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the neurotransmitter GABA. Usually GABA turns neurons off, but when gliomas are nearby, it turns them on instead. 
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CANCER
Cortical GABAergic excitation contributes to epileptic
activities around human glioma
Johan Pallud,1,2,3,4 Michel Le Van Quyen,1,2* Franck Bielle,1,5* Christophe Pellegrino,6,7*
Pascale Varlet,4,8 Marianne Labussiere,1,2 Noémie Cresto,1,2 Marie-Joseph Dieme,5 Michel Baulac,1,2,9

Charles Duyckaerts,1,5 Nazim Kourdougli,6,7 Geneviève Chazal,6,7 Bertrand Devaux,3,4

Claudio Rivera,6,7,10 Richard Miles,1,2 Laurent Capelle,1,11 Gilles Huberfeld1,2,9,12,13†
 o
n 

Ju
ly

 2
1,

 2
01

4
m

ag
.o

rg
Brain gliomas are highly epileptogenic. Excitatory glutamatergic mechanisms are involved in the generation of
epileptic activities in the neocortex surrounding gliomas. However, chloride homeostasis is known to be per-
turbed in glioma cells. Thus, the contribution of g-aminobutyric acidergic (GABAergic) mechanisms that depend
on intracellular chloride merits closer study. We studied the occurrence, networks, cells, and signaling basis of ep-
ileptic activities in neocortical slices from the peritumoral surgical margin resected around human brain gliomas.
Postoperative glioma tissue from 69% of patients spontaneously generated interictal-like discharges, synchro-
nized, with a high-frequency oscillation signature, in superficial layers of neocortex around areas of glioma infil-
tration. Interictal-like events depended both on glutamatergic AMPA receptor–mediated transmission and on
depolarizing GABAergic signaling. GABA released by interneurons depolarized 65% of pyramidal cells, in which
chloride homeostasis was perturbed because of changes in expression of neuronal chloride cotransporters: KCC2
(K-Cl cotransporter 2) was reduced by 42% and expression of NKCC1 (Na-K-2Cl cotransporter 1) increased by 144%.
Ictal-like activities were initiated by convulsant stimuli exclusively in these epileptogenic areas. This study shows
that epileptic activities are sustained by excitatory effects of GABA in human peritumoral neocortex, as reported in
temporal lobe epilepsies, suggesting that both glutamate and GABA signaling and cellular chloride regulation pro-
cesses, all also involved in oncogenesis as already shown, induce an imbalance between synaptic excitation and
inhibition underlying epileptic discharges in glioma patients. Thus, the control of chloride in neurons and glioma
cells may provide a therapeutic target for patients with epileptogenic gliomas.
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INTRODUCTION

Diffusely growing gliomas, graded as grades II to IV according toWorld
Health Organization (WHO) definition, are highly epileptogenic pri-
mary brain tumors in adults. Epilepsy incidence varies from 60 to
100% in low-grade and 25 to 60% in high-grade gliomas (1, 2). Epileptic
activities seem to arise from the neocortex surrounding gliomas (3–5),
and glioma cell infiltration may promote growth and recurrence of
tumors at sites around their spatial core (6, 7).

Epileptic activity has often been linked to changes in the balance be-
tween excitatory and inhibitory synaptic signaling. Recent data show
that massive excitatory glutamate release (8) underlies epileptic activity
and contributes to neuronal death as tumors progress. Potassium (K+)
buffering (9, 10) and glutamate clearance (11–13) are both impaired so
that extracellular levels are elevated in peritumoral neocortex (14–17).
1Sorbonne Universités, University Pierre and Marie Curie (UPMC) University of Paris 06, F-75005
Paris, France. 2Institut du Cerveau et de laMoelle Epinière, INSERMUMRS975, CNRS UMR7225,
UPMC University of Paris 06, F-75013 Paris, France. 3Service de Neurochirurgie, Centre
Hospitalier Sainte-Anne, F-75014 Paris, France. 4University Paris Descartes, Pôle de recherche
et d’enseignement supérieur (PRES) Sorbonne Paris Cité, F-75005 Paris, France. 5Service
de Neuropathologie, Centre Hospitalo-Universitaire Pitié-Salpêtrière, Assistance Publique–
Hôpitaux de Paris (AP-HP), F-75013 Paris, France. 6INSERM, Institut de Neurobiologie de la
Méditerranée (INMED), Parc Scientifique de Luminy, F-13009 Marseille, France. 7Aix-
Marseille University, UMR S901, Parc Scientifique de Luminy, F-13009 Marseille, France.
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On the other hand, neuronal inhibitionmay be defective. In the neocortex
surrounding a tumor, g-aminobutyric acid A (GABAA) receptor expres-
sion (18) and the numbers of inhibitory interneurons and synapses are re-
duced (5, 19, 20). Work on nontumoral human epileptic tissue suggests
that GABAergic synapses generate depolarizing effects, which contrib-
ute to epileptic activities (21–24). GABAA receptor channels are mainly
permeable to chloride (Cl−). If the driving force for Cl− induces an in-
ward Cl− flux, a cell will be hyperpolarized. In contrast, an outward flux
of Cl−will depolarize neurons andmay result in a functional excitation. In
mature neurons, intracellular Cl− concentration is normally maintained at
low levels, by extrusion via the K-Cl cotransporter 2 (KCC2), whereas Cl−

loading by Na-K-2Cl cotransporter 1 (NKCC1) is reduced (25). Recent
data on human tissue suggest that Cl− homeostasis is altered in gliomas.
Cl− concentrations are increased both in neurons (26, 27) and inmigrat-
ing glioma cells (28, 29), loaded by NKCC1 (26, 30, 31), which is highly
expressed in human peritumoral neocortex (32). The loading of neu-
rons with Cl−may underlie epileptogenic effects, whereas its accumula-
tion in glioma cells contributes to oncologic processes.We therefore asked
whether the effects of a defective Cl− homeostasis on GABAergic signaling
might be involved in epileptogenesis in human peritumoral neocortex.
RESULTS

Identification of a spontaneous interictal-like activity
Westudied 81 slices from47 fresh brain tissue specimens obtained from
the “surgical margin” (the removed neocortex that surrounds the mac-
roscopic tumor) from 29 patients with supratentorial, hemispheric, and
diffuse low-grade (n = 17, WHO grade II) or high-grade (n = 12, 4
cienceTranslationalMedicine.org 9 July 2014 Vol 6 Issue 244 244ra89 1
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WHO grade III and 8 WHO grade IV) gliomas (Fig. 1A and table S1)
(33). Spontaneous activitywas recorded from74 of 81 (91.4%) slices from
42 of 47 (89.4%) brain tissue specimens from 28 of 29 (96.6%) patients.
The activity included spontaneous interictal-like discharges (IIDs), con-
sisting of a field potential and multiunit firing, in records from 36 of 81
slices (44.4%) from 25 of 47 tissues (53.2%) from 20 of 29 patients (69%)
(Fig. 1B). Multiunit discharges alone were recorded from the remaining
38 of 45 slices (84.4%). IIDs were more frequent in slices (n = 32 of 66,
www.S
48.5%) from patients (n = 17 of 22, 77.3%) with preoperative seizures than
in those (n = 4 of 15, 26.7%) from patients (n = 3 of 7, 42.9%) without
seizures (P = 0.05) (Fig. 1C).

Spatial distribution of interictal-like activity
We asked whether sites of IID generation were correlated with re-
gions of tumor infiltration. Only infrequent multiunit activity was
recorded from tissue (14 slices from 7 patients) obtained at distances of
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Fig. 1. IIDs are generated in the human
neocortex infiltrated by glioma cells. (A)

Example of a left parietal low-grade (WHO
grade II) glioma. The tumor appears as a hy-
persignal area on a Fluid Attenuated Inversion
Recovery (FLAIR) sequence (far left), as a hypo-
signal area on a three-dimensional spoiled
gradientsequence (near left), andaspale,hyper-
trophied, and infiltrated gyri on intraoperative
photographs (mid right). Brain tissue specimens
were sampled inside the tumor (Tu) and from
theneocortex (Cx) outsidemacroscopic tumor
infiltration. In areas outside visible tumor ab-
normalities (Cx), we detected only an infiltra-
tion by glioma cells [hematoxylin and eosin
(H&E) staining, ×200]. Tumor infiltration was
obvious in tissue from areas of visible imag-
ing tumor abnormalities (Tu; H&E staining,
×200). Scale bar, 100 mm. (B) Multiple extra-
cellular recordings of IIDs from a slice con-
taining both the solid tumor component and
adjacent infiltrated neocortex. Electrode loca-
tions: Cx1, superficial neocortical layer; Cx2,
mid-neocortical layers; Tu, solid tumor tissue.
Ctrl shows a record from noninfiltrated neo-
cortex in a control tissue from another tumor
specimen. (C) The proportion of patients or
slices from which IIDs were (black) or were
not (white) detected, grouped by history of
seizures (29 patients; P = 0.05, Fisher’s exact
test), preoperative seizure control with anti-
epileptic drugs [22 patients; ns, not significant
(Fisher’s exact test)], tumor grade (81 slices;
low-grade versus high-grade; ns, Fisher’s ex-
act test), macroscopic tumor component on
MRI (81 slices; inside versus outside regions of
FLAIR hypersignal on MRI; P = 0.004, Fisher’s
exact test), presence of a macroscopic tumor
component on gross histopathological analy-
sis (81 slices; presence versus absence versus
control; 14 slices; P = 0.009, Fisher’s exact test),
and histopathological analyses (18 slices; tu-
mormass versus high tumor infiltration ver-
sus low tumor infiltration by isolated tumor
cells; P = 0.005, Fisher’s exact test). (D) Clas-
sical histopathogical features of a glioma
with H&E (upper) and Ki67 (lower) stains.
The tumor mass (left) is devoted of any
neurons. The area of high tumor infiltration
(middle) is a neocortical tissue infiltrated by
10 or more tumor cells per high-power field.
The area of low tumor infiltration (right) is a
neocortical tissue infiltrated by isolated glio-

ma cells (fewer than 10 glioma cells per high-power field). Scale bars, 100 mm; 25 µm (insets).
cienceTranslationalMedicine.org 9 July 2014 Vol 6 Issue 244 244ra89 2
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~30 mm from image-defined abnormalities during surgical access to
different tumors (Fig. 1B).Histopathological analysis revealed no tumor
infiltration by isolated tumor cells at this distance in tissues obtained
from these patients (7 slices from 4 insular gliomas, 4 slices from 2 fron-
tal gliomas, and 3 slices from amesial temporal glioma) (Fig. 1, B andC).
IIDs were generated significantly more frequently in slices devoid of
any macroscopic tumor component as defined on magnetic resonance
imaging (MRI) and according to intraoperative localization [“outside im-
aging abnormalities” (60.5%) versus “inside” (26.3%);P= 0.004] and on
www.S
histopathological analyses [“absence of macroscopic tumor compo-
nent” (55.6%) versus “presence” (22.2%); P = 0.009] (Fig. 1C). IIDs were
recorded more frequently in slices with high tumor infiltration (6 of 7,
85.7%) than in slices with low tumor infiltration (2 of 7, 28.7%) and
never in sliceswith a solid tumormass (0 of 4, 0%) (P= 0.005) (Fig. 1, C
andD). A link betweenmolecular defects in the glioma and the recording
of IID was explored. The density of CD3+ (P = 0.852), CD20+ (P = 0.472),
andCD68+ cells (P = 0.645) and Ki67+ cells in neocortex (P = 0.852)
or in white matter (P = 0.772) had no significant influence (fig. S1).
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Fig. 2. IIDs are restricted to superficial
neocortical layers and are generated in

multiple sites. (A) Extracellular records
of IIDs. They consist of bursts of multiunit
activity (MUA; >300-Hz high-pass filter)
correlated with field potentials (FP; <100-Hz
low-pass filter) (left). Expanded raw, MUA,
and FP traces are shown in themiddle. HFOs
(filtered to pass 250 to 350 Hz) are detected
during IIDs (upper right). The green dotted
line shows the onset of the IID FP. Time fre-
quency plots (lower right) show a mean
dominant frequency of 251 ± 69 Hz (n =
572 events). (B and C) Multiple extracellular
records of IIDs from slices containing infil-
trated neocortex. In (B), four electrodes are
placed at different depths of the same neo-
cortical column.They showthat IIDsandHFOs
were synchronous in a vertical column-like
regionwith field onset, maximal amplitude,
and the largest HFO at the deep border of
layer III. In (C), four electrodes are placed at
the interface between layers III and IV at the
samedepth over a lateral distance of 1mm.
They show a spatially restricted lateral
spread of IIDs and HFOs. HFOs were never
detected in the absence of IIDs. (D) IIDs are
initiated at multiple foci in infiltrated neo-
cortex. Multiple records from a slice of infil-
trated neocortex with four electrodes (el)
located at the interface between layers III
and IV at separations of: el1—1 mm—el2—
3mm—el3—1mm—el4. Expanded tracesof
events *1, *2, *3, and*4are shown in themid-
dle. (E) Mean ± SD of the neocortical depth,
lateral extent, and propagation speed of IIDs
in the recorded slices. IIDswere recorded at a
meanmaximal depth of 2.1 ± 1.5mm (range,
0.5 to 5; n = 31 slices) from the pia mater,
propagated laterally over a mean distance
of 1.3 ± 0.94mm(range1 to5;n=22 slices) at
a speed of 19 ± 3 mm s−1.
cienceTranslationalMedicine.org 9 July 2014 Vol 6 Issue 244 244ra89 3
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Thus, IIDs are not generated in the tu-
mor mass, but our recordings suggest
that they may arise from regions of tu-
mor infiltration surrounding neocortical
gliomas.

Cortical organization and
electrophysiological characteristics
IIDs consisted of field potential associated
with bursts of multiunit firing (Fig. 2A).
Their mean amplitude was 57.9 ± 11.5 mV
(range, 22.5 to 166.2), their mean duration
from onset to peak was 24.4 ± 7.9 ms
(range, 7.4 to 44), and they recurred with
a mean frequency of 0.9 ± 0.7 Hz (range,
0.1 to 4.2) (n = 9723 events; n = 36 slices).
High-frequency oscillations (HFOs) were
nested within IIDs in 40.7% of extra-
cellular records (11 of 27 slices; n = 9 pa-
tients). They occurred during 71.9% of
IIDs, and the mean dominant frequency
was 251 ± 69 Hz (range, 150 to 350) (Fig.
2A).HFOwere never recorded fromcon-
trol tissue or sites without IIDs (Fig. 2, B
andC).HFOs thus tended to confirm the
epileptic nature of IIDs (34).

IIDs were synchronous within “verti-
cal” column-like regions in 31 of 36 slices
(Fig. 2B). They were recorded at a mean
maximal depth of 2.1 ± 1.5 mm (range,
0.5 to 5; n = 31 slices) from the pia mater
(Fig. 2B). IIDswere initiated preferentially
from layers III and IV (28 of 31 slices) and
typically propagated to superficial layers
(Fig. 2, C and D). HFOs were restricted
to layers III and IV, suggesting that IIDs
were generated locally. IIDs propagated
fromtheir initiation site over amean lateral
distance of 1.3 ± 0.94 mm (range, 1 to 5;
n = 22 slices) (Fig. 2, C and E) at a speed
of 19 ± 3 mm s−1. Multiple, partly over-
lapping, asynchronous IID foci were de-
tected in 25 of 36 slices (Fig. 2D). The
mean distance between foci was 1.8 ±
1.2 mm (range, 0.7 to 5; n = 22 slices). Spa-
tial patterns of IID initiation and spread
were similar in adjacent slices from 10
of 30 brain tissue specimens.

Thus, IIDs are generated at multiple
neocortical sites surrounding gliomas
and are spatially restricted to superficial
and mid-neocortical layers.

Pharmacology and cellular basis
of interictal-like activity
Wenext examined the role of glutamater-
gic and GABAergic signaling in the gene-
sis of IIDs. The N-methyl-D-aspartate
B
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Fig. 3. IIDs depend on glutamatergic and GABAergic
signals andare initiatedby interneuron firing. (A) Pharma-
cology of IIDs. TheNMDA receptor blocker DL-APV (50 µM) did
not modify extracellularly recorded IIDs, but they were sup-
pressed by the AMPA receptor antagonist DNQX (20 µM)
www.ScienceTranslatio
(left). The GABAA receptor antagonists picrotoxin (50 µM) and gabazine (10 µM) reversibly blocked IIDs (right).
(B) Cellular basis of IIDs. Spontaneous intracellular (upper) and extracellular (lower) records of neurons from
infiltrated neocortex. Expanded traces of single IIDs at right. An interneuron (top, black) fired before and during
IID initiation. Some pyramidal cells were depolarized (middle, blue), and others were hyperpolarized during IIDs
(bottom, red). (C) Timing of cellular firing during IIDs. Mean population field activity (IID FP; top) plotted against
sequential raster traces and peri-event histogramof interneuron firing (interneuronAP and count). Raster traces
and peri-event histogram for firing of an excited pyramidal cell (pyramidal cell AP and count). The green dotted
line shows the onset of the IID FP. Timing of the peak of depolarizing PSPs is shown by blue dots, and timing of
the peak of hyperpolarizing PSPs is shownby red dots. The time course of interneuron firing (black line) and the
probability of depolarizing (red) andhyperpolarizingPSPs (blue) are shown in the lowerbox. (D) Hyperpolarizing
interneurons with DAGO (10 µM), a m-opioid receptor agonist, reversibly suppressed IID FPs.
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(NMDA) receptor antagonist DL-2-amino-5-phosphonopentanoic acid
(DL-APV, 50 mM; n= 6) had no effect, but the AMPA receptor antagonist
6,7-dinitroquinoxaline-2,3-dione (DNQX, 20mM;n=6) irreversibly sup-
pressed IIDs (Fig. 3A, left). IIDs were reversibly suppressed by GABAA

receptor antagonists picrotoxin (50mM;n=6) or gabazine (10 mM;n=5)
(Fig. 3A, right). These data indicate that both excitatory and inhibitory
synapses are involved in IID generation.

Intracellular recordings were made from single pyramidal cells and
interneurons to characterize the neuronal and synaptic local network
basis of IID generation and specifically to examine the role of depolari-
zing responses to GABA. Themean resting potential of recorded pyram-
idal cells [n = 20 from 11 epileptic patients (10 cells from grade II, 5 cells
from grade III, and 5 cells from grade IV gliomas)] was −60.3 ± 8.1 mV
(range, −50.0 to −79.0), and mean input resistance was 44.2 ± 15.8 MW
(range, 30 to 68). Interneurons [n = 2, from 2 epileptic patients (1
grade II and 1 grade IV gliomas)] were distinguished by a fast firing
pattern and a short action potential duration (35). They fired for 39± 7ms
(range, 22 to 199) before IID initiation at a mean frequency of 78 ± 36Hz
(range, 34 to 142;n=32 events) andwere always active during IIDs (Fig.
3B). The behavior of pyramidal cells during IIDs was variable. Cells
distant from foci (n = 3 from 1 epileptic patient with a grade II glioma)
did not consistently receive synaptic events during IIDs. Seventeen
cells were recordedwithin the IID area. At resting potential, 6 (35.3%) of
these neurons received hyperpolarizing synaptic events during IIDs
(Fig. 3B). The remaining 11 of 17 cells (64.7%) received depolarizing
synaptic events and sometimes fired during IIDs (Fig. 3B). In contrast
to interneurons, they never discharged before the onset of the IID field.
The restingmembrane potential (mean,−62.6 ± 10.3mV; range,−79.0 to
−50.0) and the input resistance (mean, 47.0 ± 19.1 MW; range, 30.0 to
68.0) of cells that displayed depolarizing synaptic events were similar
to the restingmembrane potential (mean, −58.8 ± 4.6mV; range, −68.0
to −56.0) and input resistance (mean, 40.1 ± 14.1 MW; range, 30.0 to
50.0) of cells that received hyperpolarizing synaptic events during IIDs
(P = 0.859 and P = 0.800, respectively). The excitability of the two cell
groups was also similar. Depolarizing pulses of 0.5 nA and duration of
100 ms induced action potentials at 6.9 ± 9.0 Hz in 11 cells that fired
during IIDs, and identical stimuli applied to neurons that did not fire
during IIDs induced action potentials at 6.8 ± 9.2 Hz (P = 0.460). We
next compared the timing of firing and synaptic events received by in-
terneurons (n = 2) and pyramidal cells (n = 5) during IIDs (Fig. 3C).
Both interneurons consistently fired before IID onset and before py-
ramidal cell discharges. Depolarizing postsynaptic potentials (PSPs)
also tended to precede hyperpolarizing PSPs, suggesting that interneuron
firing may have contributed to IID initiation. We tested this hypothesis
using the m-opioid receptor agonist [3H][D-Ala2,N-Me-Phe4,Gly5-ol]
enkephalin (DAGO, 10 mM; n = 5) to hyperpolarize interneurons and
effectively remove them from the local network. DAGO reversibly sup-
pressed IIDs in all 5 of 5 cases (Fig. 3D), reinforcing the interneurons’
drive hypothesis.

Depolarizing responses to GABA during IIDs
Interneuron firing preceded IID onset, and 64.7% of pyramidal cells
were depolarized during IIDs. We asked whether pyramidal cell de-
polarization could result from GABAA release by measuring the com-
pound reversal potential of PSPs impinging on pyramidal cells, which
combine inhibitory and excitatory inputs [n = 15 from 9 epileptic pa-
tients (7 cells from grade II, 5 cells from grade III, and 3 cells fromgrade
IV gliomas)] during IIDs (Fig. 4A). Two distinct behaviors were appar-
www.S
ent (Fig. 4B). In 6 of 15 pyramidal cells (40%), synaptic events reversed
negative to resting potential with a mean driving force of 7.8 ± 3.9 mV
(range, 4 to 14) [mean reversal potential, −66.6 ± 4.0 mV (range, −72
to −62.5)]. In the remaining 9 of 15 cells (60%), synaptic events re-
versed at values depolarized from resting potential with a mean driv-
ing force of −13.4 ± 10.4mV (range, −28 to −6) [mean reversal potential,
−49.1 ± 10.8 mV (range, −40 to −73)]. The mean resting potential of
the depolarized (−58.8 ± 4.6 mV; n = 6) and hyperpolarized (62.5 ±
10.0 mV; n = 9) subgroups of cells was not significantly different (P =
0.414). Thus, GABAergic signaling depolarized about 60% of pyram-
idal cells situated in IID foci, similar to the 65% of cells receiving a
depolarizing PSP during IIDs.

Because IIDs were associated with depolarizing actions of GABA
and were present in regions of tumoral infiltration, we asked whether
the depolarizing effects of GABAwere limited to zones of infiltration. In
infiltrated tissues, 7 of 8 recorded pyramidal cells (87.5%) were depolar-
ized byGABAduring IIDs. In contrast, depolarizationwas detected in 4
of 9 cells recorded (44.4%) from tissue with no macroscopic or histo-
pathological evidence for infiltration (P = 0.050) (Fig. 4B). The propor-
tion of cells depolarized by GABAwas higher in grade IV gliomas (n=
5 of 5) than in grade III (n = 2 of 5) or grade II (n = 4 of 7) gliomas (P =
0.050) (33).

Changes in expression or function of molecules that regulate Cl−

homeostasis could account for depolarizing GABAergic effects and
contribute to tumor infiltration. The K-Cl cotransporter NKCC1 is ex-
pressed at low levels in nonjuvenile tissue (36), and Cl− extrusion by the
transporter KCC2maintains low levels of internal Cl− inmature tissues,
assuring hyperpolarizing effects ofGABA (37).Wemeasured the levels of
both transporters in Western blot analyses of 27 brain tissue specimens
obtained from the “surgical margin” of 14 patients with supratentorial
gliomas (6 grade II, 5 grade III, and 3 grade IV; 9 with a history of
seizures) and from 4 patients with a cerebral metastasis of a carcinoma
(4 control samples obtained during surgical access to deep-seated tu-
mor; no history of seizures). NKCC1 protein expression was signif-
icantly increased in Western blots of peritumoral tissue (144 ± 31%)
compared to control (100 ± 16%; P = 0.004) and was significantly in-
creased in Western blot of tissues from epileptic patients (146 ± 31%)
compared to nonepileptic patients (113 ± 25%; P = 0.002) (Fig. 4D).
NKCC1 expression by glioma cells (30, 31, 38) might mask possible
changes of the protein in neurons of the infiltrated neocortex.We there-
fore correlated NKCC1 expression with glioma infiltration. There was
no significant difference of NKCC1 expression in peritumoral tissues
with a high tumor infiltration (139 ± 25%) and those with a low tumor in-
filtration (146 ± 34%) using a neuron-specific reference protein (b3-tubulin;
P = 0.676) or using a glial-specific reference protein (a-tubulin; 192 ± 52%
versus 158 ± 65%; P= 0.833) (fig. S2). Similarly, there was no significant
difference ofNKCC1 expression betweenhigh-grade gliomas (139± 25%)
and low-grade gliomas (146 ± 35%; P = 0.676). An up-regulation of
NKCC1 in peritumoral pyramidal cells seems likely to have epileptogenic
actions.We tested this hypothesis using bumetanide at doses that act se-
lectively to suppressNKCC1 function in neurons (8 mM). In 6 of 6 slices,
bumetanide reversibly suppressed IIDs over a period of 50 ± 10 min
(range, 45 to 60), presumably reflecting the time taken to establish new
steady-state Cl− levels in neurons (Fig. 4C). These results reflect an in-
crease in chloride loading, highlighting a possible change in chloride
flux after GABAA receptor activation.

Because intraneuronal concentrations of Cl− mainly depend on
equilibrium between NKCC1-mediated Cl− load and KCC2-mediated
cienceTranslationalMedicine.org 9 July 2014 Vol 6 Issue 244 244ra89 5
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Cl− extrusion, we then investigated KCC2 protein expression. KCC2
proteinwas significantly decreased inWestern blot of peritumoral tissue
(42 ± 36%) compared to control (100 ± 44%; P = 0.031). Nevertheless,
KCC2 was not significantly decreased in Western blot of tissues from
epileptic patients (40 ± 35%) compared to nonepileptic patients (75 ±
49%; P = 0.158) (Fig. 4C). There was also no significant difference of
KCC2 expression in peritumoral tissues with high tumor infiltration
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(43 ± 37%) and those with low tumor infiltration (39 ± 39%; P = 0.112).
Similarly, there was no significant difference of KCC2 expression in high-
grade gliomas (44 ± 37%) and low-grade gliomas (41 ± 38%; P = 0.899).
Because protein expression does not demonstrate function of the pro-
tein, we next examined neuronal expression of KCC2 by immuno-
histochemistry with a KCC2-specific antibody (Fig. 4E). The number
of KCC2 negative neurons was significantly higher in peritumoral tissue
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Fig. 4. Cl− regulation impairment con
tributes to IIDs. (A) GABAA reversal poten

tial (Vrev) in pyramidal cells. PSP amplitude
during IIDs was measured in pyramidal cells
of the neocortex infiltrated by glioma cells
maintained at different potentials. Records
are shown (at the left) andmembrane poten
tial (Vm) plotted (at right) fromone cellwith a
Vrev of−71mV (white arrowandopen squares
and another cell with Vrev values of −48 mV
(black arrow and filled circles). (B) Correlation
of Vrev and resting potential for 15 pyramida
cells. Reversal potentials were depolarizing
with respect to rest in nine cells (filled circles
above the diagonal line), and hyperpolarizing
in six cells (open circles below the line). The
proportion of pyramidal cells depolarized
by GABA during IIDs (black part of the histo
gram, “Depol” versuswhite part, “Hyper”) was
significantly higher in tissues with tumor in
filtration than in tissues with no infiltration
(n = 17 cells; P = 0.019, Fisher’s exact test). (C
Blocking the K-Cl cotransporter NKCC1with
bumetanide (8 µM) reversibly suppressed
spontaneous IID FPs. (D) Representative
Westernblots forNKCC1 (left) andKCC2 (right
in control neocortex and areas of low (“low
infiltr”) and high infiltration (“high infiltr”
around human gliomas. NKCC1 expression
was normalized to a nonneuronal-specific
marker, a-tubulin. KCC2 expression was nor
malized to a neuron-specific marker, b3 tu
bulin. Histogram representing normalized
NKCC1 protein quantification shows tha
NKCC1 is significantly increased in glioma
samples as compared to controls (n = 27
P = 0.004, Mann-Whitney test) and in epilep
tic samples as compared to nonepileptic
samples (n = 27, P = 0.002, Mann-Whitney
test). Histogram representing normalized
KCC2 protein quantification shows tha
KCC2 is significantly decreased in glioma
samples as compared to controls (n = 27
P = 0.031, Mann-Whitney test) but not in ep
ileptic samples as compared to nonepileptic
samples (n = 27, P = 0.158, Mann-Whitney
test). (E) Representative images of KCC2

immunoreactivity stained with neuronal nuclear antigen (NeuN) marker.
Left: The fluorescence and the immunohistochemical labeling are distribut-
ed along the plasma membrane (arrowhead) of the cells in control tissue.
Middle: In a glioma sample, the distribution of KCC2 immunoreactivity (flu-
orescence and immunohistochemistry) in neurons of infiltrated neocortex
ranges frommembrane staining (open arrowhead) to staining in the cy-
toplasmic region (filled arrowhead) to a loss of staining (open circle).
Right: The quantification of KCC2 fluorescence redistribution for each cell
shows a significant decrease of membrane staining (n = 27, P = 0.01, Fish-
er’s exact test) and a significant increase in the loss of staining (n = 27, P =
0.04, Fisher’s exact test) in glioma samples as compared to controls. Scale
bar, 10 mm.
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(45 ± 13.2%) than in control tissue (12 ± 6.5%) (P = 0.04). Furthermore,
when KCC2 was detected in neurons of peritumoral neocortex, immu-
nostaining tended to be cytoplasmic (38.6%) rather than membranous
(15.8%), compared to a largely membranous (71.3%) rather than cyto-
plasmic (16.2%) expression in control neurons. Exclusive membrane
KCC2 immunostaining was much lower in neurons of peritumoral neo-
cortex (15.8 ± 6.7%) than controls (71.3 ± 4.2%) (P = 0.01). These differ-
ences in neuronal expression site should reduce KCC2 functionality in
peritumoral neurons.

Together, these data point to an impaired Cl− homeostasis in
epileptogenic neocortex surrounding a glioma. GABA-mediated de-
www.S
polarization of a majority of peritumoral pyramidal cells is corre-
lated with both an increase of NKCC1 expression and a loss of KCC2
immunoreactivity.

Induction of ictal-like activity
Ictal-like discharges (IDs) were induced pharmacologically in peritu-
moral tissue. Combining two proconvulsant stimuli, an increase of ex-
tracellular K+ to 8 mM and a reduction of external Mg2+ to 0.25 mM
(24), induced IDs in 7 of 19 slices (36.8%) where IIDs were generated
(3 of 8 patients, 37.5%). Two IDpatterns could be distinguished (Fig. 5A).
The first consisted of recurrent rhythmic bursts of frequency 2.9 ± 0.9 Hz
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Fig. 5. IDs are preceded by a specific pre-
ictal activity. (A) Extracellular records of an

ID induced by exposure to 0.25 mM Mg2+

and 8 mM K+ in the infiltrated neocortex.
PIDs (black-filled circles) recurred before
seizure onset, followed by rhythmic bursts.
MUA and time frequency plot of the local
field potential are shown below. The green
dotted line shows the onset of the seizure-
like event. Ctrl shows a record from nonin-
filtrated neocortex in a control tissue from
another tumor specimen with only an indi-
vidual cell firing and no IID, PID, or ID after
exposure to 0.25mMMg2+ and 8mMK+ for
90 min. (B) PIDs emerge during the transi-
tion to ictal-like activity in vitro. Extracellular
records of the transition to ictal-like activity
(0.25 mM Mg2+ and 8 mM K+). The green
dotted line shows the onset of the seizure-
like event. Amplitudes of FPs during the transi-
tion show the emergenceof larger PIDs (filled
circles), but the amplitudes of IIDs (open cir-
cles) did not change. Bottom: IIDs before con-
vulsant application (left) and co-occurrence
of PIDs and IIDs during the transition (right).
(C) Differences in IID and PID FPs. Amplitude
distributions of all FPs during the transition
distinguish between IIDs and PIDs. Mean ± SD
of the amplitude (n = 913 events, P < 0.001,
Mann-Whitney test), duration (n = 913 events,
P<0.001,Mann-Whitney test), frequency (n=
913 events, P = 0.193, Mann-Whitney test),
and lateral extent (n = 913 events, P < 0.001,
Mann-Whitney test) of IIDs (white) and PIDs
(black) at steady state. (D) PIDs do not depend
on GABAergic signaling. Extracellular records
of IIDs (white dots), PIDs (black dots), and
IDs at steady state in a 0.25 mM Mg2+ and
8mMK+ solution. TheGABAA receptor antag-
onist picrotoxin (50 mM, for 30min) reversibly
blocked IIDs, but not PIDs (upper trace). The
GABAA receptor antagonist gabazine (10 mM,
for 40 min) blocked IDs, but not PIDs (middle
trace). The NKCC1 antagonist bumetanide
(8 mM, for 45 min) blocked IDs, but not PIDs
(lower trace).
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(range, 1.2 to 4.3; n = 34 events). The second involved an initial fast,
low-voltage activity (meanduration, 0.8 ± 0.1 s; range, 0.65 to 0.99;n=8
events) at 270 ± 97 Hz (range, 118 to 410), which then evolved into
rhythmic bursts. The mean duration of IDs was 34.1 ± 17.7 s (range,
6.2 to 62.1). The transition from IIDs to IDs occurred over 34.0 ±
10.2 min (range, 20 to 50; n = 6 slices). IDs then recurred at an interval
of 54.7 ± 62.4 s (range, 7.5 to 397.0; n= 86 events) in the continued pres-
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ence of proconvulsants. Slices of control
brain tissue (n = 14) did not generate IDs
in response to the sameproepileptic stimuli,
increasing extracellular K+ to 8 mM alone
(n = 8 slices) or coupled to a reduction of
external Mg2+ to 0.25 mM (n = 6 slices)
(Fig. 5A).

Pre-ictal discharge emergence
and dynamics
Pre-ictal discharges (PIDs)were recorded in
14 of 19 slices exposed to proconvulsant
stimuli. In 7 of 7 slices, PIDs preceded
IDs, and comparable large field potentials
were detected in 7 of 12 slices that did not
exhibit later IDs. PID amplitude increased
during the transition to ictal discharges,
and PIDs occurred concurrently with IIDs
during this transition (Fig. 5, B and C). At
steady state (n = 446 events from 5 slices),
PID amplitude and duration were larger
than those of IIDs (mean, 336 ± 114 versus
58 ± 11 mV, P < 0.001, n = 446; 32.5 ± 8.6
versus 24.4±7.9ms,n=446 and467 events,
P < 0.0001), but frequencies were similar
(0.9 ± 0.6 versus 0.93 ± 0.7 Hz; P = 0.727).
PID fields were recorded from column-
like regionswithmaximal amplitude in su-
perficial neocortical layers III and IV (7
of 7 slices) at distances of 1.4 ± 0.7 mm
(range, 1 to 3; n=7 slices) from the piama-
ter. PIDs propagated laterally for distances
up to 3.5 ± 1.3 mm (range, 1.5 to 5; n = 9
slices) from their initiation site. PIDswere
never induced by identical stimuli in slices
of control tissue (n = 14).

We next examined the role of GA-
BAergic signaling in PIDs and IDs and
compared it to the pharmacology of IIDs.
PIDs were not affected by GABAA recep-
tor antagonists (picrotoxin, 50 mM; n = 4;
gabazine, 10mM;n=3patients; application
of 45 to 70min; Fig. 5D). Both IIDs and IDs
were reversibly suppressed by the same
GABAA receptor antagonists (picrotoxin,
50 mM; n = 4; gabazine, 10 mM; n = 3 pa-
tients) over amean period of 33 ± 6.6min
(range, 30 to 40; Fig. 5D). This pharma-
cological profile suggests the involvement
of depolarizing effects of GABA on IIDs
and IDs. We therefore tested the effects of
www.S
the blockade of the Cl− cotransporter NKCC1 with low doses of the
diuretic bumetanide. At 8 mM, bumetanide abolished IIDs and IDs
within 45 min (n = 4) (Fig. 5D). As expected, it did not affect PIDs in
records longer than 75 min (Fig. 5D).

HFOs associated with PIDs differed from those nested in IIDs
(Fig. 6A). HFOs were detected in 91% of electrodes recording PIDs
(11 of 12; n = 3 patients) as opposed to ~40% for IIDs. HFOs occurred
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01
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throughout PIDs but were restricted to IID onset. The range of HFO
frequencies associated with PIDs was wider than that for IIDs, although
mean dominant frequencies were similar (266 ± 90 versus 251 ± 69Hz).
These data suggest that IIDs and PIDs may result from distinct pro-
cesses with different spatial and temporal characteristics.

We explored the dynamics of PIDs at ID onset. Once IDs occurred
in recurring fashion, each ID (n = 34 events; n = 7 slices) was preceded
by 5 ± 4 PIDs (range, 1 to19) during 11.7 ± 7.7 s (range, 3.5 to 36.9) at a
frequency of 0.46 ± 0.2 Hz (range, 0.07 to 0.69). When PIDs were gen-
erated at distinct foci, the transition to ID was associated with an
increased synchrony and conduction speed between foci (n = 12 events
from 2 slices from 2 patients) (Fig. 6, B and C).

These data indicate that the neocortex surrounding glioma generates
two forms of synchronous epileptiform activities during the transition
to IDs. IIDs depend on depolarizing GABA and AMPA receptor–
mediated glutamatergic signaling, whereas GABAergic transmission
does not contribute to PIDs. ID initiation requires functional GABAergic
signaling and involves depolarizing effects of GABA, which could be
related to Cl− accumulation in pyramidal cells, induced by recurring,
synchronous PIDs.
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DISCUSSION

Wehave shown that peritumoral neocortex infiltrated by glioma cells in
slices of human tissue generates spontaneous epileptic discharges,
which depend on both AMPA glutamatergic andGABAergic signaling.
The onset of IIDs was preceded by interneuron firing. GABA depolar-
ized a small majority of pyramidal cells in infiltrated tissues, reflecting
changes in Cl− homeostasis due to both a reduced KCC2 and increased
NKCC1 expression. Excited peritumoral tissue generated IDs preceded
by PIDs, but none of these glioma-related epileptiform activities were
detected in nonepileptic control tissue. Features of epileptiform activi-
ties generatedbyperitumoral cortexwere similar to those of nontumoral,
sclerotic, epileptic human temporal lobe (21, 22, 24), suggesting a com-
mon basis of pathological activities.

This spontaneous population synchrony generated by tissue from
adult patients with gliomas should be classified as epileptic because
(i) it is comparable to interictal epileptic activity recorded during glioma
surgery (3–5); (ii) neuronal activity was recorded from most slices, but
only half of the tissues generated IIDs; (iii) IIDswere generated focally at
similar sites in adjacent slices from the same brain tissue; (iv) IIDs were
generated in multiple peritumoral foci (4, 5), but never in control sam-
ples; (v) HFOs, linked to zones of active epileptogenesis (39, 40), were
nested in IIDs; and (vi) IDs were induced exclusively in slices that gen-
erated IIDs. Thus, the peritumoral neocortex around gliomas is a pivotal
structure both for the genesis of epileptic activity and for infiltration
by glioma cells (6, 7). This link may explain the antiepileptic effects of
oncologic treatments (41–44) and the increase in seizure frequency as
tumors progress (45).

Our data suggest that interneuron firing preceded IIDs. The re-
sulting pyramidal cell depolarization may contribute to IID initiation
because GABAA receptor activation depolarized ~60% of pyramidal
cells of peritumoral neocortex, owing to an excessive Cl− load mediated
by NKCC1. These data recall results from sclerotic nontumoral human
epileptic tissue (21, 22) and are consistent with molecular defects iden-
tified in peritumoral tissues (32). In neurons with altered Cl− homeosta-
sis, the reversal potential of GABA-evoked current depolarizes, and the
www.S
efficacy of GABAergic inhibition is reduced (32). Reversal potentials
measured here, based on compound GABAergic and glutamatergic
PSPs, point to depolarizing effects of GABA. Our results support dis-
equilibrium between an excitatory glutamatergic drive and an inhibito-
ry GABAergic brake, a brake that can be switched into an accelerator.
An increased glutamatergic drive (8, 14, 16, 17), due to both an increased
release fromglioma cells via the systemxc

− cystine-glutamate transporter
(9, 12) and impaired glutamate uptake by glial cells (11), would con-
tribute to synchrony and excitotoxicity (8, 12). Conversely, perturbed
GABAergic signaling in peritumoral tissue may favor oncogenesis, and
it is known that GABA regulates glioma cell proliferation (29). Intra-
cellular Cl− concentrations in migrating and proliferating glioma cells
may reach ~100 mM (26, 27). These concentrations are actively main-
tained by the NKCC1 cotransporter (26, 31), which is strongly expressed
in glioma cells (30, 32) and gangliogliomas (human glioneuronal tumors)
(32, 46). Blockade of NKCC1 reduces tumor growth in animal models
(31). Several mechanisms may contribute to NKCC1 up-regulation in
peritumoral neurons: (i) extracellular hyperosmolarity (47) due to Cl−

and K+ release by tumor cells may enhance neuronal NKCC1 expres-
sion (27, 48); (ii) BDNF (brain-derived neurotrophic factor) release
by glioma cells (49, 50) reduces KCC2 expression (51) and so should
weaken Cl− extrusion; (iii) the activation of WNK kinases by epidermal
growth factor receptor–dependent signals may activate NKCC1 in both
glioma cells andneurons (52); (iv) newly formedneurons emerging from
neurogenesis in response to glioma development may share an
immature phenotype (53). We note that NKCC1 expression does not
depend on tumor grade and that more neurons were depolarized by
GABA in grade IV gliomas, although they are less often associated
with seizures than low-grade gliomas (54, 55). This apparent paradox
may be explained if highly destructive and rapidly growing grade IV
gliomas restrain epileptogenicity.

This study, performed on human tissue rather than animal models
of gliomas, has some limitations. Synaptic connectivity is reduced in
slices, and influences from distant brain regions are lost. The slicing
procedure traumatizes and may alter Cl− regulation in neurons at
depths less than 50 mm from the surface (56). However, most cells
in this study were recorded deeper, no abnormal activity was obtained
from control tissues, and epileptiform activities were reliably pro-
duced by the same area in adjacent slices. Furthermore, in an animal
model of brain tumors, the seizure threshold assessed by GABAA

blocker administration was increased compared to controls (57), sug-
gesting that our results have in vivo correlates. In some areas, abnormal
or epileptiform activities were recorded in slices, but seizures were not
detected preoperatively, possibly because in situ, these aberrant electri-
cal events remained restricted and did not reach a threshold for prop-
agation. Seizures might also be missed or delayed in patients with
gliomas.

Altogether, these data point to a similar defect in Cl− homeostasis
and GABAergic signaling in two distinct epileptic syndromes: peri-
tumoral cortical regions of human gliomas and sclerotic human
temporal lobe (21, 22, 24). This defect, together with an excessive glu-
tamatergic excitatory drive, may be a common feature of human epi-
leptogenesis. Further, molecules that control Cl− homeostasis may be
useful therapeutic targets for both epileptogenesis, as highlighted in
the present study, and tumor infiltration, as previously studied in
animal models (31). The efficacy of GABAergic antiepileptic drugs and
their potential negative effects on glioma evolution will need to be
investigated.
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Materials and Methods
Fig. S1. CD3+, CD20+, CD68+, and Ki67+ cells do not influence IIDs in regions of tumor infiltration.
Fig. S2. NKCC1 expression does not depend on tumor infiltration or tumor grade in glioma-
infiltrated neocortex.
Table S1. Clinical, imaging, neuropathological, molecular, and follow-up findings of the 47 patients
under study.
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