq recordedin WBandfiltered >80Hz

Figure 5. A. LFPtrace of extracellularactivity before and during application of the gapjunction blocker carbenoxolone
[200... Drvitro. Correspondindracesshowthe instantaneougpeakamplitude of sharpwavesandfiltered data(>80Hz) B.

A LFPwith correspondingintracellular recordingsfrom a layer V intrinsically bursting (IB) cell. Note the generation of

spikeletsrecordedat -70mV, indicatingthe presenceof electrical couplingbetween cells C. A crosscorrelation of 1B cell

firing and LFPVFQOindicatesa strongcorrelationbetweenthe two, with almostno delay(c.1ms),suggestingB cellsmay play
arole in VFOgeneration

Thirdly, firing of fast spikinginterneuronslaggedthe
onsetof VFOSsN the field potential by 2-3ms.

VFOactivity was dependenton gapjunctionsin vitro, this
result was similarly observedand in a biologicallyrealistic

: . _ _ corticalmodelof epilepsy
Gapjunctions between IB cells mediate VFO acti

INn silico

GABA-receptors are not critical for VFO generatic FS interneurons do not contribute to VFO generat

Firingand spikeletsfrom layerV IB cellswere phaselocked
to the peak of each VFOwave with a lag of only c.1 ms,
which indicatesnetworksof electricallycoupledIB cellsmay
be responsiblgor VFOgeneration

Methods

Spontneous Gabazine [500nM] A (i)
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A All synapses B Low inhibition C No synapses
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Patients

Temporalcortexwasderivedfrom 11 consentingpatientsundergoingsurgeryfor medically
intractable cortical epilepsy(seeTablel). Thisstudywasapprovedby the SouthTeesLocal
ResearclEthicsCommittee (#06/Q1003 51) and had clinicalgovernanceapprovedby the
NewcastleUponTyneHospitaldNHSTrust(#CM/PBB707).

Conclusion

In vitro electrophysiology
Anaesthesiawas induced intravenouslyvia: remifentanil with/without alfentanil (0.2-0.4
... P 1 1IPgy/kg respectively),propofol (1-2 mg/kg) and the musclerelaxant vecuronium

(0.1 mg/kg). Anaesthesiavasmaintainedwith remifentanil,oxygenand desfluraneat MAC
volume of 0.5-1. Resectedtissue was immediately transferred to sucrosecontaining
artificial cerebrospinalfluid (SACSHRontaining(mM): 252 sucrose,3 KCl|,1.25 NaHPQ,, 2
MgSQ, 2 CaCJ, 24 NaHCQ & 10 glucose Neocorticalslices[450 ... uwere incubated at
room temperaturefor 30 mins,then transferredto a standardinterfacerecordingchamber
at 34-36°C and perfusedwith oxygenatedACSFcontaining (mM): 126 NaCl,3 KCI,1.25
NaHPQ, 1 MgSQ, 1.2 CaCJ, 24 NaHCQ® & 10 glucose Extracellularrecordingswere
conductedusingglassmicroelectrodedilled with ACSKE2M Q. Intracellularrecordingswvere
takenusingsharpelectrodes(2M KAc)

VFOdetection

Data was filtered with an equiripple FIRfilter, with bandpasssettings to isolate ripple
activity (80 t 500 Hz) To detect significantlevels of ripple activity we used 3 methods
Firstly,the filtered datawassimplythresholdedat the mean+ 3 standarddeviationsof the
data Secondly,Teagerenergy! was calculatedfor all pointsin the data as (x(n)¥ -(x(r+
1)*x(n+1)); a simplethresholdof globalmean+ 2 standarddeviationsof the data wasthen
used Finally,line lengtht? (x(n)}x(n-1), was calculatedfor all points in the data and the
globalmean+ 2 standarddeviationswere employedto thresholdthe data.

Model construction

The network model followed principles outlined in Traub et al (20053 The present
network contained 4750 multicompartment cortical v | (E }®achWith a soma, axon
initial segment,dendritesand a variety of intrinsic Na', K, Ca* and anomalousrectifier
conductances Therewere 2000layerV tufted intrinsicallybursting (IB)neurons,deepand
superficialregularspikingpyramidalcells,superficialfast rhythmic burstingpyramidalcells,
spiny stellate cells,and 4 types of interneuron (basket,axo-axonic,low threshold spiking,
neurogliaform) Cellswere interconnectedby excitatory AMPAergic synapsesjnhibitory
GABAergisynapsesgap junctions between the axonsof homologoustypes of excitatory
neurons,and between the dendritesof homologoustypes of interneurons. More details
on request rtraub@usibm.com.
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Figure 2 A. Extracellular field potentials recorded in WB and filtered >80Hz in spontaneous conditions and after appli
of gabazine [500nMh vitro. B. A comparison of local field potential, the instantaneous peak amplitude of sharp waves
filtered activity (>80Hz) during the application of gabazine [S00nM)]. Interictal shaves events were abolished by
gabazine, but did not affect the generation of VFO.

Figure4: A. Concurrentrecordingof the LFPand (i) a fast spiking(FS)nterneuronand (ii) a regularspiking(RSpyramidalcell
from an epileptic region of cortex Note the sparsefiring of the FSinterneuron and inhibition of RSpyramidalcell. B. A
recordingof EPSPand filtered EPSP$>80Hz) from (i) a FSinterneuron and (ii) a RSpyramidal cell. EPSP&om the FS
interneuron were show a high frequency component C. Crosscorrelation of VFOfiltered >80Hz and firing of i) FS
interneuron andii) RSpyramidalcell. A correlationbetween interneuronalfiring and VFOexists,however,interneuronsfire
on average2.7msafter LFPVFO Thereis little correlationbetweenEPSPBom RSpyramidalcellsandVFOs
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Figure6: An interictal dischargegeneratedby a transient increasein gapjunction conductancebetween IB cell axons A.
Examplenterictal eventswith synapsesntact, FSinterneuronsfire little and deeplayer|B cellscausethe VFQOactivity in the
field. B. Interictal dischargesin the field appear similar when levels of inhibition are reduced C Removalof chemical
synaptictransmissioraltersthe sizeand shapeof interictal dischargeput doesnot affectthe generationof VFQOactivity. This
datasuggestghat electricalcouplingbetweenlayerV IB cellsis sufficientto generateVFOactivity.

SpontaneousVFO activity in human temporal epileptic
cortex Is thought to be generated by electricallycoupled
pyramidal cell networks, rather than an interneuronal

mechanism

This research suggests that network of gapction
connected layer V neurons generate a high frequency
output. This activity may manifest in the local field potent
as VFO and recruit both recurrent excitatory synaptic
connections and also feedback inhibitory synaptic activit

from interneurons.
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