Inhibitory Actions of the GammaAminobutyric Acid in Pediatric SturgeWeber Syndrome
Roman Tyzio, PhD,1 Ilgam Khalilov, PhD,1 Alfonso Represa, MD, PhD,1 Valerie Crepel, PhD,1
Yuri Zilberter, PhD,1 Sylvain Rheims, MD, PhD,1 Laurent Aniksztejn, PhD,1 Rosa Cossart, PhD,1
Romain Nardou,1 Marat Mukhtarov, PhD,1 Marat Minlebaev, MD, PhD,1 Jérôme Epsztein, PhD,1
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Objective: The mechanisms of epileptogenesis in Sturge-Weber syndrome (SWS) are unknown. We explored the properties of
neurons from human pediatric SWS cortex in vitro and tested in particular whether gamma-aminobutyric acid (GABA) excites
neurons in SWS cortex, as has been suggested for various types of epilepsies.
Methods: Patch-clamp and field potential recordings and dynamic biphoton imaging were used to analyze cortical tissue samples
obtained from four 6- to 14-month-old pediatric SWS patients during surgery.
Results: Neurons in SWS cortex were characterized by a relatively depolarized resting membrane potential, as was estimated
from cell-attached recordings of N-methyl-D-aspartate channels. Many cells spontaneously fired action potentials at a rate
proportional to the level of neuronal depolarization. The reversal potential for GABA-activated currents, assessed by cell-attached
single channel recordings, was close to the resting membrane potential. All spontaneously firing neurons recorded in cell-attached
mode or imaged with biphoton microscopy were inhibited by GABA. Spontaneous epileptiform activity in the form of recurrent
population bursts was suppressed by glutamate receptor antagonists, the GABA(A) receptor agonist isoguvacine, and the positive
allosteric GABA(A) modulator diazepam. Blockade of GABA(A) receptors aggravated spontaneous epileptiform activity. The
NKCC1 antagonist bumetanide had little effect on epileptiform activity.
Interpretation: SWS cortical neurons have a relatively depolarized resting membrane potential and spontaneously fire action
potentials that may contribute to increased network excitability. In contrast to previous data depicting excitatory and proconvulsive actions of GABA in certain pediatric and adult epilepsies, GABA plays mainly an inhibitory and anticonvulsive role in
SWS pediatric cortex.
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Epilepsy in infancy is often a catastrophic, lifethreatening disorder.1,2 The pathophysiological mechanisms of epileptogenesis in the immature brain nevertheless remain poorly understood.3–5 Recently, the
depolarizing and excitatory actions of gammaaminobutyric acid (GABA) have been suggested to
contribute to the greater excitability of the immature
cortex.4,6-11 Depolarizing GABA responses have been
shown in dysplastic neurons from pediatric patients
with cortical dysplasia12 and in a population of subicular neurons in adult patients with temporal lobe epilepsy.13 These findings suggest that depolarizing GABA
is a common feature of developmental epilepsies. Here,

we tested this hypothesis in the cortex of pediatric patients with Sturge-Weber syndrome (SWS).
SWS is a rare sporadic, neurocutaneous syndrome
affecting the cephalic microvasculature. A decrease in
cerebral blood flow within the cortical areas affected by
the pial angiomatosis as well as decreased venous return, focal hypoxia, ischemia, and decreased neuronal
metabolism are considered the main pathogenetic
mechanisms of SWS.14 –17 Seizures are a common neurological symptom, most often appearing in SWS patients within the first year of life.18 –22 Surgical treatment to remove or disconnect the epileptic cortical
region is the choice for about half of SWS patients.23
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Hemispheric disconnection using hemispherotomy
techniques provides the highest success rate for seizure
treatment in patients with severe epilepsy associated
with a hemispheric SWS.24 To understand the cellular
and neuronal network mechanisms underlying epilepsy
in pediatric SWS cortex, and in particular, to test the
hypothesis that depolarizing GABA is a prominent feature of the pediatric epileptic SWS cortex, we examined cortical samples obtained during hemispherotomies from 4 SWS patients aged 6 to 14 months.
Materials and Methods
Patients
Informed consent for the use of postsurgical tissue for research purposes was obtained with a protocol approved by
the institutional review board at the Rothschild Foundation.

between 10 and 20kPa, and the duration of the puff varied
from 50 to 200 milliseconds.
Extracellular field potentials were recorded using electrodes made from 50m diameter tungsten wire. Signals
were amplified using a custom-made amplifier (bandpass
0.1Hz– 4kHz; ⫻1,000). For single action potential detection, records were filtered with a RC (single pole) high-pass
filter at ⬎200Hz. Recordings were digitized (10kHz) using a
Digidata (Axon Instruments, Union City, CA) and analyzed
with the Axon software package, Mini Analysis Program
(Synaptosoft, Decatur, GA), and Origin 5.0 (Microcal Software, Northampton, MA). Group measures are expressed as
means ⫾ standard error (SE); error bars also indicate SE.
The statistical significance of differences was assessed with
the Student t test. The level of significance was set at p ⬍
0.05.

Two-Photon Imaging
Experimental System
Neocortical slices (350 –500m) were cut using the Vibratome (VT 1000E; Leica, Nussloch, Germany). Slices were
kept in oxygenated (95% O2/5% CO2) artificial cerebrospinal fluid (ACSF) of the following composition (in mM):
NaCl 126, KCl 3.5, CaCl2 2.0, MgCl2 1.3, NaHCO3 25,
NaH2PO4 1.2, and glucose 11 (pH 7.4) at room temperature (20 –22°C) at least 1 hour before use. For recordings,
slices were placed into a conventional fully submerged chamber superfused with ACSF (30 –32°C) at a rate of 2–3ml/
min.

Electrophysiological Recordings and Data Analysis
Patch-clamp recordings from visually identified neuronal
cells were performed using Axopatch 200A, 200B (Axon Instruments, Union City, CA) and EPC-9, EPC-10 (HEKA
Elektronik, Lambrecht/Pfalz, Germany) amplifiers. Patch
electrodes were made from borosilicate glass capillaries of
1.5mm outer diameter and 0.86mm inner diameter
(GC150F-15, Clark Electromedical Instruments, Pangbourne, UK). For recordings of single GABA(A) channels,
the patch pipette solution contained (in mM): NaCl 120,
TEA-Cl 20, KCl 5, 4-aminopyridine 5, CaCl2 0.1, MgCl2
10, glucose 10, Hepes-NaOH 10 buffered to pH 7.2–7.3,
and GABA (1–5M) was added on the day of experiment
from a 1mM frozen stock solution. GABA(A) driving force
(DFGABA) values were obtained from the reversal potential of
currents through GABA(A) channels and were corrected for
⫹2.1mV.25 Membrane potential was estimated using cellattached recordings of single N-methyl-D-aspartate (NMDA)
channels as previously described.26,27 For recordings of single
NMDA channels, the pipette solution contained nominally
Mg2⫹-free ACSF with NMDA (10M) and glycine (1m).
For whole-cell recordings, the patch pipette solution contained (in mM): potassium gluconate 135, NaCl 13, MgCl2
1, CaCl2 0.1, ethylene glycol tetraacetic acid 1, HEPES 10,
pH 7.2. A picospritzer (General Valve Corporation, Fairfield,
NJ) was used to puff-apply isoguvacine (10 –100M in
ACSF) from a glass pipette at a distance of about 100M
from the soma in cell-attached recordings. The pressure was
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For calcium indicator loading, slices were incubated in a
small chamber containing 2ml of oxygenated ACSF with
25l of 1mM Fura2-AM solution (Invitrogen, Carlsbad,
CA; in 100% dimethylsulfoxide) for 25 minutes at 35°C.
Two-photon imaging was performed as described previously.28 Briefly, experiments were performed at 32°C in oxygenated ACSF using a multibeam two-photon laser scanning
system (Chameleon Ti:Sapphire laser, Coherent, Inc., Santa
Clara, CA; and TriM scanhead, LaVision BioTec, Bielefeld,
Germany) coupled to an Olympus (Center Valley, PA)
BX51W1 microscope. The excitation wavelength was
780m. Imaging was performed using a 20⫻ 0.95NA objective (XLUMPLFL, Olympus) and a charge-coupled device
camera (Imager Intense, LaVision, Goettingen, Germany)
with an acquistion rate of ⬃100ms/frame. Image processing
was performed using ImageJ 1.37 (National Institutes of
Health, Bethesda, MD) and custom software in MATLAB
(Mathworks, Natick, MA) described previously.28 Cell contours were identified using a combination of automatic and
visual detection routines. The calcium signals of each cell
were the average fluorescence intensity inside each cell soma
region of interest, measured as a function of time. Calcium
events were manually identified, with automatic detection
routines confirming events as local minima (typically ⬍⫺2
standard deviations of the derivative of the signal). Analysis
was performed with custom-made software in MATLAB
(MathWorks) written by D. Aronov (Massachusetts Institute
of Technology, Cambridge, MA).28,29 Signal-processing algorithms of MiniAnalysis software (Synaptosoft) were used to
detect the onsets and offsets (time of half-amplitude decay)
of calcium signals within the traces of individual cells. Active
cells are neurons exhibiting at least 1 calcium event within
the period of recording. Calcium changes below 5% of the
fractional change of fluorescence (DF/F) were discarded, because calibration of the imaging system showed that, on average, a single action potential will produce a fluorescence
change always above this value.28,29 Peak coactive network
activity was quantified as the maximum percentage of cells
exhibiting a calcium event at 1 time during a recording period.

Morphology
For each tissue specimen, 1 or 2 slices were fixed with paraformaldehyde (4% in phosphate-buffered saline) overnight
and then embedded in agar and sliced again using a Vibratome (Vibratome Company, St. Louis, MO) (60m) for
Nissl staining. Visualization of biocytin-injected neurons was
obtained with the avidin-biotin-peroxydase procedure (Vectastain Elite ABC; Vector Laboratories, Burlingame, CA) as
described before,25–27,30 and stained cells were reconstructed
and analyzed using Neurolucida (MicroBrightField, Colchester, VT).

Results
Clinical Profile of Study Subjects
Tissue samples were obtained from 4 SWS patients undergoing surgical hemispherotomy, that is, a complete
surgical disconnection of the affected cerebral hemisphere,24 at the Division of Pediatric Neurosurgery,
Rothschild Foundation between July 2005 and October 2007. The patient ages were 6, 9, 13, and 14
months (mean, 10.5 ⫾ 1.8 months). The main patient
characteristics are summarized in the Supplementary
Table. All 4 infants had medically refractory epilepsy,
hemiparesis or hemiplegia contralateral to the leptomeningeal angioma, associated with a developmental
delay. All patients presented with a facial angioma ipsilateral to the leptomeningeal angioma, but 2 of them
had more extensive cutaneous manifestations. Patient 2
presented hypertrophy of her right cheek and sparse
cutaneous angioma of the left hemiface; patient 4 had
bilateral facial angioma with hypertrophy of the left
cheek and sparse cutaneous angioma on both shoulders
and legs. Ocular manifestations were present in 2 infants: glaucoma (Patient 2) and megalocornea (Patient
3). Two infants (3 and 4) were treated with antiepileptic drugs before seizure onset. Patient 3 received vigabatrin from the age of 1 month until the age of 9
months, when it was stopped to avoid ocular side effects and was replaced by carbamazepine. Seizures appeared in the week following this drug transition.
Morphological Properties of Neurons in SWS Cortex
Histological analysis revealed variable alterations of
cortical layering due to neuronal degeneration and
loss. Many neurons contained perinuclear chromatin
aggregates and nuclear condensation; pyknotic neurons were also frequently observed (Supplementary
Fig 1). We also observed vessel alterations within the
gray matter consisting mainly of irregular vascular dilatations and calcifications. All these findings are in
agreement with previous descriptions of histopathological alterations of SWS cortex.31-33 Twenty-three recorded neurons were visualized with biocytin staining.
All were located in layers III to V (Supplementary Fig
2). Four cells were clearly identified as interneurons,
with a multipolar or fusiform-bipolar shape; the re-

maining were pyramidal, but only 6 of them had clear
projecting axons (i.e., those that reached the white
matter). Dendritic and axonal arbors displayed variable
degrees of complexity and length. However, most recorded neurons had small soma and dendrites that
were tiny and poorly branched, reflecting a reduced degree of maturation. The total number of dendritic segments was 19 ⫾ 5. The mean number of basal dendritic segments present was 15 ⫾ 5, a third that of
age-matched control deceased subjects with no neurological pathology (49 and 33 basal dendritic segments
in layer IIIc and layer V, respectively) and even less
than that observed in the 1-week-old newborn (20 and
31 segments in layer III and layer V, respectively).34
Thus, neuronal maturation in SWS cortex is considerably impaired. Interestingly, cone-like growths were
observed at the tip of some dendrites or axons in 3
SWS pyramidal neurons (Supplementary Fig 1F), suggesting that SWS neurons remain immature or undergo dynamic plasticity. In addition, a biocytin-filled
structure resembling microglia was observed attached
to 2 neurons from Patient 2, where it was attached to
secondary or terminal dendrites (Supplementary Fig
1D, E). Microglia fused to apical dendrites have been
observed in the cortex of virally infected rats,35 where
it was proposed that this type of fusion plays a role in
phagocytic and immune responses to brain injury. This
type of fusion would also allow the filling of satellite
microglia by neuronal biocytin.
Resting Membrane Potential and Spontaneous Firing
We estimated the value of the membrane potential
from cell-attached recordings of NMDA channels. The
rationale of this approach is based on the fact that currents through NMDA channels reverse near 0mV,36
and therefore in cell-attached recordings, NMDA currents should reverse their polarity at a pipette holding
potential (Vp) equal to the resting membrane potential
(Em). Previous studies in neonatal rodents have shown
that this noninvasive technique provides more reliable
estimation of Em than conventional whole-cell or perforated patch recordings, which are associated with an
artifactual leak conductance that causes neuronal depolarization, which is particularly strong in small neurons.25–27,30 Figure 1A shows examples of currents
through NMDA channels recorded in the cell-attached
configuration from a pyramidal cell at different values
of Vp. Current-voltage relationships of currents
through NMDA channels revealed a mean conductance of 60 ⫾ 3pS (mean ⫾ SE; n ⫽ 20 cells), comparable to values obtained from rodent neocortex30 and
granular cells from the adult human dentate of temporal lobe epilepsy (TLE) patients.37 As estimated from
the reversal of currents through NMDA channels, Em
values were highly variable, ranging from ⫺43mV to
⫺86mV, with a mean value of Em ⫺65 ⫾ 3mV
Tyzio et al: GABA Inhibition in Sturge-Weber Syndrome
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(n⫽20; Fig 1B, C). These values are approximately 10
to 15mV more depolarized than those of young rodent
neocortical neurons using a similar approach,30 and
than Em values obtained in adult human neocortex
from TLE patients with intracellular recordings
(⫺79mV).38 Many neurons in SWS cortex spontaneously fired action potentials, and the rate of spontaneous activity positively correlated with Em (R ⫽ 0.85;
n ⫽ 11 cells of 20; Fig 1D, E). However, 2 neurons
with a strongly depolarized Em of near ⫺40mV did not
fire action potentials. Subsequent whole-cell recordings
showed that these cells were in a state of constant de-

Fig 1. Membrane potential and spontaneous firing of SturgeWeber syndrome (SWS) cortical neurons. (A) Cell-attached
recordings of single N-methyl-D-aspartate (NMDA) channels
from a pyramidal cell at various pipette potentials (VP). Note
that upward openings in cell-attached mode correspond to inward currents. (B) Corresponding current-voltage relationship
of the currents through NMDA channels recorded in cellattached mode. Note that currents through NMDA channels
reverse at VP ⫽ ⫺82mV; assuming that NMDA receptor–
mediated currents reverse at a membrane potential of 0mV,
resting membrane potential (Em) of this cell is ⫺82mV. (C)
Histogram plot of Em values obtained in 20 cells in SWS
cortex using cell-attached recordings of NMDA channels. (D)
Examples of cell-attached recordings of NMDA channels and
action potentials from 3 neurons (VP ⫽ 0mV). Em values
that were deduced from the reversal potential of currents
through NMDA channels are shown on the left. (E) Dependence of the action potential firing rate on Em. Note that the
frequency of spontaneous firing positively correlates with Em
except for 2 strongly depolarized cells (marked by arrows) that
were in a state of depolarization block.
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polarization block (data not shown). Therefore, SWS
neurons have a more depolarized Em that will tend to
augment excitability.
Effects of GABA
To characterize DFGABA, we used cell-attached recordings of single GABA channels from the cell bodies of
SWS neurons. This noninvasive recording technique
has substantial advantages over other electrophysiological approaches to measure DFGABA, because it affects
neither EGABA nor Em,39,40 nor is it compromised by
space-clamp problems. Typical records of currents
through GABA channels at different Vp are shown in
Figure 2A. Currents through GABA(A) channels displayed slight outward rectification, and the currentvoltage relationships were best fit with an exponential
function. The tangent to the I-V curve at the reversal
potential gave an estimate of the conductance of
15.1 ⫾ 1.5pS (n ⫽ 15; Fig 2B).
In cell-attached recordings, the driving force acting
on ions through GABA(A) channels is ⫺DFGABA ⫺
Vp. Therefore, DFGABA equals ⫺Vp at the reversal potential of the currents through GABA(A) channels. As
inferred from the I-V curves, DFGABA varied within the
range ⫹16 to ⫺6mV, with an average value of
⫹3.1 ⫾ 1.6mV (n ⫽ 15; Fig 2C). These DFGABA values are close to those obtained in adult rodent neocortex and hippocampus, but are more negative than the
values obtained in the neonatal rodents using cellattached GABA(A) channel recordings25,30,40 and
gramicidin perforated patch recordings.41– 43 To estimate EGABA we also measured Em, using consequent
cell-attached recordings of single NMDA channels
from the same neurons (n ⫽ 10). Knowing DFGABA
and Em, we further calculated EGABA (EGABA ⫽ DFGABA
⫹ Em). We found that EGABA varies in the range between ⫺80 to ⫺39mV (mean, ⫺64 ⫾ 4mV; n ⫽ 10;
Fig 2D). This is close to the average values of EGABA
obtained in the adult human neocortex of TLE patients with intracellular recordings, which are ⫺68mV,
for synaptic GABA(A) mediated responses and
⫺69mV for responses evoked by the GABA(A) agonist.38,44,45 Interestingly, there was a strong correlation
between EGABA and Em; more depolarized neurons had
more positive values of EGABA (Fig 2E). These results
differ from those observed in neurons from adult TLE
subiculum, where despite the large variations in EGABA
and Em, no correlation between these 2 parameters was
observed.46 To determine whether GABA exerts excitatory or inhibitory action on SWS cortical neurons,
we also studied the effect of GABA(A) receptor activation on the frequency of action potentials in SWS neurons in cell-attached recordings. Using this technique,
it has been previously shown that activation of
GABA(A) receptors triggers action potentials in neonatal rodent cortical neurons, but inhibits neuronal firing

brief pressure ejection. Isoguvacine failed to evoke action potentials in the silent neurons (those that did not
fire spontaneous action potentials), and consistently inhibited neuronal firing in spontaneously active cells
(n ⫽ 18; Fig 2F). To further assess the role of GABA
signaling in slices obtained from SWS cortex, we used
multibeam biphoton calcium imaging of cells loaded
with the calcium indicator Fura2-AM. Many neurons
displayed spontaneous calcium transients (Fig 2G) that
have previously been shown to result from action potentials.28,29 Bath application of isoguvacine (10M
for 1 minute) fully abolished these spontaneous calcium transients (control: 0.22 ⫾ 0.06 second ⫺ 1
[n ⫽ 5 cells]); isoguvacine: 0s⫺1 [n ⫽ 5 cells]; wash:
0.18 ⫾ 0.1s⫺1 [n ⫽ 4 cells]) confirming that GABA
has an inhibitory action on neurons in SWS epileptic
cortex.

Fig 2. Gamma-aminobutyric acid (GABA) signaling in SturgeWeber syndrome (SWS) cortical neurons. (A) Cell-attached recordings of single GABA(A) channels from a pyramidal cell at
various pipette potentials (VP). Note that both the currents and
the VP values are inverted. (B) Corresponding current-voltage
relationship of the currents through GABA(A) channels recorded
in cell-attached mode. Note that currents through GABA channels reverse at VP ⫽ ⫹9mV, corresponding to the driving force
acting on ions passing through GABA(A) channels (DFGABA).
(C) Histogram plot of DFGABA values obtained in 15 cells in
SWS cortex using cell-attached recordings of GABA(A) channels.
(D) Summary plot of DFGABA and resting membrane potential
(Em) values obtained from cell-attached recordings of single
GABA(A) and NMDA channels from each individual neuron,
respectively. Resulting EGABA was calculated as EGABA ⫽
DFGABA ⫹ Em. Upward and downward triangles indicate
depolarizing and hyperpolarizing GABA responses, respectively.
(E) Dependence of EGABA on Em. Each point corresponds to an
individual cell. Note that EGABA strongly correlates with Em.
(F) The effect of a brief puff of the GABA(A) agonist isoguvacine on neuronal firing of a cell recorded in cell-attached
mode. Note that isoguvacine transiently inhibits neuronal activity. Whole-cell response to the same puff of isoguvacine is shown
below. (G) Biphoton imaging of intracellular calcium transients
in spontaneously active SWS neuron. Note that activation of
GABA(A) receptors with isoguvacine reversibly inhibits recurrent
calcium transients.

in adolescent and adult cortex.8,26,40,42,47 To activate
GABA(A) receptors, the selective GABA(A) receptor
agonist isoguvacine (100M) was locally applied by

Epileptic Activity
Despite severe clinical and electroencephalographic epileptic manifestations, only 4 slices from2 patients displayed synchronized epileptiform activity. This activity
consisted of intermittent single or multiple population
spikes associated with the bursts of multiple-unit activity (Fig 3A, B). Epileptiform events were typically observed in relatively small regions that did not exceed a
few hundred microns in diameter. In these small, spontaneously epileptic zones, epileptiform events occurred
simultaneously among multiple extracellular field potential recordings and were associated with large summated synaptic currents in concomitant whole-cell recordings. A large GABA-mediated component of the
epileptic events was evident in whole-cell recordings
with low-chloride–containing pipette solution at depolarized potentials (Fig 3C, D). Thus, spontaneous network activity recorded in SWS cortex had many features in common with the activity observed in adult
epileptic neocortex and hippocampus.13,46,48 –52 Biphoton calcium imaging was also used to determine neuronal activity and network dynamics in SWS epileptic
cortical slices. Fluorescence changes in the cell body of
each imaged cell were analyzed in movies of spontaneous activity (field size: 430 ⫻ 380m2; 73 cells) to
mark the onset and offset of individual calcium transients (Fig 4B). Calcium transients from all cells were
then combined into raster plots showing the activity of
each cell as a function of time (Fig 4C, D). Out of 73
imaged cells, we found 25 that were active, most
of which exhibited multiple peaks of coactivity (Fig
4C, D) revealing a strongly coordinated network
activity. This synchronous activity was driven by glutamatergic connections, as it was abolished by bath
application of aminohydroxy methylisoxazole propionic acid and NMDA receptor antagonists (10M
2,3-dihydro-6-nitro-7-sulfamoyl-benz quinoxaline and
40M D-aminophosphonovalerate) in nearly all (96%)

Tyzio et al: GABA Inhibition in Sturge-Weber Syndrome

213

in the slices from TLE patients.46 However, in SWS
cortex bumetanide (10M) did not exert prominent
effects on epileptiform activity (Fig 5D). Taken to-

Fig 3. Spontaneous epileptiform activity in Sturge-Weber syndrome (SWS) cortical slices. (A) Field potential recordings
from an SWS cortical slice (bandpass 1–5,000Hz). (B) Examples of spontaneous epileptiform population bursts from the
trace shown on panel (A) on an expanded time scale. Note
the variability of the epileptiform events, often associated with
the population spikes and multiple unit activity. (C) Concomitant field potential and whole-cell recordings at 0mV holding
potential with low-chloride–containing pipette solution so that
the GABAergic currents are upwardly directed. (D) Two population bursts associated with large summated GABAergic synaptic currents are shown on an expanded time scale.

of imaged cells (Fig 4D). This further confirms that
epileptiform activities in SWS cortex are driven by glutamatergic synapses, in keeping with electrophysiological data (Fig 4A) and previous findings in adult epileptic cortex (except that the activity in SWS cortex is
more sensitive to NMDA receptor blockade50) and
subiculum.13
We additionally addressed the role of GABA in the
control of network activity in SWS cortex. It has previously been shown that blockade of GABA(A) receptors suppresses spontaneous recurrent network bursts
observed in adult epileptic cortex50 –52 and in subiculum.13 However, in SWS cortex, the GABA(A) receptor antagonist bicuculline (10M) strongly increased
the amplitude of spontaneous epileptiform events (Fig
5A). In contrast, application of the GABA(A) agonist
isoguvacine (50M) and of the positive GABA(A) allosteric modulator diazepam (10M) suppressed epileptiform events (Fig 5B, C). We also tested the effect
of bumetanide, a selective NKCC1 antagonist, which
negatively shifts EGABA40,46,53,54 and exerts anticonvulsive effects in several animal epilepsy models9,55,56 and
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Fig 4. Spontaneous epileptiform activity in Sturge-Weber syndrome (SWS) cortex is suppressed by glutamate receptor antagonists. (A) Field potential recordings of spontaneous epileptiform
activity in an SWS cortical slice. Application of N-methyl-Daspartate receptor antagonist D-aminophosphonovalerate (APV)
completely suppressed the recurrent population bursts in a reversible manner. Below are shown examples of recordings on an
expanded time scale. (B) A biphoton calcium fluorescence image
of an SWS epileptic cortical slice (top). Detected contours of
imaged cells (bottom); open contours indicate silent cells and
black-filled contours indicate cells producing calcium transients.
(C) Representative calcium transients recorded in 3 different
cells (indicated by arrows in B). (D) Raster plots (top) of cell
activity from the movie illustrated in (B); each row represents a
single cell and each horizontal line the duration of detected calcium transients in the artificial cerebrospinal fluid (ACSF) condition (left) and in the presence of glutamatergic antagonists
(10m 2,3-dihydro-6-nitro-7-sulfamoyl-benz quinoxaline
[NBQX] and 40m APV, right). Histograms (bottom) showing the percentage of imaged cells that are detected as being
active during the time of recording in the ACSF condition (left)
and in the presence of glutamate receptor antagonists (10m
NBQX and 40m D-APV, right). Time resolution: 100ms/
frame.

gether, these results suggest that GABA plays an inhibitory role in SWS epileptic pediatric cortex, in agreement with the inhibitory effects of GABA we found at
the cellular level.
Discussion
The principal findings of the present study are as follows: 1) SWS pediatric epileptic cortex is characterized
by neuronal degeneration and delayed maturation, as
reflected by the relatively modest dendritic and axonal
branching of cortical neurons and the presence of

Fig 5. Inhibitory role of gamma-aminobutyric acid (GABA)
in Sturge-Weber syndrome (SWS) pediatric cortex. Field potential recordings from SWS cortical slices display spontaneous
epileptiform recurrent bursts of activity. (A) Blockade of
GABA(A) receptors with bicuculline strongly enhances the amplitude of the epileptiform events. (B) The positive allosteric
GABA(A) modulator diazepam completely suppresses the epileptiform activity; in the presence of diazepam, only nonorganized multiple unit activity remains. (C) The GABA(A) agonist isoguvacine also completely suppresses population bursts.
(D) Blockade of NKCC1 with bumetanide does not significantly affect the spontaneous epileptiform activity.

growth cones; 2) a significant number of SWS cortical
neurons are depolarized and display spontaneous activity proportional to neuronal depolarization; and 3)
GABA exerts inhibitory shunting action on SWS neurons and plays an anticonvulsive role in SWS cortex.
Our finding of morphological signs of neuronal
damage in SWS cortex is in agreement with the pathophysiological theory of reduced blood supply to the
cortex in SWS due to an abnormal venous dilation that
causes ischemic damage. Indeed, several morphological
abnormalities observed in SWS neurons are characteristic of postischemic damage, mainly the presence of
clear neuronal depletions that alter the normal cortical
layering. That a significant number of cells are depolarized in SWS cortex is also more consistent with ischemic damage to the cortex than damage resulting from
the epileptogenic process. Indeed, studies in human epileptic cortex have not revealed major abnormalities in
resting membrane potential or electrogenesis57 (although increased cellular excitability has been reported
in pilocarpine and kainate models of epilepsy58 – 61; but
reductions of pyramidal cell burst firing have also been
noted62). Studies in postischemic rat cortex have, however, revealed depolarized values of Em. For instance, in
control and postischemic neocortical neurons values of
Em were ⫺84mV and ⫺78 mV, respectively.63 Similar
depolarized values of Em have been also observed in
CA3 pyramidal cells in the postischemic hippocampus
(⫺72mV and ⫺67mV in the control and postischemic
hippocampus, respectively).64 It has been suggested
that a depolarized Em contributes to enhanced excitability of postichemic cortex,63,64 and this may also apply to SWS cortex. The mechanisms underlying neuronal depolarization are at present unknown. Although
in situ this could reflect a diminished activity of
energy-dependent mechanisms that maintain ionic gradients (including Na,K-ATPase) as a result of the compromised metabolic supply, our findings of depolarized
Em in conditions of normal oxygen and glucose supply
in vitro support permanent, metabolic-supply–independent mechanisms. The mechanism causing a depolarized Em in SWS cortex may involve alterations in the
expression or function of many membrane proteins, including the HCN-channels,61,65 A-type K⫹ channels,60
and the Na,K-ATPase.66 Increased neuronal firing of
neurons in SWS cortex, in proportion to the level of
neuronal depolarization, should clearly contribute to
increased excitability in the SWS cortex.
The central hypothesis tested in the present work
was that depolarizing GABA is prevalent in SWS pediatric neocortex. Noninvasive measurements of DFGABA,
Em, and EGABA using cell-attached recordings revealed
that EGABA is close to Em, and thus activation of
GABA(A) receptors produces an isoelectric response,
increasing membrane conductance without causing a
significant change in membrane potential. Therefore,
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GABA essentially inhibits SWS neurons via a shunting
mechanism. In keeping with these observations, we
found that activation of GABA(A) receptors inhibits
neuronal firing and suppresses recurrent calcium transients in biphoton imaging experiments. The mechanism of this inhibition likely involves shunting of ongoing excitatory synaptic inputs and voltage-gated
conductances involved in the generation of membrane
potential oscillations that drive spontaneous firing. The
results of our pharmacological analysis are also consistent with inhibitory and anticonvulsive roles for GABA
at the network level. Indeed, blockade of GABA(A) receptors with bicuculline aggravated epileptiform discharges, whereas activation of GABA(A) receptors with
isoguvacine and potentiation of endogenous GABA signaling with diazepam suppressed network activity. Bumetanide, whose antiepileptic action in certain developmental models has been linked to suppression of
depolarizing GABA responses,9,55,56 had no prominent
effects on epileptiform activity in SWS cortex. Together, these results suggest that GABA exerts an inhibitory action, via a shunting mechanism, at both the
cellular and network levels in pediatric SWS cortex.
These results are interesting for 2 reasons. First, they
indicate that the developmental switch in the action of
GABA from excitatory to inhibitory occurs in human
cortex before the time window of the present study
(6 –14 months). Second, it appears that the excitatory
GABA phenotype observed as a part of some epileptogenic processes11–13,46,67,68 is disease-model–specific,
and is not present in the case of SWS. Clearly, further
studies in younger patients and other epileptic diseases
are required to determine when the developmental
excitatory-to-inhibitory switch occurs in humans, and
to determine the diseases associated with depolarizing
GABA. Although we have not observed excitatory
GABA responses in SWS neurons, EGABA attained
strongly depolarized absolute values in certain cells in
an Em-dependent manner, suggesting that cells with
depolarized Em have elevated intracellular chloride concentration. In keeping with this observation, using a
clomeleon chloride sensor, elevated intracellular chloride has been reported following experimental ischemia
in the cortical neurons.69 A similar depolarizing shift of
Em and EGABA without alteration in DFGABA has also
been recently observed in CA1 pyramidal cells of
kainate-treated mice.70 The similarity between Em and
EGABA indicates that EGABA is set at passive chloride
equilibrium and that chloride transporters in SWS
neurons are barely efficient. This is consistent with a
downregulation of chloride cotransporters (notably
KCC2) in TLE neurons.9,55,56
In the present study, we have shown that neocortical
neurons in SWS cortex display a number of aberrant
features that may result from chronic hypoxic/ischemic
injury. These include depolarized membrane potentials
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along with increased spontaneous firing, which may
contribute to increased excitability of SWS cortex. We
have in addition provided evidence that GABA is inhibitory in the pediatric SWS cortex.
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