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Extracellular glutamate and GABA transients 
at the transition from interictal spiking to 
seizures
Yoshiteru Shimoda,1,† Marco Leite,1 Robert T. Graham,1 Jonathan S. Marvin,2

Jeremy Hasseman,2 Ilya Kolb,2 Loren L. Looger,2,‡ Vincent Magloire1,§  

and Dimitri M. Kullmann1,§

§These authors contributed equally to this work.

Focal epilepsy is associated with intermittent brief population discharges (interictal spikes), which resemble sentinel 
spikes that often occur at the onset of seizures. Why interictal spikes self-terminate whilst seizures persist and 
propagate is incompletely understood. We used fluorescent glutamate and GABA sensors in an awake rodent model 
of neocortical seizures to resolve the spatiotemporal evolution of both neurotransmitters in the extracellular space. 
Interictal spikes were accompanied by brief glutamate transients which were maximal at the initiation site and rap-
idly propagated centrifugally. GABA transients lasted longer than glutamate transients and were maximal ∼1.5 mm 
from the focus where they propagated centripetally. Prior to seizure initiation GABA transients were attenuated, 
whilst glutamate transients increased, consistent with a progressive failure of local inhibitory restraint. As seizures 
increased in frequency, there was a gradual increase in the spatial extent of spike-associated glutamate transients 
associated with interictal spikes. Neurotransmitter imaging thus reveals a progressive collapse of an annulus of 
feed-forward GABA release, allowing seizures to escape from local inhibitory restraint.
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Introduction
Epilepsy is characterized by a propensity for seizures, which typic-
ally occur only intermittently but can have devastating conse-
quences for the patient if they cannot be suppressed by 
pharmacological or surgical intervention. Many types of seizures 
are recognized, with various clinical manifestations, EEG correlates 
and aetiologies. Nevertheless, a very common pattern is for sei-
zures to arise from a specific cortical region, and to spread to in-
volve local networks or to generalize to both hemispheres. Such 
focal or partial-onset epilepsy is very often accompanied by interic-
tal discharges (IIDs), which can be used clinically to help localize 
the seizure onset zone.1 IIDs (also known as interictal spikes, IIS) 
are electrographically similar to large-amplitude discharges that 
often occur at the start of a seizure (so-called sentinel spikes2). 
The mechanisms underlying IIS generation and propagation are in-
completely understood, as are the reasons why spikes can some-
times proceed to seizures. IIS are dominated by GABAergic 
signalling, consistent with powerful feed-forward inhibition con-
fining the spatial and temporal extent of hypersynchronous firing 
of principal neurons.3-6 Collapse of this inhibitory restraint pro-
vides a parsimonious explanation why seizures occur intermittent-
ly. This principle is supported by in vitro models, as well as in vivo 
electrical recordings in both experimental models and patients 
with refractory epilepsy.5-10 It is also consistent with the spatio-
temporal evolution of neuronal activity measured using fluores-
cent calcium indicators in awake head-fixed rodents, where IIS 
and seizures are initially indistinguishable.11

How feed-forward inhibition collapses remains unclear. Several 
possible mechanisms have been proposed. These include chloride 
accumulation in principal neurons upon intense activation of 
GABAA receptors, which could in turn attenuate the inhibitory ef-
fect of these receptors and even give rise to GABA-mediated de-
polarization,12,13 facilitating the recruitment of principal neurons. 
Chloride build-up could also lead to extracellular potassium accu-
mulation through activation of the Cl−/K+ symporter KCC2.14-16

Alternatively, collapse of an inhibitory restraint could occur as a re-
sult of a failure of GABA release, for instance because of vesicle de-
pletion, presynaptic inhibition of GABAergic terminals,17,18 or 
because intense depolarization of interneurons prevents them 
from firing (depolarization block).19,20 Evidence has been put forward 
in support of all of the above hypotheses, and they are not mutually 
exclusive, especially when the diversity of interneurons is taken into 
account.21 However, much of the available evidence comes from 
highly reduced preparations of debatable relevance to seizure me-
chanisms in vivo. Furthermore, experimental manipulations that 
interfere with different aspects of inhibitory signalling to investigate 
how inhibition collapses are themselves pro-epileptic.

Imaging epileptiform activity in awake head-fixed animals of-
fers several advantages, including preservation of an intact circuit-
ry and neurochemical milieu, and the ability to monitor activity at a 
scale allowing the early transition of local IIS to propagating sei-
zures to be detected. Hitherto, imaging of seizures in vivo has main-
ly relied on calcium-sensitive fluorescent reporters of neuronal 
activity,11,22-24 which are sensitive but have not been exploited ex-
tensively in the context of seizure activity to distinguish between 
principal neurons and interneuron subtypes. Here we take an alter-
native approach to monitoring the transition from interictal to seiz-
ure activity, by imaging extracellular glutamate and GABA 
transients in the vicinity of a focus elicited by intracortical chemo-
convulsant injection.25 Indeed, this approach has the potential to 
uncover aspects of the initiation and propagation of seizures that 

cannot be detected electrographically. We show striking differ-
ences in the spatiotemporal evolution of the two neurotransmit-
ters, and provide evidence that seizures are heralded by a shift in 
the relative balance of glutamate and GABA transients. The data ar-
gue that the collapse of inhibitory restraint is at least partly due to a 
failure of GABA release.

Materials and methods
Animals

All experimental procedures on animals were conducted according 
to the UK Animals Scientific Procedures Act (1986). Experiments 
were performed at University College London, under personal and 
project licenses released by the Home Office following appropriate 
ethics review. CaMKII-Cre [B6.Cg-Tg(CaMK2a-Cre)T29-1Stl/J, Stock 
no. 005359, Jackson Laboratory] or wild-type C57BL/6 (Harlan) 
mice were used, with fluorescent reporters expressed using 
adeno-associated viral (AAV) vectors carrying either intensity- 
based glutamate or GABA sensing fluorescence reporter (iGluSnFR 
or iGABASnFR) constructs. Animals were housed on a 12 h/12 h 
dark/light cycle, and food and water were given ad libitum.

Surgery and viral injection

Animals of both sexes (postnatal Day 30–50) were deeply anaesthe-
tized in an induction chamber with 4–5% isoflurane. They were 
then transferred into a stereotaxic frame (David Kopf Instruments 
Ltd.) and maintained under anaesthesia with 1.5–2.5% isoflurane. 
Buprenorphine (0.02 mg/kg) and Metacam® (0.1 mg/kg) were in-
jected subcutaneously before starting any surgery, and dexametha-
sone (2 mg/kg) was administered by intramuscular injection before 
performing the craniotomy. To image iGABASnFR or iGluSnFR, an-
imals were subjected to two procedures.

First, mice were injected in layer 5 of the visual cortex using a 
microinjection pump (WPI Ltd.), 5 µl Hamilton syringe (Esslab 
Ltd.) and a 33 gauge needle (Esslab Ltd.) (injection volume per site: 
350 nl, rate: 100 nl/min). The following viral vectors and titres 
were used (unless otherwise indicated, they were made at Janelia 
Farm): AAV2/5.hSyn.Flex.iGluSnFR.WPRE.SV40 (2.5 × 1013 genome 
copies (GC)/ml, Penn Vector Core); AAV2/1.hSyn.Flex.iGABASnFR. 
F102G.mRuby3 (1.0 × 1013 GC/ml); AAV2/1.hSyn.Flex.iGABASnFR. 
F102G (titre: 1.0 × 1013 GC/ml); AAV2/5.hSyn.iGABASnFR2 (Kolb 
et al.26) (1.3 × 1013 GC/ml); or the GABA-insensitive variant 
iGABASnFR N206A.F145W.R205A (1.0 × 1013 GC/ml). For simultan-
eous imaging of glutamate and GABA transients, we used a 1 : 1 mix-
ture of AAV2/1.hSyn-SF-Venus-iGluSnFR.A184V (9.5 × 1012 GC/ml) 
and AAV2/1.hSyn.Flex.iGABASnFR.F102G.mRuby3 (1.0 × 1013 GC/ml). 
After 10 min, the needle was retracted slowly to the surface, and 
the animal was sutured and given 0.5 ml sterile saline subcutaneous-
ly. Mice were checked daily for several days post-surgery.

Three to four weeks post-injection, animals were chronically 
implanted with a head-post (Model 5, Neurotar Ltd.), and a cranial 
window of 2 mm was performed using a punch hole (Kain 
Medical) in the vicinity of the viral injection site. The craniotomy 
was then covered with a coverslip (3 mm), which was glued in place. 
Posterior to the cranial window, a small burr hole was drilled for sub-
sequent injection of chemoconvulsant drugs, and a stainless-steel 
wire (0.075 mm, Advent Ltd.) was implanted at the cortical surface 
nearby to record the electrocorticogram (EcoG). A reference electrode 
was implanted in the contralateral frontal lobe. The head-post, elec-
trodes and connectors were secured by opaque dental cement 
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(Super-Bond, Sun Medical), and silicone elastomer sealant 
(Kwik-Cast, World Precision Instruments) was used to cover and 
seal the entire chamber area in order to protect the imaging window 
and site of injection. Animals were then allowed to recover before 
habituation in the head-fixed system (Neurotar Ltd.).

Simultaneous imaging and ECoG recordings

Imaging data were acquired on an FV1200MPE multi-photon 
laser scanning microscope with a 25× immersion objective 
(XLPLN25XWMP2, Olympus) and adapted to allow a head-fixed sys-
tem (Neurotar Ltd.). iGABASnFR and iGluSnFR were excited at 
920 nm with a Ti-sapphire Chameleon Ultra pulsed laser 
(Coherent), and emission fluorescence was collected via three 
photomultipliers (PMTs) and filters (PMT 1: 450–500 nm; PMT 2: 
515–560 nm; PMT 3: 590–650 nm). iGluSnFR and iGABASnFR im-
aging was performed by using a spiral line scan at 40–60 Hz at 
320 × 320 pixels (512 × 512 μm) resolution and laser power was 
kept constant within each experiment. Each imaging acquisition 
lasted ∼20 s during the initial phase and was increased to ∼40 s 
after detection of the first seizure. Three overlapping imaging loci 
between 1 and 2 mm from the injection site, covering approxima-
tively 1 mm in the antero-posterior axis, were selected before start-
ing each recording. The centre points of each imaging locus, and 
distances from the chemoconvulsant injection site, were recorded 
from the x,y coordinates given by a motorized platform (Scientifica) 
holding the head clamp (Neurotar Ltd.). Different areas were re-
peatedly imaged in a pseudorandom order (Supplementary Fig. 1).

The ECoG signal was acquired during the entire experiment via 
a MultiClamp 700B amplifier (Molecular Devices) and time-stamped 
with the imaging data by continuously recording the TTL output 
signal from the scanning-head. ECoG data were bandpass-filtered 
from 0.1 to 300 Hz, digitized at 1 kHz and recorded using WinEDR 
open-source software (Strathclyde University, UK).

Acute experiment protocol

After 3 or 4 days of habituation to the head-restraint system, ani-
mals were lightly anaesthetized (1.5% isoflurane) and placed in a 
stereotaxic frame (Kopf Instruments) for the chemoconvulsant 
injection. After removing the silicone membrane covering the 
chamber and inspection of the craniotomy, a Hamilton syringe 
needle (33 gauge) was inserted into the brain via the injection site 
hole to a depth of 500–600 µm below the pia (corresponding to 
layer 5). Either picrotoxin (PTX, 10 mM, 50–100 nl) or pilocarpine 
(Pilo, 3.5 M, 150–300 nl) diluted in sterile saline was injected at 
100 nl/min, and the needle was removed ∼100 s later. The animal 
was then transferred to the imaging set-up to start the recording 
session. During the session, animals were checked intermittently 
for signs of distress and given water via a 0.5 ml syringe. 
Typically, a recording session lasted up to 30–40 min following 
the chemoconvulsant injection. If the animal was still seizing at 
the end of the session, it was given diazepam (10 mg/kg) before re-
turning it to its home cage. All animals were monitored for several 
hours after each imaging session. Most data were acquired during a 
single imaging session. However, in animals where the chemocon-
vulsants failed to induce seizures, a second session was performed 
a few days later.

Image analysis

Imaging data were initially screened using ImageJ software, and the 
fluorescence time courses from each pixel extracted for further 

analysis in MATLAB (The MathWorks Inc.). All analyses were per-
formed using custom-code MATLAB or Python scripts. Briefly, the 
average fluorescence signal from each scan line was aligned to 
the ECoG traces by using the recorded transistor-to-transistor logic 
(TTL) output pulse from the scanning system, and each fluores-
cence point was placed at the centre of the TTL pulse in the electro-
physiological recordings. For each trace, dF/F was calculated by 
taking the baseline F as the median fluorescence during the entire 
imaging acquisition (either 20 s or 40 s, see earlier).

Average fluorescence signals were aligned to the onset of IIS or 
sentinel spikes (for seizures) as determined from the electrophysio-
logical trace. To estimate the decay time constant of the iGABASnFR 
and iGluSnFR signals during IIS, a monoexponential curve was fit-
ted from the peak to 1 s after the peak. Measurement of the area un-
der the curve (AUC) of the iGABASnFR signal associated with IIS or 
sentinel spikes was restricted to the first 300 ms to avoid later de-
flections of the ECoG. In this case, all fluorescent transients were 
collected ∼1.5–2.5 mm from the focus.

To unmix the fluorescence signals arising from simultaneous 
imaging of iGABASnFR and iGluSnFR signals, we first established, 
in separate experiments, the fluorescence profile of each probe 
alone collected via the three PMTs (Supplementary Fig. 2). This al-
lowed us to determine the proportion of fluorescence signal (bleed-
through coefficients A and B) detected by each PMT during IIS for 
iGABASnFR and a Venus (yellow) version of iGluSnFR with our filter 
sets. We found that the relative Venus-iGluSnFR signals acquired 
via PMT 1, 2 and 3 were ∼0:1:0.25, and the relative iGABASnFR sig-
nals were ∼1:1:0. We then used these profiles to estimate the contri-
bution of both probes expressed simultaneously, and noise, to the 
fluorescence signals collected via each PMT as follows:

FPMT1 = (FiGABASnFR + noise) (1) 

FPMT2 = (FVenus−iGluSnFR + FiGABASnFR + noise) (2) 

FPMT3 = (0.25 ∗ FVenus−iGluSnFR + noise) (3) 

From these formulae, we then separated the Venus-iGluSnFR signal 
from the iGABASnFR fluorescence signal as follows:

FVenus−iGluSnFR = (FPMT2 − FPMT1) (4) 

FiGABASnFR = (A ∗ (FPMT1) + (FPMT2)/B − FPMT3), (5) 

where A = 0.736 and B = 3.8.
To determine the direction of propagation and velocity of fluor-

escence signals, we first realigned the fluorescence time course for 
each pixel to compensate for the inter-pixel interval (10 µs). We 
then estimated the time at which regions opposite one another in 
the imaged area (equidistant from its centre, ∼1.5 mm from the 
focus) reached 50% of maximal fluorescence intensity during 
each interictal spiking (T50). A vector in the x-y plane passing 
through the opposite regions was rotated through 360°, and the 
vector angle that yielded the steepest correlation between T50 and 
the distance along the vector defined the direction of propagation 
of the neurotransmitter wave (Supplementary Fig. 3). This proced-
ure also allowed us to estimate the speed of propagation of the in-
terictal fluorescence transients.

Computational model

The neural field model used here was adapted from Liou et al.27

A patch of tissue was modelled with an excitatory and an inhibitory 
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population at every point in space. The dynamics of the average 
membrane voltage, V, of each population is dictated by:

∂V(x, y, t) =
1
C



k

(gk(x, y, t) + Uk(x, y))(Ek − V(x, y, t))∂t (6) 

where C, is the average cell capacitance and gk and Ek are, respect-
ively, the conductance and reversal potential of the channel family 
k. Uk is an exogenous input to the channel family k. There is a time 
independent leak conductance and two time-dependent conduc-
tances: glutamatergic and GABAergic. The dynamics of the latter 
two conductances are dictated by:

∂gk(x, y, t) =
1
tk



Kk(x′, y′)Sk(x − x′, y − y′)dx′dy′ − gk(x, y, t)∂t (7) 

where Kk is the connectivity kernel to the target population from 
the glutamatergic or GABAergic populations, whose firing rates 
are represented by Sk. The firing rates of each population are com-
puted via an instantaneous sigmoid function applied to their aver-
age membrane voltage:

S(x, y, t) =
1

1 + e−V(x,y,t)−Vt
s

(8) 

where Vt represents the firing threshold voltage for the given popu-
lation, and σ is usually interpreted as the dispersion of membrane 
voltages across the population. In this work, the modelling of the 
inhibitory population fatigue mechanism diverged from Liou 
et al.27 and used a simplified adaptation of the firing threshold Vt 

according to a first order relaxation mechanism, following the 
equation:

Vt = (1 − f (x, y, t))Vt0 + f (x, y, t)Vtf 

∂f (x, y, t) =
1 − f (x, y, t)

rf
S(x, y, t) −

f (x, y, t)
tr

∂t (9) 

where f is the proportion of fatigued neurons, Vt0 is the normal fir-
ing threshold of the population and Vtf is the firing threshold the 
population approaches when all neurons are fatigued. The param-
eter rf is the inverse ratio of neurons that become fatigued when fir-
ing, and τr is their recovery time constant.

The parameters for each of the populations are given in 
Supplementary Table 1.

The Python code for the simulations is available at https:// 
github.com/KullmannLab/Shimoda2023.

Chemicals

PTX and pilocarpine hydrochloride were purchased from Tocris 
(CAS number: 124-87-8) and Sigma-Aldrich (CAS number: 
54-71-7), respectively, and diluted on the day of the experiment in 
sterile saline.

Statistics

All statistical analyses were performed either using OriginPro soft-
ware or in MATLAB. Deviation from normality was tested for each 
data set and parametric or non-parametric tests were used appro-
priately. Paired and unpaired t-tests were always two-tailed. To es-
timate the direction of propagation of the iGABASnFR and iGluSnFR 
signals, angles were averaged for each animal and compared using 

a Parametric Watson–Williams multi-sample test. The n-values 
used in statistical analyses represent the number of animals in 
each experimental group. Data are shown as mean ± standard error 
of the mean (SEM). Statistical differences were considered signifi-
cant at P < 0.05.

Results
Extracellular GABA and glutamate imaging in acute 
chemoconvulsant epilepsy models

We imaged extracellular glutamate and GABA using variants of 
fluorescent reporters based on bacterial periplasmic binding 
proteins25,28 expressed in the visual cortex of adult mice by injec-
tion of AAVs. Both iGluSnFR and iGABASnFR incorporate the 
PDGFR transmembrane domain, and their fluorescence responds 
to both synaptic and extrasynaptic neurotransmitter kinetics. 
Micron-scale imaging was not attempted, and instead we used spir-
al line scans across most of the field of view to characterize the time 
course of the average extracellular concentrations of GABA and glu-
tamate ~100 µm below the pial surface (Fig. 1A–E). On the day of the 
experiment, the non-competitive GABAA receptor antagonist PTX 
or the cholinergic agonist Pilo was microinjected into cortical layer 
5 (at least 1 mm caudal to the imaging window; Fig. 1A and C). By 
recording the ECoG via an electrode implanted in the vicinity of 
the injection site, we obtained concurrent electrophysiological 
data on the evolution of epileptiform activity, which typically 
transitioned over 10–20 min from IIDs to brief seizures lasting a 
few seconds (median ± median absolute deviation: 5.64 ± 0.25 s), 
each of which was heralded by a sentinel spike (Fig. 1F). The self- 
limiting seizures were associated with pupil dilatation and 
changes in locomotion but did not progress to tonic-clonic 
convulsions.11,29

Temporal profiles of glutamate and GABA during 
interictal discharges

During the initial interictal spiking period, IIDs were accompanied 
by large amplitude iGABASnFR and iGluSnFR fluorescence transi-
ents (Fig. 2A and B). The rise-time of iGABASnFR fluorescence tran-
sients (measured from 10% to peak) following PTX application was 
~2-fold slower than that of iGluSnFR transients (iGluSnFR: 63 ±  
6 ms, n = 14 mice, average ± SEM; iGABASnFR: 134 ± 10 ms, n = 11 
mice, P = 2.15 × 10−6, unpaired t-test). A qualitatively similar differ-
ence in rise-times was seen in response to Pilo application, al-
though it fell short of significance (iGluSnFR: 99 ± 18 ms, n = 5 
mice, average ± SEM; iGABASnFR: 139 ± 9 ms, n = 4 mice, P = 0.11, 
unpaired t-test). The difference in rise-times between iGABASnFR 
and iGluSnFR signals is consistent with the slower binding and ac-
tivation kinetics of iGABASnFR than iGluSnFR.25 GABA sensor fluor-
escence transients also decayed more slowly than glutamate 
sensor transients in response to both chemoconvulsants (monoex-
ponential τ fitted from peak to 1 s after the peak: PTX; iGluSnFR: 95  
± 9 ms, n = 14 mice; iGABASnFR: 264 ± 27 ms, n = 11 mice; P = 1.25 ×  
10−6 unpaired t-test; Fig. 2C; Pilo, iGluSnFR: 85 ± 7 ms, n = 5 mice; 
iGABASnFR: 175 ± 27 ms, n = 4 mice; P = 0.009 unpaired t-test; 
Fig. 2E). As an alternative measure of kinetics, we integrated the de-
caying phase of the fluorescence waveforms (AUC) and divided by 
the peak amplitude. This measure confirmed that the fluorescence 
decay kinetics were slower for the GABA than the glutamate sensor 
(PTX: iGluSnFR: 704 ± 96 ms; iGABASnFR: 1450 ± 37 ms; P = 1.01 ×  
10−6, unpaired t-test; Fig. 2D; Pilo: iGluSnFR: 514 ± 79 ms; 
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Figure 1 Protocol to characterize spatiotemporal neurotransmitter profiles during epileptic activity. (A) Experimental design. (B) Expression of 
intensity-based GABA sensing fluorescence reporter (iGABASnFR) (green) and DAPI staining (blue) across layers of the visual cortex. The imaging plane 
was ∼100 µm below the pia. (C) Photograph of the headpiece and craniotomy. The site of chemoconvulsant injection was ∼1 mm from the imaging 
window (blue square) and the electrocorticography (ECoG) electrode was positioned nearby. (D) Frame scan showing iGABASnFR fluorescence, with 
the spiral line scan trajectory superimposed. (E) Aligned line scan (top), average iGABASnFR signal and ECoG trace during interictal spiking. 
(F) Example of ECoG recording of epileptiform activity, initially dominated by interictal discharges (IIDs; red rectangle 1 expanded below), which 
gave way to intermittent seizures lasting several seconds and heralded by sentinel spikes (red rectangles 2 and 3). AAV = adeno-associated viral vector; 
iGluSnFR = intensity-based glutamate sensing fluorescence reporter.
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iGABASnFR: 722 ± 30 ms; P = 0.06, unpaired t-test; Fig. 2F). This differ-
ence in decay kinetics is unlikely to be due to an intrinsic difference in 
sensor off-rates because the decay time constants previously esti-
mated in vitro in response to electrical stimulation of neuronal cul-
tures were similar for both sensors,25,28 and similar to the decay for 
iGluSnFR during interictal spiking (τ < 100 ms). The slower decay of 
iGABASnFR transients in vivo implies that GABA released during IIDs 
is cleared from the extracellular space more slowly than glutamate 
(it does not necessarily indicate that more GABA than glutamate is re-
leased because GABA transporters are expressed at a lower density 
than glutamate transporters30-32).

The data summarized earlier were obtained in experiments 
where either iGluSnFR or iGABASnFR was expressed and imaged 

separately. The availability of spectrally shifted variants of 
iGluSnFR33 permits both neurotransmitters to be imaged simultan-
eously. We estimated the unmixing coefficients required to isolate 
the fluorescence of SF-Venus-iGluSnFR.A184V (yellow) and 
GFP-iGABASnFR (green), whilst imaging with three different emission 
filters (see the ‘Materials and methods’ section and Supplementary 
Fig. 2). Simultaneous imaging of both sensors confirmed a slower de-
cay of GABA than glutamate fluorescence in all three animals imaged 
(PTX model; Supplementary Fig. 2).

Taken together, these observations imply that IIDs are accom-
panied by substantial release of both glutamate and GABA, and 
that GABA persists in the extracellular space for longer than gluta-
mate. When comparing between the chemoconvulsants, the 

Figure 2 Extracellular GABA persists for longer than glutamate during interictal discharges in picrotoxin and pilocarpine acute epilepsy models. 
(A) Intensity-based GABA sensing fluorescence reporter (iGABASnFR) fluorescence and simultaneous electrocorticography (ECoG). (B) Same for 
intensity-based glutamate sensing fluorescence reporter (iGluSnFR). (C) Measurements of decay time constant and the area under the curve from 
peak to 1 s later (example trace from one iGABASnFR experiment). (D) Average decay time constant of the glutamate (red symbols) and GABA (blue 
symbols) transients following picrotoxin (PTX) application in 14 mice expressing iGluSnFR and 11 expressing iGABASnFR. (E) Average area under 
the curve divided by peak amplitude (AUC/Peak ampl.) in the same experiments. (F) Average decay time constant of the glutamate (yellow symbols) 
and GABA (green symbols) transients following pilocarpine (Pilo) application in five mice expressing iGluSnFR and four expressing iGABASnFR. 
(G) AUC/Peak ampl. in the same experiments. Error bars in D and E, and F and G, correspond to the standard error of the mean (SEM). **P < 0.01. 
F = fluorescence.
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iGABASnFR signal also decayed more slowly following PTX than Pilo 
application (Supplementary Fig. 4). There was also a non-significant 
trend for iGluSnFR signals to decay more slowly following Pilo than 
PTX. A possible explanation is that Pilo diffused further from the ap-
plication site. Apart from this difference, the PTX and Pilo models 
yielded very similar data. The consistency of results obtained with 
two chemoconvulsant models argues that imaging GABA and gluta-
mate uncovers fundamental mechanisms relating to IIDs.

Spatial profiles of glutamate and GABA during 
interictal discharges

Previous Ca2+ imaging experiments using either Pilo or PTX micro-
injection to evoke epileptiform activity showed that interictal 
events self-terminate and remain confined to a focus of radius 
∼1 mm, whilst other, initially indistinguishable, electrographic 
events turn into seizures that invade adjacent cortical territories.11

We asked how neurotransmitter transients during IIDs relate to the 
distance from the ictal focus in the critical transition zone spanning 
1–2 mm from the site of chemoconvulsant application. Spiral scans 
were used to image iGluSnFR or iGABASnFR repeatedly at different 
locations within this region (Supplementary Fig. 1). In all but one 
experiment, the peak intensity of the iGluSnFR fluorescence de-
creased with distance from the injection site. In striking contrast, 
the peak of iGABASnFR fluorescence intensity was maximal at 
intermediate distances from the focus (Fig. 3A–D). This pattern 
held whether Pilo or PTX was used to elicit IIDs (Fig. 3C and D). 
Expressed as a distance-weighted average within the imaging win-
dow, the GABA fluorescence transient was significantly further 
from the focus than the glutamate signal (pooled data from PTX 
and Pilo models: iGluSnFR: 1.36 ± 0.02 mm, n = 12 mice; iGABASnFR: 
1.48 ± 0.03 mm, n = 8 mice, P = 0.005, unpaired t-test; Fig. 3E; because 
imaging was confined to the interval 1–2 mm, the difference between 
the weighted averages underestimates the spatial separation be-
tween the peaks of glutamate and GABA). These findings are consist-
ent with GABA release acting as an inhibitory halo around a 
hyperexcitable focus, analogous with feed-forward inhibition ahead 
of ictal wavefronts in epileptic patients and animal models.7,9

We estimated the direction of propagation of the waves of gluta-
mate and GABA during IIDs by calculating the time taken to reach 
50% of the maximal fluorescence intensity at different regions in 
the imaging plane, and then relating their locations to a vector 
that was rotated through 360°. The vector angle that yielded the 
steepest correlation between time-lag and distance along the vec-
tor defined the direction of propagation of the neurotransmitter 
wave (Supplementary Fig. 3). This procedure also yielded an esti-
mate of the speed of propagation of the interictal fluorescence tran-
sients. For iGluSnFR fluorescence transients, the wave propagated 
away from the focus, with a velocity of 55.9 ± 9.9 mm/s (no differ-
ence was found between PTX and Pilo; pooled data n = 13 mice). 
For iGABASnFR, in contrast, the wave propagated towards the fo-
cus, at a significantly slower velocity (pooled data: 23.5 ± 7.2 mm/s, 
n = 9 mice; P = 0.024, unpaired t-test; Fig. 4). This striking difference 
further supports the view that GABA release acts to constrain the 
spatial extent of IIDs.

In one experiment where both indicators were simultaneously 
imaged at two distances from the site of chemoconvulsant applica-
tion, the iGABASnFR transient reached 50% of its maximum earlier 
in relation to the spike onset at 1.5 mm than at 1 mm, whilst the 
iGluSnFR signal arose later at the greater distance, consistent 
with centripetal propagation of the GABA wave and centrifugal 
propagation of the glutamate wave (Supplementary Fig. 5).

Interictal discharges gradually give way to seizures

The chemoconvulsant models studied here are characterized by a 
gradual increase in the frequency and duration of seizures, and a 
decrease in the occurrence of IIDs (PTX model; Fig. 1F; see 
Magloire et al.29 for Pilo). Previous in vitro studies have prompted 
the view that a progressive loss of preictal inhibitory barrages oc-
curs over hundreds of seconds, facilitating the propagation of elec-
trographic seizures.6,10 We asked two questions. First, do 
iGABASnFR and iGluSnFR fluorescence transients shed light on 
why some events terminate immediately (IIDs) whilst others turn 
into seizures; and second, how do the spatial profiles of GABA 
and glutamate transients accompanying epileptiform events 
evolve on a timescale of minutes? To address these questions, we 
focused on the PTX model both because it was more reproducible 
than the Pilo model, with a highly stereotypical transition from 
IIS to seizures, and, as discussed above, because the shorter 
IID-associated iGABASnFR signals in the Pilo model raise the possi-
bility that pilocarpine was not completely confined to the applica-
tion site.

Partial collapse of GABA release, accompanied by an 
increase of glutamate release, at seizure onset

What distinguishes IIDs from sentinel spikes that evolve into an ic-
tus? We focused on iGABASnFR and iGluSnFR fluorescence transi-
ents imaged ∼1.5–2.5 mm from the focus, where maximal GABA 
responses were detected during IIDs (Fig. 3C and D). This coincides 
with the shortest distance at which cortical territory invasion can 
be detected with Ca2+ imaging, distinguishing seizures from 
IIDs.11 GABA fluorescence transients thus measured were smaller 
when accompanying sentinel spikes than when associated with 
IIDs (sentinel spike to IID ratio: 0.87 ± 0.04, P = 0.013, paired t-test, 
n = 11 mice; Fig. 5A and B). In contrast, iGluSnFR transients 
increased over two-fold at seizure onset relative to IIDs (ratio: 
2.59 ± 0.46, P = 0.019, paired t-test, n = 6 mice; Fig. 5C and D).

In some animals, we were able to follow the evolution of GABA 
and glutamate transients for several consecutive IIDs before and 
after a seizure. We restricted attention to sequences consisting of 
three IIS before, and one after, a sentinel spike and seizure. This 
revealed a consistent decrease in iGABASnFR transient amplitude 
before seizure onset [dF/F peak: F(1,4) = 1131.94, P = 4.65 × 10−6, 
n = 5 mice, one-way repeated-measures analysis of variance 
(RM-ANOVA)], which was accompanied by a progressive increase 
in iGluSnFR signal [dF/F peak: F(1,4) = 59.59, P = 0.001, n = 5 mice, 
one-way RM-ANOVA], and a recovery after the seizure (three se-
quences per mouse, five mice for each condition; Fig. 5E–H).

Taken together, these findings imply that seizure onset is her-
alded by an incipient failure of GABA release with successive IIDs, 
and a gradual increase in the ratio of glutamate to GABA release, 
providing a parsimonious explanation for an escape of epileptiform 
activity from surround inhibition.

Slow erosion of GABA release accompanies 
progressive invasion of the neighbouring cortical 
territory

To investigate the slow evolution of GABA and glutamate transients 
over several tens of minutes, we divided the period during which 
seizures occur into early (<500 s from first electrographic seizure) 
and late (>500 s from first seizure) epochs. During this progression 
the fraction of time spent in a seizure gradually increased 
(Supplementary Fig. 6). The alternation of seizures with interictal 
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spiking during this phase is reminiscent of cyclic seizures that have 
been documented in patients in status epilepticus.34 The whole ex-
periment was thus divided into initial IIS, and early and late seizure 
activity (ESA and LSA, respectively) (Fig. 6A). At any stage of the 

gradual evolution through ESA and LSA, the spatial profiles of 
GABA or glutamate transients accompanying sentinel spikes were 
similar to those corresponding to interspersed IIDs. We therefore 
averaged sentinel spikes and IIDs together (‘spikes’) in order to 

Figure 3 Contrasting spatial profile of glutamate and GABA during interictal discharges. (A) Example intensity-based glutamate sensing fluorescence 
reporter (iGluSnFR) fluorescence transients at different distances from the focus during interictal spiking in one experiment [picrotoxin (PTX) model]. 
(B) Example intensity-based GABA sensing fluorescence reporter (iGABASnFR) transients (PTX model). (C) The iGluSnFR peak transient amplitude (red 
lines) diminished with distance from the focus, whilst the iGABASnFR transient (blue lines) was maximal ∼1.5 mm away (light coloured lines: individ-
ual experiments, grey line: average). In each experiment, the spatial profile was normalized to the maximal fluorescence transient. (D) similar spatial 
profiles of glutamate and GABA transients were observed with pilocarpine (Pilo) injection (yellow lines: iGluSnFR, green lines: iGABASnFR). 
(E) Peak-weighted average distance [∑(dF/F × distance)/∑(dF/F)] of iGluSnFR and iGABASnFR transients within the imaging interval between 1 and 
2 mm [n = 7 and n = 5 mice for iGluSnFR using PTX (red symbols) and Pilo (yellow symbols), and n = 5 and n = 3 mice for iGABASnFR, respectively 
(blue symbols: PTX, green symbols: Pilo)]. Error bars in E correspond to SEM. **P < 0.01. F = fluorescence.
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study the gradual evolution of the amplitude and shape of gluta-
mate and GABA profiles (Supplementary Fig. 6). Spike-associated 
iGluSnFR transients increased significantly as the cortical activity 
gradually evolved from IIS through ESA to LSA [peak amplitude: 
F(1,5) = 64.48, P = 4.84 × 10−4, n = 6 mice, RM-ANOVA; Fig. 6B]. The 
increase in glutamate transients was most marked as IIS gave 
way to ESA (peak amplitude ESA/IIS: 2.06 ± 0.33, P = 0.021; LSA/IIS: 
2.66 ± 0.39, P = 0.001, n = 6 mice, Bonferroni test). In addition, the in-
verse relationship between amplitude and distance seen for 
iGluSnFR fluorescence during IIS (Fig. 3) disappeared (Fig. 6C). The 
greater invasion of the cortex implies a collapse of the spatial con-
straint of glutamatergic signalling. Interestingly, this pattern was 
observed whether restricting attention to the sentinel spikes of in-
dividual brief seizures or to the IIS that continued to occur in be-
tween seizures (Supplementary Fig. 6). In contrast to glutamate 
transients, the iGABASnFR signal diminished as IIS gave way to ESA 
and LSA [peak amplitude: F(1,6) = 239.98, P = 4.57 × 10−6, n = 7 mice; 
peak amplitude: ESA/IIS: 0.82 ± 0.08, P = 0.19; LSA/IIS: 0.75 ± 0.10, 
P = 0.04, n = 7 mice, Bonferroni test; Fig. 6D]. The relationship between 
peak amplitude and distance also showed a tendency to flatten out 
(Fig. 6E).

Because seizures are accompanied by extracellular acidosis,35

we asked whether changes in pH during ictal activity could account 
for some of the fluorescent transients observed with iGABASnFR. 
We repeated the imaging with a variant of iGABASnFR containing 
the R205A mutation that makes it insensitive to GABA but retains 
its pH dependence.25 Under identical imaging conditions, a slow in-
crease in fluorescence reaching a maximum dF/F around 0.02 

accompanied either polyspikes or seizures (Supplementary Fig. 7). 
The delay to maximum (~1 s) was substantially slower than for 
the fluorescence transients reported in the rest of the present 
study. pH shifts are thus unlikely to confound the interpretation 
of the iGABASnFR signals associated with interictal and sentinel 
spikes.

Taken together, these results reveal a progressive erosion of in-
hibition close to the focus, as IIDs gradually give way to intermittent 
seizures, and show that this is mediated at least in part by a de-
crease in GABA release in an annulus surrounding the focus. 
Conversely, the evolution of epileptiform activity is associated 
with an increase in the spatial extent of spike-associated glutamate 
release, as expected from the progressive recruitment of an in-
creasing population of excitatory neurons, permitted by a weaken-
ing of inhibitory restraint.

Interneuron fatigue is sufficient to account for the 
transition from interictal spikes to seizures

To better understand whether a failure of GABA release could ac-
count for the main findings of the present study, we built a compu-
tational neural field model, representing a two-dimensional sheet 
of excitatory and inhibitory neurons, interacting according to the 
connectivity rules indicated in Fig. 7A. A small central area of ex-
ogenous excitation was incorporated to mimic the microinjection 
of a chemoconvulsant (Fig. 7A). This excitatory drive led to rhyth-
mic bursts of activity, with near-synchronous glutamate and 
GABA transients (Fig. 7B) similar to those observed to accompany 

Figure 4 Glutamate and GABA waves propagate in opposite directions. (A) Propagation direction and velocity of the intensity-based glutamate sensing 
fluorescence reporter (iGluSnFR) signal in 10 animals (red arrows, average vector shown as black arrow) during interictal discharge elicited by picro-
toxin (PTX), imaged ∼1.5 mm away from the focus. (B) Same but for intensity-based GABA sensing fluorescence reporter (iGABASnFR) fluorescence 
transients (blue arrows). (C and D) Experiments using pilocarpine (Pilo) instead of PTX, showing glutamate (yellow arrows) and GABA fluorescent signal 
propagation (green arrows). Glutamate and GABA waves travelled in opposite directions and at different velocities (note the logarithmic radial velocity 
scales in A and B, and C and D). (E) Average propagation speed was significantly slower for the GABA waves [n = 10 (red symbols: PTX) and n = 3 (yellow 
symbols: Pilo) mice for iGluSnFR and n = 5 (blue symbols: PTX) and n = 4 (green symbols: Pilo) mice for iGABASnFR]. Error bars in E correspond to SEM. 
*P < 0.05. A = anterior; cx = cortex; L = lateral; M = medial; P = posterior.
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experimental interictal spiking (Fig. 2A and B). The simulated in-
hibitory neuronal population was designed to undergo gradual 
‘fatigue’, representing failure of either recruitment or GABA 
release, after prolonged repetitive activity (Fig. 7C and D). 
Consistent with experimental findings (Fig. 6C and E), the GABA 
transients close to the focus diminished in peak amplitude, while 
the glutamate transients increased in spatial extent (Fig. 7C and D). 
At around the 41 s mark, the activity escaped from local inhibitory 
restraint and propagated in a self-sustained manner. This simulated 
seizure invaded surrounding territories, where the inhibitory popu-
lation was not fatigued, in spiral waves (Fig. 7D and Supplementary 
Video 1).

Discussion
The present study reveals strikingly different profiles of extracellu-
lar GABA and glutamate during IIDs. Whilst glutamate transients 
are maximal near the focus and propagate centrifugally, GABA 
transients are maximal ~1.5 mm away. This is consistent with an 
inhibitory annulus surrounding the focus, as expected from recruit-
ment of feed-forward interneurons confining excessive activity and 
preventing runaway excitation. IIDs detected electrophysiologi-
cally are superficially indistinguishable from sentinel spikes ac-
companying seizures. However, GABA- and glutamate-dependent 
fluorescence transients at the onset of seizures are smaller and big-
ger, respectively, providing an explanation for the failure of feed- 
forward inhibition to constrain epileptiform activity. As interictal 

spiking gradually gives way to seizures, GABA transients further di-
minish, consistent with a progressive erosion of inhibitory 
restraint.

Prior to this study, the experimental evidence for failure of 
inhibitory restraint has come from electrophysiological record-
ings and Ca2+ imaging, both of which have limitations. 
Electrophysiology samples the cortex sparsely, although recently 
developed high-density probes are beginning to shed light on the 
activity of multiple neurons in a small area.36 Identifying action po-
tentials generated by individual neurons through the evolution of a 
seizure is however complicated by poor signal-to-noise ratios and 
distortion of the extracellular fields and spike waveforms, and the 
full potential of such high-density probes remains to be deter-
mined. Ca2+ imaging, on the other hand, generally has a slow tem-
poral resolution dictated by the off-rate of fluorescent indicators,37

and has not yet been multiplexed during seizures to allow simul-
taneous imaging of different neuronal subtypes. Recently opti-
mized voltage indicators show promise because of their fast 
kinetics and improved dynamic range,38,39 but have yet to be ap-
plied to understand seizure mechanisms. Importantly, intracellu-
lar Ca2+ elevation and neuronal depolarization can occur in the 
absence of neurotransmitter release if neurons enter a state of de-
polarization block. Fluorescence imaging using iGluSnFR and 
iGABASnFR fills an important gap in that it provides a direct meas-
ure of the interplay of excitatory and inhibitory signalling.

Previous single cell electrophysiology studies have shown that 
pyramidal neurons receive predominantly synchronous GABAergic 
currents during IIDs elicited by chemoconvulsants and/or 

Figure 5 Rapid changes in intensity-based GABA and glutamate sensing fluorescence reporter (iGABASnFR and iGluSnFR) fluorescence at the transi-
tion from interictal spiking to seizures in picrotoxin model. (A) Average iGABASnFR fluorescence transient and electrocorticography (ECoG) trace dur-
ing interictal spikes (dark blue, n = 58 events) and sentinel spikes at seizure onset (light blue, n = 25 events; data from one representative experiment). 
(B) Average peak amplitude of iGABASnFR signal accompanying the sentinel spike heralding a seizure, normalized by the average interictal 
discharge-associated signal (n = 11 mice). (C) Same as A but for iGluSnFR signal [dark red, n = 126 interictal discharges (IIDs); light red, n = 8 seizures]. 
(D) Average peak amplitude of iGluSnFR signal accompanying sentinel spikes normalized by IIDs (n = 6 mice). (E) iGABASnFR fluorescence trace and 
ECoG showing three IIDs before seizure onset and one after (numbered). (F) Normalized iGABASnFR fluorescence amplitude corresponding to each in-
terictal spike and the sentinel spike, normalized to spike # −3. (Thin coloured lines represent the mean of three sequences for each animal, and the 
thick grey line shows the average from all five mice). G and H are the same as E and F, respectively, but for the glutamate transients. Error bars in B 
and D correspond to SEM. *P < 0.05. F = fluorescence.
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pro-convulsant perfusion solutions. This has been reported both in 
brain slices obtained from rodents6,10,18,20 and in tissue resected 
from epileptic patients.4,12 Synchronous Ca2+ transients in interneur-
ons also occur during IIS in a chronic epilepsy model.5 Our imaging 
data extend these findings by revealing intense GABA release during 
IIDs, with iGABASnFR fluorescence time courses suggestive of slow 
neurotransmitter clearance, but also show quasi-synchronous gluta-
mate release. The slower decay of GABA transients is consistent with 
the lower density of GABA than glutamate transporters, which may 
also differ in their stoichiometry such that the driving force is stron-
ger for glutamate uptake.32,40,41 Transporters are likely to affect not 
only the decay but also the peak amplitude of neurotransmitter tran-
sients detected by the fluorescence indicators.

A striking difference between the two signals is that the gluta-
mate transients diminished in peak amplitude with increasing dis-
tance from the focus, whilst GABA transients were maximal 
∼1.5 mm from the site of injection. In addition, the iGluSnFR and 
iGABASnFR fluorescence waves accompanying IIDs propagated at 
different velocities and in opposite directions: rapidly and centrifu-
gally in the case of glutamate and more slowly and centripetally in 
the case of GABA. A caveat should be stressed, however: our experi-
mental design did not allow us to image the neurotransmitters at 

the core of the ictal focus. Nevertheless, the iGluSnFR and 
iGABASnFR fluorescence recordings provide direct evidence for 
surround inhibition42 constraining epileptiform activity inside the 
focus. It also confirms that a similar inhibitory restraint phenomenon 
takes place during IIDs at the focus as observed during ictal propaga-
tion in animal models and epileptic patients.7,9 Notably, the gluta-
mate waves observed in our study propagated at a similar speed 
(∼100 mm/s) as the local field potential in some patients with epilepsy 
in whom grids of electrodes were used to monitor cortical seizures.9

The GABA wave was two to three times slower. A simple model to ac-
count for the results is that a ‘detonation’ of glutamatergic neurons at 
the focus recruits feed-forward interneurons, resulting in an annulus 
of GABA release. Depolarization block of proximal interneurons20

could then explain why less GABA is released closer to the focus.
A further noteworthy finding in the present study was that sen-

tinel spikes heralding seizure onset were accompanied by smaller 
iGABASnFR transients and bigger glutamate transients than IIDs. 
A previous study using Ca2+ fluorescence imaging in pyramidal 
neurons in a similar awake head-fixed model failed to distinguish 
between IIDs and seizures during the first 300 ms.11 A partial failure 
of GABA release is a strong candidate explanation for why inhibi-
tory restraint collapses intermittently. Another in vitro study using 

Figure 6 Increase of glutamate release and decrease of GABA release during evolution from spiking to seizures. [A(i)] Electrocorticography (ECoG) 
wavelet spectrogram during interictal spiking activity (IIS). [A(ii)] Spectrogram during early seizure activity (ESA). [A(iii)] Spectrogram during late seiz-
ure activity (LSA). (B) Peak amplitude of intensity-based glutamate sensing fluorescence reporter (iGluSnFR) transients during IIS, ESA and LSA. Note 
the rapid increase of glutamate release as seizures start to appear (n = 6 mice). (C) iGluSnFR transients increased in amplitude and broadened out as 
seizures took over from spikes (n = 6 mice). (D) Same as B but for intensity-based GABA sensing fluorescence reporter (iGABASnFR). Note the gradual 
decrease of GABA release (n = 7 mice). (E) iGABASnFR transients decreased in amplitude and flattened out (n = 5 mice during IIS and ESA, and n = 4 mice 
during LSA). Error bars correspond to SEM. **P < 0.01, *P < 0.05. F = fluorescence.
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low [Mg2+] to evoke epileptiform activity reported a gradual de-
crease of synchronous GABAA receptor-mediated currents, and an 
increase in glutamatergic currents, in pyramidal cells and inter-
neurons starting between three and five IIDs prior to seizure 
onset.18 This provides a remarkable match with our observations 
in the five animals where we were able to capture a sufficient num-
ber of events (Fig. 5). These data strongly suggest that a decrease in 
GABA release and an increase in glutamate are causally upstream 
of the transition of IIDs to seizures. We also observed a gradual de-
crease of GABA release and a broadening of the glutamate waves 
with each event (whether IID or sentinel spike) accompanying the 
evolution of seizure activity over minutes. This pattern is in accord 
with a progressive loss of inhibitory barrages seen in acute slices 

while the frequency of ictal events increased.10 It is also reminis-
cent of a gradual build-up of EEG power prior to individual self- 
limiting seizures in patients in whom cyclic seizure activity has 
been documented.34

A simple mean field model reproduced the main experimental 
findings, and only required the inhibitory population to undergo fa-
tigue upon repetitive firing for rhythmic spiking to give way to a 
seizure. Why does GABA release partially collapse with the dis-
charges leading up to seizures? Although depolarization block of 
interneurons19,20 could account for this observation, it could, in 
principle, also be explained by vesicle depletion18 or presynaptic in-
hibition of GABAergic terminals.17,43 These phenomena are not mu-
tually exclusive, and all three could, in principle, occur, especially 

Figure 7 Mean field computational model of seizure initiation. (A) Schematic representation of the connectivity between excitatory (E) and inhibitory 
(I) populations. E to I and I to E connections have similar distributions, although the E to I connectivity is set up with a broader spatial extent as deter-
mined by a larger σ parameter on the 2D Gaussian connectivity kernel. The chemoconvulsant action was simulated as a small area of external exci-
tatory input to both populations in the centre of the simulated patch of tissue. (B) Example glutamate and GABA spatio-temporal profiles during 
interictal activity (red and blue squares indicate the locations where the glutamate and GABA signals were extracted). (C) Peak amplitude of interictal 
glutamate and GABA waveforms plotted against distance from the simulated chemoconvulsant injection site. Three profiles are shown for spikes pro-
gressively closer to the transition to seizure (early, intermediate and late). (D) Temporal evolution of glutamate and GABA release over time at the focus, 
mid-distance and edge of the simulated patch of tissue. The interictal spiking activity slowly invades neighbouring areas as the central inhibitory po-
pulations become fatigued. At around the 41 s mark, the interictal activity escapes and propagates in a self-sustained manner in new areas as yet un-
affected by inhibitory population fatigue (black arrow: seizure onset). Bottom: Spatial still frames of glutamate (left) and GABA (right) release at three time  
points, as interictal activity gives way to a seizure. Glut. = glutamate; IID = interictal discharge.
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when taking into account the diversity of interneurons. However, 
vesicle depletion and presynaptic autoinhibition mechanisms typ-
ically require repeated spiking activity above 10 Hz,17,44,45 and such 
short-term depression would be expected to have faded before the 
next IIS. Supported by a recent in vitro study,46 we suggest that in-
tense depolarization, preventing a fraction of interneurons from fir-
ing, is the most plausible explanation for the partial collapse of 
GABA release at seizure onset. Although this mechanism has the at-
traction that it also explains why GABA release is maximal in an an-
nulus around the ictal core, it remains to be directly tested in vivo. 
Other mechanisms that have been incorporated in two-dimensional 
models of seizure propagation, such as a failure of postsynaptic in-
hibition, do not reproduce this feature, but may also contribute to 
the diversity of ictal mechanisms,47 as can depolarizing actions of 
GABA and loss of interneurons, which have been implicated in the 
epileptogenicity of gliomas.48,49

The present study has limitations. First, the glutamate and 
GABA concentration transients were averaged across spatially 
heterogeneous compartments, with variable distances between re-
lease sites and diffusion sinks and transporters for the neurotransmit-
ters. In a related in vitro study that used iGABASnFR2, IIDs were 
accompanied by ΔF/F ∼0.07, estimated to corresponded to an increase 
in average Δ[GABA]o of ∼1 μM.50 Although the fluorescence transients 
reported in the present study are of a similar magnitude, possible dif-
ferences in basal occupancy further complicate the ability to infer ab-
solute concentrations. A second limitation of our experimental design 
is that, because we imaged the superficial cortical layers, the conclu-
sions relate to glutamate and GABA release onto apical dendrites of 
pyramidal neurons. Future investigations to study spatiotemporal 
profiles of glutamate and GABA during epileptic activity across 
cortical layers would be of great interest.23 In addition, identifying 
the sources of the GABA transients would shed light on whether 
the partial collapse of GABA release is specific to a particular inter-
neuron subtype. Layer 1 includes at least four different types of 
interneurons51 as well as axonal terminals from somatostatin- 
positive interneurons,52 and so there are several candidates. A fur-
ther caveat is that the present study used acute chemoconvulsant 
models, although the convergence of results obtained with Pilo 
and PTX, which act through very different mechanisms (muscar-
inic agonism and non-competitive GABAA receptor blockade, re-
spectively), implies that the conclusions can be generalized. The 
ability to model focal cortical dysplasia, which is associated with 
spontaneous seizures,53,54 as well as the development of minia-
turized head-mounted microscopes,55,56 may allow glutamate 
and GABA release to be studied in chronic epilepsy models.

To conclude, we have provided direct evidence that the gradual 
collapse of inhibitory restraint in awake animals is associated with 
a progressive decrease in GABA release. Future investigation of the 
precise mechanisms underlying this failure, and the interneurons 
responsible, may help to design new strategies to prevent epilepti-
form activity from invading new territories.
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46. Călin A, Ilie AS, Akerman CJ. Disrupting epileptiform activity by 
preventing parvalbumin interneuron depolarization block. 
J Neurosci. 2021;41:9452-9465.

47. Tryba AK, Merricks EM, Lee S, et al. Role of paroxysmal depolar-
ization in focal seizure activity. J Neurophysiol. 2019;122: 
1861-1873.

48. Pallud J, Le Van Quyen M, Bielle F, et al. Cortical GABAergic ex-
citation contributes to epileptic activities around human gli-
oma. Sci Transl Med. 2014;6:244ra89.

49. Gill BJA, Khan FA, Goldberg AR, et al. Single unit analysis and 
wide-field imaging reveal alterations in excitatory and inhibi-
tory neurons in glioma. Brain. 2022;145:3666-3680.

50. Magloire V, Savtchenko LP, Jensen TP, et al. Volume- 
transmitted GABA waves pace epileptiform rhythms in the hip-
pocampal network. Curr Biol. 2023;33:1249-1264.e7.

51. Schuman B, Machold RP, Hashikawa Y, Fuzik J, Fishell GJ, Rudy 
B. Four unique interneuron populations reside in neocortical 
layer 1. J Neurosci. 2019;39:125-139.

52. Tremblay R, Lee S, Rudy B. GABAergic interneurons in the neocor-
tex: From cellular properties to circuits. Neuron. 2016;91:260-292.

53. Hsieh LS, Wen JH, Claycomb K, et al. Convulsive seizures from 
experimental focal cortical dysplasia occur independently of 
cell misplacement. Nat Commun. 2016;7:1-12.

54. Barbanoj AA, Graham RT, Maffei B, et al. Anti-seizure gene ther-
apy for focal cortical dysplasia. bioRxiv. [Preprint] https://doi. 
org/10.1101/2023.01.09.523292

55. Cai DJ, Aharoni D, Shuman T, et al. A shared neural ensemble 
links distinct contextual memories encoded close in time. 
Nature. 2016;534:115-118.

56. Shuman T, Aharoni D, Cai DJ, et al. Breakdown of spatial coding 
and interneuron synchronization in epileptic mice. Nat 
Neurosci. 2020;23:229-238.

1024 | BRAIN 2024: 147; 1011–1024                                                                                                                         Y. Shimoda et al.

https://doi.org/10.25378/janelia.19709311.v3
https://doi.org/10.1101/2023.01.09.523292
https://doi.org/10.1101/2023.01.09.523292

	Extracellular glutamate and GABA transients
at the transition from interictal spiking to
seizures
	Introduction
	Materials and methods
	Animals
	Surgery and viral injection
	Simultaneous imaging and ECoG recordings
	Acute experiment protocol
	Image analysis
	Computational model
	Chemicals
	Statistics

	Results
	Extracellular GABA and glutamate imaging in acute chemoconvulsant epilepsy models
	Temporal profiles of glutamate and GABA during interictal discharges
	Spatial profiles of glutamate and GABA during interictal discharges
	Interictal discharges gradually give way to seizures
	Partial collapse of GABA release, accompanied by an increase of glutamate release, at seizure onset
	Slow erosion of GABA release accompanies progressive invasion of the neighbouring cortical territory
	Interneuron fatigue is sufficient to account for the transition from interictal spikes to seizures

	Discussion
	Data availability
	Acknowledgements
	Funding
	Competing interests
	Supplementary material
	References




