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despolarização de uma célula autônoma, sob aplicação do TBOA na perfusão, 

pode gerar ondas de cálcio das SNOs, como descrito para as ondas da retina 

geradas pela despolarização de única célula “Starburst Amacrine” (Zheng et al., 

2006). No entanto, estas células exibem uma atividade autônoma e disparo com 

uma taxa superior a das SNOs. Assim, se elas iniciarem as SNOs, uma depressão 

pós-ictal, redução da falta de liberação do transmissor logo após o surto, 

dessensibilização ou internalização dos receptores NMDA, são possíveis 

mecanismos que regulam o intervalo entre duas atividades paroxísticas. Para 

testar essa hipótese, respostas glutamatérgicas evocadas usando estimulação 

elétrica e ejeção de pressão de agonistas em diferentes intervalos de tempo 

entre as duas atividades paroxísticas devem ser analisadas. Com esta 

abordagem, vamos ser capazes de determinar se existe uma deficiência de 

liberação de glutamato logo após um episódio e/ou se os receptores são 

dessensibilizados/internalizados. 
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FIGURA 57 

 

 

 

Figura 57: Geração de surtos de propagação de rede por estimulação elétrica.  
A: Registros de celulas piramidais (P4) com uma solução de pipeta KM2SO4   (ECl- = 
~ -40 mV) no modo de “current clamp” (traçados superiores) e “voltage clamp” 
(traçados inferiores). As respostas são evocadas por estimulação elétrica do 
stratum radiatum (pulsos duplo, 100 mseg de atraso, 30V, 30 µsec de duração). 
Note que, na presença de TBOA o estímulo evocou um longo componente que 
segue a resposta ao pulso duplo (visível em “current clamp”), com duração 
semelhante às SNOs. Note também em “voltage clamp” que o componente está 
associada com correntes pós-sinápticas rápidas ocorrendo em alta freqüência. 
Este longo componente é insensível ao NBQX mas totalmente bloqueado pelo 
APV.  

B: Registros combinando potencial de campo extracelular e patch clamp whole 
cell de uma célula piramidal (P3) em modo “voltage clamp”. A dupla 
estimulação evocou, na presença de TBOA, uma corrente de entrada duradoura 
associada com surtos de MUA (tais respostas duradouras não foram observadas 
no controle, dados não mostrados). Note o intervalo entre o início da resposta a 
voltagem e o início da descarga extracelular, indicando que a estimulação 
evoca uma resposta de propagação. No total, esses dados se encaixam 
perfeitamente com as características das SNOs. 
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6-) Limitação do modelo TBOA 

Uma limitação importante do modelo in vitro é que as SNOs são reversíveis e 

não mais observadas após lavagem de TBOA. O tecido não se torne epiléptico, 

em comparação com o modelo do cainato (Khalilov et al., 2003). In vivo, o 

padrão eletrográfico patológico é observado ao longo de um período de poucas 

horas (ver Milh et al., 2007; e Resultado I), mas dentro de algumas semanas, os 

animais não apresentam qualquer comportamento anormal. Portanto, a principal 

limitação é que só podemos descrever como as crises são geradas, mas não os 

mecanismos que conduzem à epilepsia. Não se pode excluir a possibilidade de 

que a rede é modificada e potencialmente hiperexcitável após as SNOs. Tivemos 

a impressão (sem quantificar) de que uma segunda aplicação de TBOA gera 

SNOs mais fortes do que as geradas pela primeira aplicação, ou seja, os surtos são 

potencializados (ver figura 41 no Resultado IV). Foi demonstrado que a 

excitabilidade das células piramidais é persistentemente aumentada após uma 

única estimulação tetânica, ou após a ativação transiente de mGluRs, um efeito 

devido a uma diminuição da sAHP (e, portanto, devido a corrente IM) (Ireland e 

Abraham, 2002; Sourdet et al., 2003). Além disso, uma baixa regulação de longo 

prazo de canais iônicos e em particular as correntes mistas Na+/K+ IH e IA têm sido 

descritas em alguns modelos de epilepsia (Chen et al., 2001a; Bernard et al., 2004) 

Portanto, SNOs pode levar a uma redução persistente de IM. Além disso, SNOs 

segue regras de aprendizado sináptico (conjunção de atividade pré-sináptica e 

disparo pós-sináptico), o que pode resultar em um reforço da transmissão 

sináptica de longo prazo. Ambos os aspectos (depressão de longo prazo da IM e 
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potenciação de longo prazo da transmissão sináptica) devem ser investigados 

em estudos futuros. 

7-) TBOA induz crises in vivo  

Nossos experimentos in vivo mostram que a inibição dos transportadores de 

glutamato induz um aumento na atividade cerebral imatura e atividade do tipo 

crise. O objetivo dos nossos experimentos foi investigar se o mesmo aumento na 

atividade pode ocorrer no hipocampo, como mostrado para o córtex 

somatossensorial (Milh et al., 2007). Utilizando eletrodos múltiplos “silicon probes” 

nós registramos simultaneamente o hipocampo e o córtex somatossensorial. A 

vantagem da técnica aplicada aqui se baseia no fato de que pudemos registrar, 

no mesmo rato, a atividade cerebral imatura, antes e após a inibição dos 

transportadores de glutamato por injeção intracerebroventricular (ICV) ou 

subcutânea (SC) de TBOA (ver Resultado I). No que diz respeito ao protocolo ICV, 

observou-se que a atividade cerebral foi aumentada por várias horas, 

potencializando a amplitude e a duração dos spindle bursts neocorticais e sharp 

waves hipocampais observados na atividade controle. Atividade de múltipla 

unidade (MUA) também foi aumentada, mostrando surtos de atividade breves e 

recorrentes não observados no controle (alguns canais não apresentavam MUA 

no controle se tornando muito ativo após injeção de TBOA). Os eventos do tipo 

crise foram raros e quando ocorreram foram transitórios.  

Usando o protocolo SC, foram observadas algumas vantagens em 

comparação com o protocolo ICV descrito anteriormente. Em primeiro lugar, nós 

podemos induzir o mesmo aumento de atividade com uma única injeção de 

TBOA sob a pele do pescoço, para evitar danos cerebrais devido a implantação 
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da cânula ou aplicação da droga direta no ventrículo. Em segundo lugar, os 

eventos do tipo crise foram observados totalmente sincronizados em ambos 

córtex somatossensorial e hipocampo de forma recorrente durante pelo menos 5 

horas de registro, promovendo uma situação estável para manipulação 

farmacológica. A sincronia observada entre as estruturas sugere que uma outra 

estrutura cerebral, não registrada na nossa preparação, pode ser o gerador das 

atividades paroxísticas recorrentes.  

De fato, o último protocolo SC pode representar um modelo adequado de 

crises neonatais humanas ocorrendo durante o desenvovimento com 

características de atividades paroxísticas recorrentes (RPA). No entanto, a 

extrapolação para síndromes epilépticas neonatais em humanos apresentando o 

mesmo padrão de crise, ou seja, encefalopatias epilépticas com padrão de surto-

supressão no EEG (Maheshwari e Jeavons, 1975; Aicardi e Goutieres, 1978), deve 

ser feito com muito cuidado. Durante o desenvolvimento, atividade neonatal 

controle em ratos já tem um padrão descontínuo ("tracé discontinu"), 

aparecendo de forma recorrente (Leinekugel et al., 2002; Khazipov et al., 2004b; 

Hanganu et al., 2006; Minlebaev et al . de 2007) e depois da aplicação de TBOA, 

o aumento do glutamato devido a inibição dos transportadores transforma esse 

padrão e amplifica-o pela ativação excessiva dos receptores de glutamato 

(principalmente NMDA). Quando a rede neuronal é ativada robustamente 

produzindo surtos de atividade, um período refratário segue a ativação e isso é 

totalmente fisiológico. Na minha opinião, nossos experimentos in vivo com TBOA a 

atividade de surto recorrente observada tanto no neocórtex quanto no 

hipocampo são potencializadas, bem como a refratariedade, mostrando assim 
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um padrão de surto-supressão onde os sinais elétricos (surtos e intersurtos) são 

acentuados. Portanto, estou relutante em tirar uma conclusão correlacionando a 

atividade que observamos em nossos experimentos in vivo e encefalopatias 

epilépticas. Por outro lado, o modelo TBOA pode ser útil para investigar as 

descargas epilépticas que ocorrem durante o desenvolvimento cerebral de uma 

forma recorrente, no que diz respeito com os eventos do tipo crise observados e 

não apenas com o aumento de atividade neuronal.  

Nosso modelo difere de outros modelos animais de epilepsia no período 

neonatal. Modelos animais neonatais, onde ácido caínico ou pilocarpina são 

administrados intraperitonealmente (IP) não apresentam o mesmo tipo de 

atividade de surtos paroxísticos intercalados com períodos de silêncio, como 

observado no modelo TBOA (Milh et al., 2007 e Resultado I). Modelos de hipoxia 

isquêmica apresentam semelhanças quando um aumento de glutamato é 

encontrado no cérebro após as crises (Jensen et al., 1991, Jensen e Wang, 1996), 

mas também não apresentam o mesmo tipo de crises observadas no modelo 

TBOA. Flurotil e pentilenetetrazol (PTZ) são frequentemente utilizados como 

modelos de crises generalizadas, mas os mecanismos relacionados com os efeitos 

do flurotil não são muito bem compreendidos. Crises generalizadas induzidas pelo 

PTZ são transitórias e, portanto, não podem ser utilizadas para ensaios 

farmacológicos após indução da crise (Ramanjaneyulu e Ticku, 1984, Hansen et 

al., 2004). Abrasamento (“kindling”), induzido por uma estimulação elétrica 

contínua do hipocampo ou da amígdala é também utilizado em certa medida 

nos animais imaturos servindo como um modelo de crises parciais com 

generalização secundária; (para mais referências, ver Morimoto et al., 2004). No 

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



 213 

entanto, devido ao pequeno tamanho do cérebro imaturo e em virtude do 

rápido crescimento e mudança na localização das estruturas, abrasamento é 

difícil de executar e muito demorado.  

Por último, gostaria de propor novas experiências usando a preparação 

cérebro “superfused” desenvolvida pelo Dr. Khazipov para investigar os efeitos do 

TBOA (Khazipov et al., 2003). Esta preparação combina abordagens in vitro com a 

situação in vivo e pode ser muito útil para melhor compreender os mecanismos 

da atividade paroxística descrita. Parece que ambas as atividades fisiológicas e 

patológicas são muito mais complexas no cérebro intacto do que em fatias 

isoladas (Steriade, 2001). Por conseguinte, utilizando registros de patch clamp em 

combinação com administração (SC) de drogas poderíamos permitir uma melhor 

correlação do que tem sido descrito in vitro (Demarque et al., 2004, Cattani et al., 

2007) com a atividade paroxística observado in vivo (Milh et al., 2007 e Resultado 

I). 
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CONCLUSÃO  

Os dados descritos na presente Tese de doutorado fornecem novas 

introspecções:  

� o papel dos transportadores de glutamato: Eles não só desempenham um 

papel importante na formação da transmissão sináptica, através da 

manutenção da especificidade espacial e temporal do sinal, mas também 

nós mostramos agora que eles também controlam indiretamente as 

propriedades intrínsecas das células e contribuem para limitar seus disparos; 

� o papel da corrente IM: como um sensor da disfunção dos transportadores de 

glutamato e desequilíbrio da homeostase de glutamato e como um possível 

alvo para intervenções farmacológicas.  

� a possível influência da co-ativação/interação entre os mGluRs e receptores 

NMDA em outros processos patológicos: Por exemplo, um aumento na 

concentração ambiente de glutamato foi demonstrado durante a isquemia 

(Rossi et al., 2007), um processo que está associado a uma longa redução 

duradoura da expressão e função dos transportadores de glutamato (Dallas et 

al., 2007). Isquemia também está associada com maior excitabilidade das 

populações de células que leva a atividade epileptiforme em ambos modelos 

in vivo e in vitro (Epsztein et al., 2008, em revisão) e produz potencialização de 

longo prazo das respostas mediadas pelo receptor NMDA (Crepel et al. , 1993). 

Portanto, a interação entre mGluRs/IM e os receptores NMDA descrito acima 

podem também lançar uma luz sobre alterações cerebrais induzidas por 

insultos de hipóxia e isquemia. 
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PERSPECTIVAS 

Futuros estudos pretendem demonstrar que a disfunção dos transportadores 

de glutamato pode representar uma causa potencial do padrão de surto-

supressão e crises parciais em seres humanos. É interessante notar que um padrão 

de surto-supressão e crises são observados em casos de anóxo-isquemia, que 

ocorre quando existe um insulto anóxico durante o parto, (Sinclair et al., 1999) e 

que a mutação do transportador de glutamato mitocondrial GC1 tem sido 

descrita em pacientes que sofrem de encefalopatia mioclônica precoce com 

surto-supressão (Molinari et al., 2005). Todos estes fatos nos leva a acreditar que a 

desregulação da captação e do transporte de glutamato, e de maneira geral, 

da homeostase de glutamato podem desempenhar um papel importante nesta 

doença grave. Por conseguinte, seria de grande interesse investigar se há uma 

ligação entre a função dos transportadores de glutamato GC1 e paralelamente 

procurar possíveis mutações no que diz respeito a transportadores gliais/neuronais 

em pacientes que sofrem com encefalopatias epilépticas precoces. 
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Introduction

Glutamate is the main excitatory neurotransmitter of the
central nervous system. It is synthesized by neurons and
stored in synaptic vesicles localized in axonal terminals.
An action potential arriving at the terminal triggers a

cascade of events leading to the fusion of the vesicle
with the membrane and the release of glutamate into
the extracellular space, where its concentration increases
from few nanomoles to 1mM. In less than 1ms, glutamate
binds to specific receptors (AMPA, kainate, or NMDA
receptors) located on either the postsynaptic or
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presynaptic neuron (and also on astrocytes). These recep-
tors are coupled to ionic channels that are permeable to
Naþ and Kþ, and in case of NMDA receptors also
to Ca2þ. Activation of these glutamate receptors leads to
depolarization, and in some case, the genesis of action
potentials in a postsynaptic cell. In addition to their action
on these ionotropic receptors, glutamate also binds to
receptors coupled to G protein (metabotropic receptors).
Activation of the latter receptors modulates different
ionic channels via second messengers.

Through the activation of these receptors, glutamate
plays a major role in many aspects of brain function,
including cognition, learning, and memory. During devel-
opment, glutamate also contributes to cell migration, cell
differentiation, and synapse formation and elimination.
However, glutamate may have deleterious actions; it is
intrinsically involved in many neurodegenerative diseases
(e.g., amyotrophic lateral sclerosis, Alzheimers disease)
and in epilepsies. The influence of glutamate function in
the brain (physiological or pathological) is determined by
the spatiotemporal distribution of its concentration in the
extracellular space – which will influence the amplitude,
the duration, and the number of receptors activated
by the transmitter. The intensity of receptor activation,
and the area covered by glutamate in the extracellular
space, is strongly regulated by the cell surface GluTs. The
main action of these proteins is to rapidly uptake and
remove glutamate from the extracellular space. GluTs
are important elements of regulation of the neuronal
network activity, and transporter dysfunction can be the
cause of severe neurological disorders. In this article, we
examine the main properties of GluTs and discuss the
role of these proteins during development, particularly
in view of recent findings showing that inhibition of these
transporters in the immature brain produces seizures
with a ‘suppression burst’ EEG pattern.

Background

Glutamate Transporter Subtypes

The uptake of glutamate from the extracellular space is
performed by cell-surface GluTs that are localized on
both neuronal and glial cells. Five subtypes of GluTs
have been identified and cloned. They show a high degree
of conservation across species. In human brain they are
called excitatory amino acids transporters (EAAT1–5).
In rodent, the nomenclature is somewhat different:
GLAST (glutamate-aspartate transporter) is the human
analogue of EAAT1 and is located on astrocytes; GLT1
(glutamate transporter 1) is the human analogue of
EAAT2 and also located on astrocytes; EAAC1 (for excit-
atory amino acid 1) is the analogue of EAAT3 and located
on neurons (synaptic terminals, dendritic spines, and
somas). These transporters are expressed in the neocortex,

the hippocampus, the cerebellum, the retina, and the basal
ganglia. EAAT4 and EAAT5 are also located on neurons
but specifically expressed on the cerebellar Purkinje
cells and in bipolar and photoreceptors cells of retina,
respectively.

Functions of GluTs

GluTs play a major role in maintaining glutamate homeo-
stasis in the brain. By transporting glutamate from the
extracellular to the intracellular space, they contribute to
many functions: (1) maintenance of nM concentration of
glutamate in the extracellular space, in order to prevent
neurotoxic effect of the transmitter; (2) reduction of glu-
tamate receptors desensitization; (3) synthesis of GABA.
With regard to GABA synthesis, GluTs are present on
GABAergic terminals, and take up glutamate that is con-
verted into GABA by glutamic acid decarboxylase
(GAD); (4) limiting diffusion of glutamate out of active
synapses (spill-over) and subsequent activation of gluta-
mate receptors located at extrasynaptic sites and/or at
neighbouring synapses. In this way, GluTs help maintain
specificity of information transfer from cell to cell; (5)
detoxification of NH4

þ/NH3 in astrocytes, where gluta-
mate is converted into glutamine by glutamine synthetase
in the presence of NH3. This often-overlooked reaction is
fundamental to cell health, since hyperammonemia can
lead to brain damage and neurological disorders. Gluta-
mate present in the cytosol is also transported into mito-
chondria by mitochondrial glutamate/Hþ symporters
(glutamate carriers GC1 and GC2) or exchange with
aspartate (by the aspartate/glutamate carriers, AGC1
and AGC2). AGCs are present only in neurons, while
GCs are present in both neurons and astrocytes. In the
mitochondria, glutamate is converted by glutamate dehy-
drogenase into a-ketoglutyrate and NH3. a-Ketoglutyrate
to provide ATP for the cells via the tricarboxylic acid
cycle. The glutamate dehydrogenase reaction in the mito-
chondria is the major source of NH3, which in astrocytes
will be used for the formation of glutamine. Therefore,
GluTs function is important for the metabolism of
glutamate.

Mechanism of Uptake

The transport of glutamate is an electrogenic process that
is accompanied by an increase of positive charges in the
cells. Thus, glutamate transport is coupled to the cotran-
sport of three Naþ, one Hþ, and counter-transport of one
Kþ. Naþ is necessary for the binding of glutamate on the
transporter, and Kþ is necessary for transport. In addition,
the transporters facilitate anion (Cl�) flux across the
membrane. This flux, which is stimulated by the binding
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of glutamate and/or Naþ to the transporter, follows
strictly its own transmembrane electrochemical potential
gradient. The amplitude of the chloride conductance
varies between different transporters subtypes; the
glutamate-elicited current in EAAT5 and EAAT4 is car-
ried largely by chloride ions, in contrast to the small
chloride conductance associated with GLAST, GLT1,
and EAAC1. Glutamate-induced anion conductance
may prevent the depolarizing action of glutamate trans-
port by neutralizing the transported positive charge. It has
also recently been shown that the anion current associated
with the transport of glutamate by EAAT5 (located at the
presynaptic terminal of the rod bipolar cell of the retina)
hyperpolarizes the axon and inhibits synaptic transmis-
sion between these cells and the AII amacrine cells.

The affinity of glutamate for the transporters is high
(EC50¼ 4–30 mM) and close to the affinity of glutamate
for NMDA receptors or glutamate metabotropic recep-
tors. Moreover, kinetics studies indicate that transporters
bind glutamate as rapidly as AMPA receptors (�1ms),
allowing a signification pool of transporters to be engaged
during glutamatergic synaptic transmission.

In the cortex, 80–90% of the transport is performed by
astrocytes, which often ensheath synapses. In contrast to
neurons, astrocytes possess many features that are opti-
mized for efficient uptake, including high expression of
transporters compared to neurons. In addition astrocytes
have a very hyperpolarized resting membrane potential
(��90 to �100mV), increasing the gradient concentra-
tion of Naþ and Kþ that drives transport of glutamate into
the cells. They have also a low input resistance and do not
fire action potentials, thus reducing the likelihood of large
depolarizations and allowing the maintenance of the gra-
dient of concentrations of Naþ and Kþ. Moreover, the
astrocytic cytosolic concentration of glutamate is low
because the transmitter is either converted into glutamine
or transported into the mitochondria by symporters. In
contrast to astrocytes, neurons can be more easily depo-
larized because of an higher input resistance (hundreds
megaohms), their ability to generate action potentials, and
the presence of large numbers of synapses (which give rise
to ongoing synaptic events). In addition, the intracellular
concentration of glutamate is much higher in glutamater-
gic neurons than in astrocytes because glutamate is not
converted into glutamine or GABA.

Factors Affecting the Function of GluTs

Several factors have been shown to regulate the function
of GluTs. This regulation may directly affect the synthesis
and expression of the transporters at different levels:
DNA transcription, RNA splicing, and turnover and traf-
ficking of transporters from the endoplasmic reticulum to
the membrane. The capacity of glutamate uptake may also
be indirectly reduced when the gradient of Naþ, Kþ, or

Hþ is not maintained (e.g., during an hypoxic–ischemic
episode when pH and intracellular ATP levels fall), or
when glutamate accumulates in the cytosol.

GluTs and Epilepsy

Several studies performed in patients suffering from
mesial temporal lobe epilepsy have shown that extracel-
lular glutamate concentration rises at or before seizure
onset, especially in the hemisphere where the seizures
originate. Similar results have been obtained in chronic
seizure animal models (e.g., kindled seizures, genetically
epilepsy prone rats). These data have led to the hypothe-
sis that the elevated extracellular concentration of gluta-
mate is related to alterations of GluTs expression and
function. Several studies have subsequently been per-
formed in order to test this possibility, both in human
temporal lobe epilepsy and animal models. These studies
have given rise to some contradictory results. For exam-
ple, studies of distribution of EAAT1 and EAAT2 in
resected human sclerotic hippocampi (compared to non-
sclerotic hippocampi) show a reduction of EAAT2, a
slight or no reduction of EAAT1, or no change in these
transporters. An increase or no change in EAAT3 mRNA
(or protein) has also been described in hippocampal sur-
gical specimens from patients with temporal lobe epi-
lepsy. Similarly, there is no clear change in mRNA and
protein expression of transporters in animal models of
temporal lobe epilepsy (induced by kindling or by neu-
rotoxins such as kainate or pilocarpine). An increase, a
decrease, or no change of neuronal (EAAC1) and glial
(GLT-1, GLAST) glutamate transporter expression has
been reported. These contradictory results can probably
be explained by rapid postmortem proteolysis of GluTs.
Another approach to this issue, based on the deletion of
the transporter genes (knockout mice) or the inactivation
of the proteins (antisense treatments) has also been used
in order to establish a link between an alteration of gluta-
mate uptake and the generation of seizures. These experi-
ments have also given rise to conflicting results; seizures
were seen in the experimental animal groups in some
studies but not in others. For example, the GLT-1 KO
mice display spontaneous recurrent seizures and are
more susceptible to pentylenetetrazol – sensitivities that
have been attributed to an elevation of extracellular glu-
tamate concentration. However, chronic administration of
antisense nucleotide of GLT1 or GLAST in adult rats
produced elevated extracellular levels of glutamate (asso-
ciated with excitotoxicity) but no seizures. Similar results
were seen with nucleotide antisense for the neuronal
EAAC1 transporter; while antisense treatment resulted
in epileptic seizures (hypothesized to be a consequence
of decrease in GABA synthesis); the EAAC1 KO mice did
not develop seizures. The reasons for these discrepancies
are unclear.
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GluTs Function is Essential for Normal Brain
Development

A recent study has provided convincing evidence that glial
glutamate transporter function is essential for normal brain
development. In that study, deletion of both GLAST and
GLT-1 genes in mice reduced cell proliferation and radial
neuronal migration (leading to a disturbed laminar organi-
zation of the cortex). In addition, neuronal differentiation
appears to be strongly affected in these mice. This cortical
malformation seen in these animals involved, in part, the
activation of both AMPA and NMDA receptors, since
the GLAST�/�/GLT1�/� phenotype was partially res-
cued by injection of ionotropic glutamate receptor antago-
nists. These results indicate that glutamate may act as a
neurotransmitter at a very early stage of development,
even before synapse formation; these actions of glutamate
must be tightly controlled – by GLAST and GLT1 – for
normal brain development. In keeping with this view
are the following observations: (1) Immunoreactivity for
glutamate in the maturing cortex is found in the neuroe-
pithelium during neurogenesis, and later on is present
in the intermediate zone (zone of migration), subplate,
the cortical plate, and the marginal zone; (2) Functional
glutamate receptors are expressed by neuronal precursor
cells and neurons, in several structures, at a very early
stage of development; (3) Glutamate is released before
synapse formation by growing axons and growth cones;
(4) GluTs are functional during the perinatal period
and contribute to the clearance of glutamate; and (5) In
the absence of efficient transport, glutamate diffuses
through the extracellular space and activates distant
cells in paracrine manner. All these factors suggested
that GluTs play an important role in normal brain dev-
elopment, controlling thematuring cortical network activ-
ity when synaptogenesis is just getting started. Recent
studies support this hypothesis and show that this control
is fundamental, as it prevents the generation of seizures.

Methods

For in vitro experiments, we have used whole cell patch-
clamp recordings of pyramidal cells and interneurons,
together with field recordings, from neocortical (frontal,
temporal, occipital) or hippocampal slices of Wistar rats
(from embryonic E20 to postnatal day 7). For in vivo
studies, we have employed video/EEG monitoring in
freely moving rat pups. For the latter experiments,
the animal was placed in a stereotaxic frame, and 1ml
of TBOA (5mM per litre) or saline solution was injected
in the left lateral ventricle (ICV injection) with a needle via
a peristaltic pump. Two 1mm-long tungsten electrodes
fixed to a copper plug (100mm diameter) were stereo-
taxically implanted at the surface of the somatosensory

cortex. A reference electrode was implanted in the cere-
bellum. Two EEG signals were recorded, representing
the potential between the reference and the recording
electrodes. Signals were amplified (�1000), filtered at
0.16–97Hz pass, acquired at 256Hz using a time constant
of 0.3 s and analyzed using Coherence 3NT program
(Deltamed, France).

Results

GluTs During Development

Most of the studies concerning the function of GluTs and
their role in neurologic disorders have been performed in
adult brain. In contrast, there are few data available on
their function in the developing brain, even though glu-
tamate is known to play important roles in neuronal
development. GluTs are expressed early in development,
in fetal stages, in both human and rodent brain, sug-
gesting that they may play important roles for brain
maturation. Immunohistochemical and immunoblot anal-
ysis of EAAT1–4 performed between the seventeenth and
twenty-fourth week of gestation in human brain showed
that EAAT2 is the most prominent glutamate transporter
subtype, highly expressed in cortex, basal ganglia, hippo-
campus, cerebellum, and thalamus. EAAT2 is rare in cells
in the proliferatives zones, but is expressed in the inter-
mediate zone and in the cortical plate. EAAT1 immuno-
reactivity is found in cortex, basal ganglia, and in the
hippocampus, and is present in the proliferatives zones
(ventricular and subventricular zones) on radial glial cells,
and in the intermediate zone on the radial glial fibers.
EAAT1 is also present on astrocytes localized within the
cortical plate. EAAT1 and EAAT2 are found in the CA1
field and dentate gyrus of fetal hippocampus, and EAAT3
has been localized in cortex, basal ganglia, thalamus, hip-
pocampus, and the cerebellum. EAAT3 distributes within
the subplate and the cortical plate, on pyramidal cells and
on the Cajal–Retzius cells of the marginal zone. EAAT4 is
present in the cortex, hippocampus, and cerebellum. In
rodent, the developmental expression of these four trans-
porters has been found to be generally similar to the
human pattern.

GluTs Control Early Network Activity: Their
Inhibition Results in Slow Network Oscillations
In Vitro

During the perinatal period, when synaptogenesis is just
getting started, the ongoing cortical activity is composed
of fast synaptic events mediated mostly by GABA (which
is excitatory during this period of life) and – to a lesser
extent – by glutamate. This cortical activity is often com-
posed of recurrent network driven events of few hundred
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milliseconds duration, called giant depolarizing potentials
(GDPs). This pattern, observed in wide range of develop-
ing structures, reflects a high degree of synchrony in
immature neurons in spite of the small number of func-
tional synapses, and is thought to participate in activity-
dependent growth and synapse formation. GDPs have
been extensively studied in the hippocampus, where
they appear to be initiated by a glutamatergic drive, and
are mediated mostly by GABA receptors (in the neocortex
they are mediated by glutamate receptors). This pattern of
activity is developmentally regulated and disappears
around the second postnatal week in rats and mice.

Two recent studies demonstrate that GluTs exert a pow-
erful control of the activity of the maturing cortical neurons
(neocortex and hippocampus). Using, DL-TBOA, a nontran-
sportable inhibitor of neuronal and glial GluTs, investigators
showed that a deficit of glutamate uptake rapidly transforms
the ongoing activity into recurrent depolarization of several
seconds duration associated with bursts of action potentials
(Figure 1). This pattern of activity, referred to as slow
network oscillations (SNOs), is generated during the first
two postnatal weeks of life (but not thereafter), and is
observed in both interneurons and pyramidal cells through-
out the neocortex and hippocampus. SNOs display similar
features in the two structures and are mediated by both
NMDA and GABAA receptors, but require the activation
of NMDA receptors for their generation; thus, SNOs are
fully blocked by NMDA receptors antagonists. To summa-
rize published and unpublished observations, the generation
of SNOs proceeds as follows: (1) SNOs are initiated by the
leakage of glutamate from glial cells. This leakage,

unmasked when GluTs are not efficient, give rise to a
sustained increase of [glutamate] in the extracellular space;
(2)This sustained elevation of [glutamate] tonically activates
NMDA and metabotropic glutamate receptors and depo-
larizes some glutamatergic neurons that display intrinsic
recurrent bursting activity; (3) These burst discharging neu-
rons periodically release glutamate into the extracellular
space; this glutamate spreads out from synaptic clefts, lead-
ing to the activation of extrasynaptic NMDA receptors on
both interneurons and pyramidal cells. The periodic diffu-
sion of glutamate in the extracellular space thus leads to the
coactivation of large population of cells within the cortical
network, enabling these cells to generate bursts (of action
potentials) that last for several seconds. From these studies,
investigators concluded that GDPs and SNOs are initiated
by the same glutamatergic drive, but that a deficiency in the
transport of glutamate enlarges the range of action of this
drive in the network, due to the diffusion of the glutamate
released and extrasynaptic activation of NMDA receptors.
This ‘spill-over’ engages large populations of neurons in
rhythmic activities, including cells in which GDPs are ordi-
narily absent.

GluTs Prevent the Generation of Seizures in Rat
Pups in vivo. Inhibition of GluTs Leads to a
‘Suppression Burst Pattern’ in the EEG and
Partial Seizures

The consequence of dysfunction of glutamate transport
on electrographic patterns has recently been investigated
with video-EEG monitoring in freely moving postnatal

Patch interneuron
MUA Str.Pyr

DL-TBOA

D-APV

25 mV

–70 mV

100 µV
100 s

5 s

MUA

Figure 1 Inhibition of glutamate transporters generates slow network oscillations. Patch-clamp recording of an interneuron from P0

recorded in the stratum radiatum of the hippocampus (upper trace) in current-clamp mode and combined with the extracellular
recording of multiple unit activity (MUA) with a pipette located in the stratum pyramidale (Str. Pyr., lower trace). The activity of the

CA1 region is composed by GDPs and associated with MUA in the stratum pyramidale (showed at an expanded time scale

below the two traces). Bath application of DL-TBOA (100mM) generates SNOs. This pattern is blocked by D-APV (80mM), an

antagonist of NMDA receptor. The trace is shown 5 min after the application of APV. GDPs recovered 15 min after the washout of
the drugs.
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day (P)5-P7 rats after intracerebroventricular (ICV)
injection of DL-TBOA (a glutamate transporter inhibitor)
(see Figure 2). In control animals (untreated pups or ICV
injection of vehicle), the EEG was composed of bilateral
spindle burst (slow delta waves superimposed with faster
alpha oscillations). The inhibition of GluTs in rat pups
treated with TBOA imposes a singular pattern of activity,
composed of recurrent bilateral paroxysmal bursts (a few
seconds duration) that alternate with silent periods (also a
few seconds in duration). The paroxysmal bursts were
sometimes associated with erratic myoclonias. Moreover,
partial seizures could also be recorded, as long lasting
rhythmic delta–theta oscillatory activities in one hemi-
sphere that were occasionally associated with behavioral
manifestation (crawling, tonic posture of one or two limbs,
freezing like posture, hypermotor activity). Intraperito-
neal injection of NMDA receptor antagonists blocked
myoclonias, the ‘partial’ seizures, and the paroxysmal
EEG pattern. These clinical manifestations were not
observed after ICV injection of other convulsive agents
such as pilocarpine or kainate (which produced a status
epilepticus) or after febrile seizures. Therefore, they
appear to be related specifically to a deficiency of gluta-
mate transport.

This clinical presentation is observed in some severe
forms of early onset epilepsy, such as the early myoclonic
encephalopathy with ‘suppression burst’ pattern. The
EEG pattern consists only of complex bursts of spikes
and sharp waves, and slow waves lasting 1–5 s, alternating
with flat periods of 3–10 s during which there is practically
no activity. The paroxysmal bursts can occur either syn-
chronously or independently in the two hemispheres. Par-
tial seizures are also observed in these children. Although
the clinical relevance of the study in rat pups to this severe

epileptic disorder requires further investigation, the obser-
vations do suggest that a deficient transport of glutamate
may be a potential cause for earlyonset epilepsy, particularly
those associated with a suppression-burst pattern EEG.

To date the etiology of early epileptic encephalopathy
with suppression burst remains elusive. In 50% of patients,
cortical malformations are observed with MRI; in others,
genetic factors and/or inborn errors of metabolism (lead-
ing to a metabolic acidosis, to nonketotic hyperglycinemia,
or to a defect of pyridox(am)ine– phosphate–oxydase
activity) are thought to play a prominent role. Recently,
a mutation in the gene encoding the mitochondrial
glutamate/H(+) symporter GC1(SLC25A22) has been
reported in patients with a suppression burst pattern
EEG. The mutation of GC1 has been shown to impair
mitochondrial glutamate import, suggesting that a defect
of glutamate metabolism may play a major role in this
pathology. One might speculate that this GC1 mutation
also results in an alteration of glutamate uptake and trans-
port by cell-surface GluTs. Theoretically, a link between
the mitochondrial and cell-surface transporters could
exist, since cell-surface GluTs are powered by transmem-
brane gradients of Naþ, Kþ, Hþ, and substrate, and an
abnormal pool of glutamate (that may occur in the GC1
mutated cells) in addition to a rise of intracellular Naþ

concentration may prevent or reduce the uptake of the
transmitter from the extracellular to the intracellular
space – thus mimicking the action of TBOA.

Conclusions and Future Directions

It is widely accepted that the maturing brain is highly
excitable as compared to the adult brain. In human, the

40 µV
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80 µV
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20 µV

3 s

20 µV

1 s

Left

Right

(a) (b) (c)

Figure 2 Suppression burst pattern and partial seizures are generated after inhibition of glutamate transporters in rat pups.
EEG recording of a freely moving P5 old rat after ICV injection of saline solution (a) or DL-TBOA (b,c). Recording electrodes were placed

in the frontal cortex of each hemisphere and the reference electrode was placed in the cerebellum. In the control rat, the EEG is

composed of spindle burst (see Khazipov et al., 2004). In the TBOA treated rat, the EEG is composed by slow deflections followed by

burst of spikes. These paroxysmal bursts occur in recurrent manner and alternate with silent period. (c) Example of partial seizures. Note
the presence of slow oscillations only in one hemisphere. This activity was associated with freezing like posture.
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incidence of seizures is significantly higher during
the first year of life than during adulthood. In rodent,
the susceptibility to convulsive agents is higher in the
maturing than in adult brain. Studies performed on the
brains of developing rodents suggest that several factors
may contribute to this preferential hyperexcitability,
including excitatory GABA action, high input resistance
of cortical cells, and the presence of synchronized net-
work driven events. All these features may be important
for the normal development of the brain, but may also
favor the generation of seizures. The early expression
and function of GluTs are thus fundamental as they
appear to tightly control glutamate at these early stages
(before synapses are prominent), enabling the correct
construction of cortical networks. At later stages of
development, when functional synapses are established,
these transporters are key to the prevention of paroxys-
mal activity.

Based on in vitro studies, it has suggested that GluTs
reduce the impact of putative glutamatergic ‘generators’
of rhythmic activity on the network. By preventing or
reducing the spread of glutamate released into the extra-
cellular space, GluTs would act to limit the coactivation
of neurons and would limit the number of cells that
participate in network-driven activity. This control allows
the brain to generate a physiological pattern of activity,
and prevents specifically, the generation of a suppression
burst EEG pattern. This control by GluTs raises the
possibility that transporter dysfunction could be a cause
of this highly pathological electrical activity in human
brain. In this context, it will be important to determine
if these transporters are inactivated by direct mutation, or
if the metabolic disorders reported in patients suffering
from early myoclonic encephalopathy (as a final conse-
quence of their disorder) dysfunction of astrocytes and of
GluTs. Finally, our ability to generate in vitro (in cortical
slices) recurrent paroxysmal activity that shares similari-
ties with the electrographic pattern in intact brain offers
the investigator a rare opportunity to study, in a small
circuit, the mechanism leading to the genesis of these
recurrent paroxysmal activities. Such studies will lead to
a better understanding of the pathophysiological basis of
the suppression burst pattern.
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Sequential Generation of Two Distinct Synapse-Driven
Network Patterns in Developing Neocortex

Camille Allène, Adriano Cattani, James B. Ackman, Paolo Bonifazi, Laurent Aniksztejn, Yehezkel Ben-Ari, and
Rosa Cossart
Institut de Neurobiologie de la Méditerranée, Inserm U901, Université de la Méditerranée, 13273 Marseille cedex 9, France

Developing cortical networks generate a variety of coherent activity patterns that participate in circuit refinement. Early network oscil-
lations (ENOs) are the dominant network pattern in the rodent neocortex for a short period after birth. These large-scale calcium waves
were shown to be largely driven by glutamatergic synapses albeit GABA is a major excitatory neurotransmitter in the cortex at such early
stages, mediating synapse-driven giant depolarizing potentials (GDPs) in the hippocampus. Using functional multineuron calcium
imaging together with single-cell and field potential recordings to clarify distinct network dynamics in rat cortical slices, we now report
that the developing somatosensory cortex generates first ENOs then GDPs, both patterns coexisting for a restricted time period. These
patterns markedly differ by their developmental profile, dynamics, and mechanisms: ENOs are generated before cortical GDPs (cGDPs)
by the activation of glutamatergic synapses mostly through NMDARs; cENOs are low-frequency oscillations (�0.01 Hz) displaying slow
kinetics and gradually involving the entire network. At the end of the first postnatal week, GABA-driven cortical GDPs can be reliably
monitored; cGDPs are recurrent oscillations (�0.1 Hz) that repetitively synchronize localized neuronal assemblies. Contrary to cGDPs,
cENOs were unexpectedly facilitated by short anoxic conditions suggesting a contribution of glutamate accumulation to their generation.
In keeping with this, alterations of extracellular glutamate levels significantly affected cENOs, which are blocked by an enzymatic
glutamate scavenger. Moreover, we show that a tonic glutamate current contributes to the neuronal membrane excitability when cENOs
dominate network patterns. Therefore, cENOs and cGDPs are two separate aspects of neocortical network maturation that may be
differentially engaged in physiological and pathological processes.

Key words: development; GABA; imaging; network; cortex; synchrony

Introduction
Spontaneous correlated neuronal activity is the hallmark of
developing networks and plays a central role in their construc-
tion (Katz and Shatz, 1996; Khazipov et al., 2004; Cang et al.,
2005; Kandler and Gillespie, 2005; Nicol et al., 2007). A variety
of coordinated activity patterns have been described in devel-
oping neocortical structures from correlated pairs of neuronal
precursor cells (Owens and Kriegstein, 1998) to gap junction-
synchronized cortical columns (Yuste et al., 1992; Kandler and
Katz, 1998; Dupont et al., 2006). Clarifying the underlying
mechanisms and the spatiotemporal interactions between
these diverse network patterns is crucial toward understand-
ing their ultimate function in the construction of cortical
maps.

Two synapse-driven network patterns have been extensively
described in immature cortical structures: (1) Cortical early net-

work oscillations (cENOs) are large-scale oscillatory calcium
waves, occurring immediately after birth at low frequency and
providing most of the coherent activity in the developing rodent
neocortex (Garaschuk et al., 2000). Cortical ENOs require action
potentials and are driven by NMDA and AMPA receptors but not
GABAA receptors (Garaschuk et al., 2000; Corlew et al., 2004;
McCabe et al., 2006). (2) Giant depolarizing potentials (GDPs)
are the earliest synapse-driven network pattern in the developing
hippocampus (Ben-Ari et al., 1989; Garaschuk et al., 1998; Crépel
et al., 2007). They occur a few days after birth in rodents at mod-
erate frequency (�0.1 Hz). They are driven by GABAergic trans-
mission and disappear with the excitatory/inhibitory shift in the
actions of GABA (Ben-Ari et al., 1989; Garaschuk et al., 1998;
Tyzio et al., 2007).

Relying on the apparent similarities between these patterns, it
was concluded that cENOs were the cortical counterpart to the
hippocampal GDPs but generated by glutamatergic synapses,
which would play a more critical role in the developing neocortex
(“cortical GDPs”) (McCabe et al., 2007). Therefore GDPs and
cENOs would reflect intrinsic differences between brain struc-
tures. Yet, GABA also excites immature neocortical neurons
(Yuste and Katz, 1991; Owens et al., 1996; Dammerman et al.,
2000; Garaschuk et al., 2000; Marandi et al., 2002; Yamada et al.,
2004; Tyzio et al., 2006; Ben-Ari et al., 2007) and the possibility
that cENOs and GDPs could be separate network patterns se-
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quentially dominating the developing
neocortex has not been excluded.

To test this hypothesis we monitored
the spatiotemporal patterns of neuronal
activities in slices of rat somatosensory
cortex between embryonic to postnatal
stages using multibeam two-photon mi-
croscopy, on-line analysis, and targeted
single-cell and field potential recordings.
We show that the immature neocortex
produces at birth cENOs and cortical syn-
chronous plateau assemblies [cSPAs, i.e.,
synchronous calcium plateaus associated
with intrinsic membrane potential oscilla-
tions in restricted groups of neurons, iden-
tical to the recently described activity in
the hippocampus (Crépel et al., 2007)],
then GABA-driven GDPs that are similar
to hippocampal GDPs. These patterns dif-
fered in their spatiotemporal dynamics,
intracellular correlates, developmental
profile, and pharmacological features. In-
deed, cENOs were generated by the activa-
tion of NMDARs and favored by higher
extracellular glutamate levels in contrast to
cGDPs which preferentially involved
GABAergic transmission. Remarkably, a
tonic glutamate current excited neurons at
the stage when cENOs were preferentially
observed. Finally, we show that cENOs
and cGDPs present a differential sensitiv-
ity to anoxic conditions since the occur-
rence of cGDPs was impaired while cENOs
were transiently increased, in anoxic/agly-
cemic or low rate saline perfusion. We
conclude that the neocortex successively
generates two coherent activity patterns,
first cENOs then cGDPs. This develop-
mental sequence results in differential sen-
sitivity to ischemia during maturation.

Materials and Methods
Slice preparation and calcium imaging. Coronal
and horizontal slices of somatosensory cortex
(400 – 450 �m thick) were prepared from E20
to 9-d-old (P9) Wistar rats using a Microm tis-
sue slicer (International) in ice-cold oxygen-
ated modified artificial CSF (mACSF: 0.5 mM

CaCl2 and 7 mM MgSO4; NaCl replaced by an
equimolar concentration of choline). Most of the experiments were per-
formed on horizontal slices since the incidence of calcium waves (cE-
NOs) was critically diminished in coronal slices (see Table 1) (Garaschuk
et al., 2000; Corlew et al., 2004; Sun and Luhmann, 2007). Slices were
then transferred for rest (�1 h) in oxygenated normal ACSF containing
(in mM): 126 NaCl, 3.5 KCl, 1.2 NaH2PO4, 26 NaHCO3, 1.3 MgCl2, 2.0
CaCl2, and 10 D-glucose, pH 7.4. For AM-loading, slices were incubated
in a small vial containing 2.5 ml of oxygenated ACSF with 25 �l of a 1 mM

fura-2 AM solution (Molecular Probes; in 100% DMSO) for 20 –30 min.
Slices were incubated in the dark, and the incubation solution was main-
tained at 35°–37°C. The fraction of labeled cells was constant for all age
groups included in the study (at P1: 6 � 3% cells were visible in trans-
mitted light but not in the calcium fluorescence image, n � 1391 cells, vs
5 � 1% at P8, n � 888 cells, p � 0.9). Unless indicated otherwise, slices
were perfused at a rate of 4 ml/min with continuously aerated (95%
O2/5% CO2) normal ACSF at 35–37°C. Imaging was performed with a

multibeam two-photon laser scanning system (Trimscope-LaVision Bio-
tec) coupled to an Olympus microscope as previously described (Crépel
et al., 2007). Images were acquired through a CCD camera (La Vision
Imager 3QE), which typically resulted in a time resolution of �100 ms
(2 � 2 binning, pixel size: 600 nm). Slices were imaged using a low-
magnification, high-numerical-aperture objective (20�, NA 0.95,
Olympus). The size of the imaged field was typically 430 � 380 �m 2.
Imaging depth was on average 80 �m below the surface (range: 50 –100
�m).

Analysis. As previously described (Crépel et al., 2007), analysis of the
calcium activity was performed with custom-made software written in
Matlab (MathWorks). This program aimed at the automatic identifica-
tion of loaded cells and at measuring their fluorescence as a function of
time. The calcium signal of each cell was the average fluorescence within
the contour of that cell, measured as a function of time.

The entire procedure could be performed on-line sufficiently quickly

Table 1. Quantitative comparison between cENOs and cGDPs in cortical slices

cENO cGDP

Age
E20

Incidence 0/11 0/11
P0 –P4

Amp 38 � 3 (n � 53)
Freq (per min) 2.45 � 0.3 (n � 53)
Incidence 53/110 1/3

P5–P9
Amp 41 � 13 (n � 3)* 13 � 3 (n � 63)
Freq (per min) 3.25 � 2.26 (n � 3)* 8.4 � 0.7 (n � 63)
Incidence 3/48 63/137

Orientation of slices
Coronal

Amp 47 � 29 (n � 2)* 7 � 1 (n � 12)
Freq (per min) n.a. 6.81 � 1.07 (n � 12)
Incidence 2/42 12/27

Horizontal
Amp 39 � 3 (n � 56)* 16 � 1 (n � 64)
Freq (per min) 2.55 � 0.34 (n � 56)* 9.2 � 0.8 (n � 64)
Incidence 56/158 64/140

Pharmacology
Bicuculline

Amp (% cont) 111 � 25 (n � 9)* 9 � 7 (n � 9)
Freq (% cont) 153 � 72 (n � 9)* 0 (n � 9)

D-APV
Amp (% cont) 13 � 6 (n � 13)* 54 � 21 (n � 5)
Freq (% cont) 22 � 1 (n � 13)* 70 � 5 (n � 5)

D-APV � NBQX
Amp/cont (%) 7 � 7 (n � 14)* 80 � 17 (n � 6)
Freq/cont (%) 5 � 1 (n � 14)* 14 � 14 (n � 6)

Calcium events kinetics
Rise time (s) 1.02 � 0.02 (n � 1000)* 0.230 � 0.005 (n � 1000)
Decay (s) 5.32 � 0.2 (n � 1000)* 1.02 � 0.2 (n � 1000)
Synchronicity duration (s) 0.97 � 0.11 (n � 1000)* 0.25 � 0.05 (n � 1000)

Patch-clamp recordings
Amplitude (mV) 12.8 � 2.5 (n � 9) 12.4 � 4.4 (n � 4)
Duration (s) 2.4 � 0.8 (n � 9)* 0.28 � 0.0 (n � 4)
Rise time (s) 0.6 � 0.2 (n � 9)* 0.05 � 0.0 (n � 4)
AP number 3.5 � 1.5 (n � 9) 4.2 � 0.0 (n � 4)
Firing frequency (Hz) 1.9 � 0.5 (n � 9)* 15.4 � 0.5 (n � 4)
Frequency (per min) 1.6 � 0.5 (n � 9)* 8.2 � 0.8 (n � 4)

Field potential recordings
Amplitude (�V) 142 � 58 (n � 5) 43 � 9 (n � 7)
Duration (s) 2.7 � 0.3 (n � 5)* 0.5 � 0.4 (n � 7)
Peak frequency (Hz) 15.3 � 3.9 (n � 5) n.a.
Rate of occurrence (Hz) 0.010 � 0.007 (n � 5)* 0.15 � 0.03 (n � 7)
MUA (Hz) 28.6 � 7.8 (n � 5) 14.6 � 2.5 (n � 7)

Amp, Amplitude; AP, action potential; Freq, frequency; n.a., not applicable. See Materials and Methods. Bicuculline, 10 � M, D-APV, 40 � M; NBQX, 10 � M.
*p � 0.05 compared with cGDPs.
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to identify cells for targeted patch-clamp recordings. 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 one calcium event within the period of recording. Kinetics analysis
of individual calcium events was performed using the MiniAnalysis pro-
gram. Single and averaged events were fully characterized: rise times
(10 –90%), amplitudes, and decay time constants were calculated (single
exponential fit). For SPA-associated events we chose to calculate the
duration of individual calcium plateaus (time between the event onset
and the start of the decay) instead of rise and decay times because the
values of both parameters were negligible compared with the duration of
the plateau. To compute the activity correlation of two cells, the onset of
each event was represented by a Gaussian (s � 1 frame, to allow some
jitter). The inner product of the resulting values was then calculated. The
significance of each correlation value was estimated by direct comparison
with a distribution computed from surrogate data sets, in which the
events were randomly reshuffled in time. To quantify synchronous ac-
tivity patterns (i.e., cENOs and cGDPs), we used four parameters: fre-
quency, incidence, amplitude, and duration of synchronicity. The fre-
quency of a network pattern was the averaged time interval between two
peaks of synchronous activity. The incidence was the fraction of slices in
which it could be recorded at least once. The amplitude of a network
pattern in a given movie was the average of the maximum of cells coactive
in each peak of synchrony across the movie. To identify peaks of synchro-
nous activity that included more cells than expected by chance, we used
interval reshuffling (randomly reordering of intervals between events for
each cell) to create a set of surrogate event sequences. Reshuffling was
performed 1000 times for each movie, and a surrogate histogram was
constructed for each reshuffling. The threshold corresponding to a sig-
nificance level of p � 0.05 was estimated as the number of coactive cells
exceeded in a single frame in only 5% of these histograms. This threshold
was used to calculate the duration of a synchronous activity pattern that
is the number of successive frames for which the number of coactive cells
was superior to threshold. Experimental values are given as means �
SEMs. Student’s t test and � 2 test were used for statistical comparisons.
p � 0.05 was considered significant.

Electrophysiology. Neurons were recorded using the patch-clamp tech-
nique in the whole-cell configuration. For voltage-clamp the composi-
tion of the intracellular solution was: 120 mM Cs-gluconate, 10 mM

MgCl2, 0.1 mM CaCl2, 1 mM EGTA, 5 mM Na2 adenosine triphosphate, 10
mM HEPES. With this solution glutamate-R-mediated postsynaptic cur-
rents (PSCs) reversed at �10 mV while GABAAR-mediated PSCs re-
versed at �60 mV. Liquid junction potential value was �16.8 mV, but no
correction was applied. For current clamp, the intracellular solution was:
130 mM K-methylSO4, 5 mM KCl, 5 mM NaCl, 10 mM HEPES, 2.5 mM

Mg-ATP, and 0.3 mM GTP. No correction for liquid junction potential
was applied.

The osmolarity was 265–275 mOsm, pH 7.3. Microelectrode resis-
tance was 4 – 8 M�. Uncompensated access resistance was monitored
throughout the recordings. Values �20 M� were considered acceptable
and the results were discarded if it changed by 	20%. Whole-cell mea-
surements were filtered at 3 kHz using a patch-clamp amplifier (HEKA,
EPC10). Recordings were digitized on-line (20 kHz) with a Labmaster
interface card to a personal computer and acquired using Axoscope 7.0
software (Molecular Devices). Synchronization between optical and elec-
trical signals was achieved by feeding simultaneously the Labmaster in-
terface card with the trigger signals for each movie frame and the electro-
physiological recordings. Neurons were also patch clamped without dye
loading. In these conditions, we found electrophysiological events corre-
sponding to GDPs or ENOs similar to which we found in dye loading
conditions. Recordings were analyzed using the MiniAnalysis software
(Synaptosoft). Extracellular recordings were performed with a glass pi-
pette (�1 M�) filled with ACSF and the signal was recorded with a
DAM80 amplifier (WPI). Spectrograms were calculated using the func-
tion “spectrogram” of Matlab (MathWorks).

Pharmacology. Antagonists for GABAA and ionotropic glutamate re-
ceptors mentioned in this manuscript are bicuculline (10 �M), gabazine
(10 �M), NBQX (10 �M), and D-APV (40 �M). All drugs except TTX

(Tocris) were purchased from Sigma. As previously described (Min et al.,
1998), GPT (porcine heart, 115 kDa dimer) was dialyzed for 3 h with a 10
kDa cutoff membrane (Slide-A-Lyzer, Pierce Chemical) before the ex-
periments. We confirmed that GPT was acting by scavenging glutamate
by comparing the current evoked by pressure application of glutamate (1
mM) onto the same neuron recorded in voltage clamp at �40 mV in the
absence or in the presence of GPT 5 U/ml (together with pyruvate 2 mM)
in the puff pipette. As expected, currents evoked in the presence of the
glutamate scavenger were significantly smaller (n � 12, p � 0.05, data not
shown). Finally, we also confirmed that GPT did not affect network
activity in the absence of pyruvate (frequency and amplitude of cENOs
under GPT 5 U/ml (without pyruvate) were not significantly different
relative to control: 140 � 4%, p � 0.4 and 87 � 2%, p � 0.6, respectively,
n � 3).

Results
Maturation of population coherence in neocortical slices
We used multibeam two-photon imaging in horizontal slices in-
cluding the primary somatosensory cortex, loaded with a calcium
indicator (fura-2 AM), to record movies of spontaneous activity
in rats aged between E20 and P9. We focused on the somatosen-
sory area (39,166 cells, 238 cells per movie on average; 4000
frames/movie, 100 ms/frame). Analysis was performed using cus-
tom software to measure fluorescence changes in each cell and
mark the onset and offset of individual calcium transients (Fig. 1)
(see also Crépel et al., 2007). Four maturation steps of spontane-
ous neuronal activity could be distinguished:

At embryonic stages (E20), only a minority of cells were active
(9 � 0.02%, n � 11 slices, 3190 cells). Most activity consisted of
sporadic calcium spikes (6.3 � 1.6 s duration, n � 433 events, Fig.
1) that were poorly correlated between neurons (0.07% cell pairs
significantly correlated, see Materials and Methods). Current-
clamp recordings from active neurons revealed that these calcium
events corresponded to immature action potentials (Fig. 1).

Around birth (P0 –P3), more cells generated calcium spikes
but another pattern appeared in approximately one third of ac-
tive cells (32 � 3% at P0, n � 41 slices) consisting of synchronous
calcium plateaus (duration: 18.5 � 2.3 s, 0.02 � 0.001 Hz, n �
493 events, significantly different from calcium spikes in terms of
duration, p � 0.009; 14% cell pairs significantly correlated) (Fig.
1). These were reminiscent of synchronous plateau assemblies
(SPAs), recently described in the hippocampus (Fig. 1) (Crépel et
al., 2007). Targeted current-clamp recordings showed that these
plateaus corresponded to recurrent burst discharges when cells
were recorded at Vrest (n � 5 cells) (Fig. 1). Like hippocampal
SPAs, cortical SPAs (cSPAs) were not synapse driven since they
were not affected by blocking AMPA/KARs, NMDARs, and
GABAARs (fraction of SPA-cells in NBQX 10 �M, D-APV 40 �M,
and bicuculline 10 �M, was 133 � 14% of control, n � 25 slices,
p � 0.15, data not shown). They were in contrast blocked by
sodium and L-type calcium channel antagonists (to 15 � 6% of
control in the presence of TTX 1 �M and nifedipine 10 �M, n � 3
slices, p � 0.003, data not shown). Finally, as in the hippocampus,
the emergence of cSPAs was controlled by signaling molecules
involved during delivery since treatment with oxytocin (1 �M) of
slices from rat fetuses (E20) having been initially intracardially
perfused with ACSF to wash out the endogenous hormone,
caused an almost two-fold increase in the fraction of SPA-cells to
levels comparable to birth stages (37 � 6% of SPA-cells at E20 in
the presence of OT, vs 18 � 2% of SPA-cells in control at E20, n �
25 movies, 5369 cells, p � 0.03, data not shown). In contrast, the
fraction of active cells relative to the total number of imaged
neurons was not affected by the hormone (active cells: 9 � 2% at
E20 control vs 8 � 2% at E20 in OT, p � 0.67).
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During the same developmental period as cSPAs were ob-
served (P0 –P3), we could image, in almost half of the slices,
synchronous waves of calcium activity slowly invading the entire
network and sharing spatiotemporal dynamics comparable to
those previously described for cENOs (Figs. 1, 2, Table 1; supple-
mental Movie 2, available at www.jneurosci.org as supplemental
material) (Garaschuk et al., 2000; Corlew et al., 2004; Sun and

Luhmann, 2007). Indeed, they were associated with calcium
events having slow kinetics (Fig. 3, Table 1) occurred at the same
rate (1.5 � 0.3 waves/min on average) during the same develop-
mental period (P0 –P5) (see Fig. 3), and could be detected in
almost all neurons within a given cortical region (average fraction
of active cells involved in cENOs was 81 � 3%). Even neurons
involved in cSPAs tended to synchronize within ENOs (on aver-
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Figure 2. Cortical ENOs and GDPs display two distinct spatiotemporal dynamics. A1, A2, Contour maps of seven successive movie frames taken from a P3 (A1) and a P8 (A2) horizontal
somatosensory slice to illustrate the slower dynamics of cENOs (A1) compared with cGDPs (A2). Black filled contours indicate cells active in frames where network synchronization reaches
significance threshold (see Materials and Methods). One frame every 150 ms; scale bar: 100 �m B1, Histogram indicating the fraction of imaged cells detected as being active for each movie frame
in a P1 horizontal somatosensory cortical slice. Each peak of the histogram represents a cENO. Calcium fluorescence traces of four cells implicated in the two cENOs illustrated in the above histogram
on an expanded time scale. B2, Simultaneous field potential recording (FP) and calcium imaging (raster plot) during a cENO occurring in a P3 horizontal cortical slice. Raster plot indicates the onset
of each calcium event in all imaged cells as a function of time. Note the strong correlation between field potential oscillations and multineuron calcium activity. B3, Spectrogram of the FP oscillation
associated to the cENO illustrated in B2. a.u.: arbitrary units. C1, C2, Same as A1 and A2 but in a P6 somatosensory horizontal slice where cGDPs could be recorded (small peaks of synchrony). Note
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associated with any remarkable oscillatory pattern but correspond to a significant increase in MUA as shown by the frequency histogram of MUA as a function of time and by the MUA recording trace
below.
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age 71 � 4% of SPA-cells were involved in
cENOs in the form of synchronous cal-
cium plateaus, n � 6). Interestingly, in
contrast to other patterns described here,
the incidence of these waves was signifi-
cantly affected by the slice orientation (see
Table 1 and Materials and Methods).
These calcium waves were tightly corre-
lated to changes in the field potential and
increased multiunit activity (see Table 1,
Fig. 2). Targeted current-clamp record-
ings performed while imaging indicated
that these waves were associated with
slowly rising and prolonged membrane
potential depolarizations (Fig. 3, Table 1)
whereas voltage clamp recordings indi-
cated that they were associated with in-
creased synaptic activity (n � 11) (see Fig.
5A3). Most importantly, these calcium os-
cillations presented the same pharmaco-
logical profile as cENOs since their occur-
rence was not affected by GABAAR
blockade ( p � 0.66) (Table 1, Fig. 4), but
completely prevented by AMPA/KAR and
NMDAR antagonists (Table 1) ( p � 0.08).
Therefore the large calcium waves and
field potential oscillations we recorded,
corresponded to the previously described
cENOs (Garaschuk et al., 2000). We have
now provided the intracellular correlates
for these network oscillations in voltage-
and current-clamp recordings.

Last, starting from P6, a coherent pat-
tern reminiscent of the GDPs initially de-
scribed in the hippocampus (Ben-Ari et
al., 1989), was recorded in almost half of
the slices (46%, n � 137 slices, see also
Table 1; supplemental Movie 1, available
at www.jneurosci.org as supplemental ma-
terial) while the occurrence of cSPAs sig-
nificantly declined (SPA-cells: 16 � 3% of
active cells in slices where cGDPs could be
recorded, n � 24 movies, p � 0.0002) (Fig.
3). Pharmacological and electrophysiolog-
ical observations indicated that this pat-
tern indeed corresponded to GDPs. Corti-
cal GDPs consisted of recurrent
synchronous calcium oscillations occur-
ring on average at 0.1 Hz (0.14 � 0.01 Hz,
see Table 1) and involving a subpopula-
tion of neurons (13 � 3% neurons in-
volved on average, n � 24 slices). They
were often confined within deeper cortical layers (Fig. 1) and
always associated to fast calcium events (see Table 1, Fig. 3) oc-
curring simultaneously within one movie frame (i.e., �100 ms)
(Fig. 2). Extracellular recordings further confirmed that these
synchronous fast calcium events were associated to field potential
changes and to a marked increase in multiunit activity (Fig. 2,
Table 1). These oscillations were strongly dependent on the ac-
tions of GABA as they were almost completely blocked by the
GABAAR antagonist (bicuculline 10 �M, n � 9 slices) (Fig. 4, see
Table 1). As in the hippocampus, cGDPs also required glutama-
tergic transmission since their frequency was significantly re-

duced by blockade of AMPA/KARs and NMDARs (to 14 � 14%
of control values in NBQX 10 �M, D-APV 40 �M, n � 6 slices, p �
0.004) (Fig. 5). However, the fraction of cells involved in cGDPs
was not significantly affected by AMPA/KAR and NMDAR
blockers (to 80 � 17% of control, n � 6, p � 0.2). Last, current-
clamp recordings confirmed that these calcium oscillations cor-
responded to recurrent suprathreshold membrane potential de-
polarizations (Table 1, Figs. 1, 3) whereas voltage-clamp
recordings validated that they were associated with bursts of syn-
aptic postsynaptic events (sPSCs, n � 4) (Fig. 5B3 and Materials
and Methods).
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Figure 3. Single-cell electrophysiological and calcium events associated with cortical ENOs and GDPs. A, B, Current-clamp
recordings at resting membrane potential and corresponding calcium fluorescence traces (bottom traces) of cells implicated in
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Therefore, we found a sequence for the maturation of popu-
lation coherence in the neocortex almost similar to the one pre-
viously described in the hippocampus (Crépel et al., 2007) except
from the fact that two synapse-driven network patterns (cENOs
and cGDPs), sequentially led the developing neocortex.

Cortical ENOs differ from cortical GDPs
Figures 2–7 illustrate the major differences between cENOs and
cGDPs recorded at the time when they dominate the activity of
the immature cortical network (P0 –P3 for cENOs and P6 –P8 for
cGDPs) (see Fig. 3D2). A comparative quantitative description of
these two coherent patterns is provided in Table 1. Most electro-
physiological and optical measurements used to assess network
activity, including kinetics of individual calcium events, spatio-
temporal dynamics, rates of occurrence or duration, significantly
differed between cENOs and cGDPs ( p � 0.05). Moreover,
whereas both types of activity required synaptic transmission (as
assessed with voltage clamp recordings), cENOs were glutamate
driven, whereas GABA plays a critical role in the generation of
cGDPs (see above). We next performed a series of experiments
aimed at further discriminating between the mechanisms of gen-
eration of cENOs and cGDPs. First, we observed that NMDAR
blockade alone significantly affected the occurrence of cENOs (to
21 � 15% of control in D-APV 40 �M, n � 11, p � 0.002) (Table
1, Fig. 5), compared with cGDPs (to 70 � 5% of control in D-APV
40 �M, n � 5, p 	 0.05) (Table 1, Fig. 5) further confirming the
crucial role of NMDAR activity in the generation of synchronous
network oscillations in the immature neocortex (Garaschuk et
al., 2000; Demarque et al., 2004; Dupont et al., 2006). The major
contribution of NMDARs activation to the synaptic influx asso-
ciated with cENOs was further established by measurements of
their current–voltage relationship. Indeed, I/V curves associated
with cENOs displayed a region of negative slope at hyperpolar-
ized membrane potentials and reversed polarity close to 0 mV
(2.5 � 1.4 mV, n � 4 cells) (Fig. 5) whereas I/V curves corre-
sponding to cGDPs were linear and reversed at more negative
values (�40.5 � 0.5 mV, n � 4 cells) (Fig. 5) clearly indicating an
important GABAAR contribution. Interestingly, in addition to

mediating cENOs-associated PSCs, we ob-
served, in a majority of tested neurons
(57%, n � 14, P1–P3), that NMDARs also
provided a constant membrane potential
depolarization most likely sustained by a
tonic NMDAR current, since addition of
D-APV induced a reversible hyperpolar-
ization at resting membrane potential in
current-clamp recordings (�6.3 � 2.3
mV, n � 4) (supplemental Fig. 1, available
at www.jneurosci.org as supplemental ma-
terial) and an outward current at �40 mV
in voltage-clamp mode (22 � 6 pA, n � 4)
(supplemental Fig. 1, available at www.
jneurosci.org as supplemental material).
Part of these effects was specific for
younger rats (P1–P3). Indeed, NMDAR
blockade did not affect resting membrane
potential at developmental stages when
cENOs are no longer observed (P8 –P9,
n � 6) (supplemental Fig. 1, available at
www.jneurosci.org as supplemental mate-
rial), whereas D-APV application still pro-
duced an outward current at �40 mV in
voltage-clamp mode (15 � 3 pA, n � 3).

As the above experiments suggested a contribution of
NMDAR-driven tonic depolarization to the generation of cE-
NOs, we decided to test whether such depolarization could be
mimicked by elevating extracellular potassium concentrations in
the presence of D-APV. Indeed, similar experiments were con-
ducted in a previous study to argue that a tonic depolarizing drive
provided by excitatory GABAergic transmission was instructive
for the generation of hippocampal GDPs (Sipilä et al., 2005). We
observed that if synchrony could be restored by 8 mM extracellu-
lar potassium, it was difficult to compare such network events to
control cENOs since their amplitude was significantly decreased
(to 43 � 8% of control, n � 8, p � 0.013) while their frequency
tended to increase (335 � 171%, n � 5, p � 0.135) (supplemental
Fig. 2, available at www.jneurosci.org as supplemental material).
Likewise, in slices where cGDPs occurred (P8 –P9), we observed
that peaks of synchronous activity could indeed be restored in the
presence of the GABAAR antagonist (gabazine 10 �M) after in-
creasing the extracellular potassium concentration to 8 mM, but
that the dynamics of the network patterns thus induced was het-
erogeneous and could not be compared with control cGDPs.
Their amplitude and frequency significantly differed ( p � 0.05,
n � 9) (supplemental Fig. 2, available at www.jneurosci.org as
supplemental material). In particular, large-amplitude (342 �
7% of control, n � 6), low-frequency (31 � 4% of control, n � 6)
synchronizations appeared, associated with three-times slower
calcium events (average decay was 336 � 57% of control, n � 4,
p � 0.03). In 6 of 9 experiments in high potassium conditions,
large population events could be observed. These events, which
invaded the entire slice including regions that did not display any
synchronous activity pattern in control, are likely to correspond
to the occurrence of epileptiform activity. To conclude, both cE-
NOs and cGDPs are complex emergent network patterns that
cannot be reliably mimicked by pharmacological manipulations.

The slow kinetics of cENO-associated calcium and electro-
physiological events, the tonic glutamate current, as well as the
immature synaptic connectivity and neuronal excitability around
birth in the neocortex (Corlew et al., 2004; Moody and Bosma,
2005) suggested that the action of glutamate during cENOs could
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also involve transmitter diffusion or accumulation in the extra-
cellular space. In a first attempt to test this hypothesis, we altered
the spatiotemporal glutamate profile without interfering with
transmitter release or with glutamate receptors uptake mecha-
nisms (Min et al., 1998). We used glutamic-pyruvic transaminase
(GPT, alanine transaminase, EC 2.6.1.2) an enzymatic glutamate
scavenger to enhance the clearance of glutamate. GPT (5 U/ml)
applied together with pyruvate (2 mM) catalyzes the conversion
of glutamate and pyruvate to �-ketoglutarate. Test experiments
were performed to confirm the specificity of the scavenger for
glutamate (see Materials and Methods). We observed that perfu-
sion with GPT (5 U/ml) significantly prevented the occurrence of
cENOs (cENOs frequency and amplitude decreased to 19 � 8%
and 49 � 13% of control values respectively, n � 9 slices, 2426
cells, p � 0.001) (Figs. 5, 7B) compared with cGDPs (frequency

was 99 � 22% of control, p � 0.67). If the frequency of cGDPs
was not affected by the glutamate scavenger, the fraction of cells
involved in them was modified since cGDPs amplitude decreased
to 64 � 7% of control values in the presence of GPT (n � 7 slices,
2195 cells, p � 0.03) (Fig. 5). Separate voltage-clamp recordings
were performed to verify that GPT (5 U/ml and pyruvate) did not
block evoked NMDAR-mediated synaptic currents (supplemen-
tal Fig. 3, available at www.jneurosci.org as supplemental
material).

These experiments therefore argued for a critical role of glu-
tamate and NMDAR activation in the generation of cENOs but
not cGDPs. Since increases of extracellular glutamate concentra-
tion leading to transmitter diffusion are frequently associated to
anoxic brain episodes (Volterra et al., 1994; Takahashi et al.,
1997; Rossi et al., 2000; Auld and Robitaille, 2003) and since most
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previous experiments describing cENOs were performed at rela-
tively low perfusion rates (�1 ml/min, Corlew et al., 2004), we
hypothesized that cENOs could be favored by slowing down per-
fusion or triggering anoxic conditions. Thus, decreasing the per-
fusion rate (from 4 to 1 ml/min) significantly increased the fre-
quency of ENOs (to 359 � 156% of control values, n � 4 slices,
1232 cells, p � 0.005) (Fig. 6). On the contrary, as reported in the
hippocampus (Dzhala et al., 1999), the occurrence of cGDPs was
impaired by a similar procedure (to 45 � 26%, n � 2 slices, 227
cells) (Fig. 6).

We also tested the temperature dependence of both patterns
and observed that their occurrence was stable between 30 and
34°C, but significantly decreased by lowering the temperature to
room temperature values (�22°C, data not shown). Interest-
ingly, when reproducing the previously described “temperature
drop” protocol (Yuste et al., 1995) that consists in perfusing slices
with a bolus of cold saline (�4°C), we could trigger synchronous
calcium events in neuronal clusters clearly resembling “neuronal
domains” (Yuste et al., 1992; Yuste et al., 1995, n � 2 slices, data
not shown). Brief episodes (�5 min) of anoxia/aglycemia were
induced by superfusion with a solution in which oxygen was
substituted for nitrogen and glucose for sucrose (Dzhala et al.,
1999). These experimental conditions differentially affected cE-
NOs and cGDPs since we observed: (1) in experiments per-
formed when cENOs dominate the neocortical network (P0 –P3),
a transient but significant increase in the frequency of cENOs
occurring �2 min after the beginning of anoxic conditions (to
234 � 54% of control values, n � 9, p � 0.03) (Figs. 6, 7A); in
addition, a significant increase of cENOs amplitude was observed
just after reoxygenation (to 124 � 9% of control values, n � 9,
p � 0.01); (2) a significant reduction in the frequency and ampli-

tude of cGDPs during anoxia and persisting up to 8 min after
reoxygenation (to 25 � 17% and 24 � 15% of control values
respectively, n � 4, p � 0.03) (Figs. 6, 7A). We conclude that
cENOs are physiologically present in horizontal slices but favored
by hypoxic conditions, most likely due to their strong depen-
dence on glutamate levels. In contrast, experimental anoxia de-
presses cGDPs, which emerge later during development.

Still, cENOs and cGDPs could be the expression of the same
network pattern supported by different cellular mechanisms be-
cause they are observed at separated developmental stages as de-
scribed for cholinergic oscillations (Dupont et al., 2006) or retinal
waves (Syed et al., 2004). To test this hypothesis, we performed
experiments during the transition period (P4 –P5) between
ENO- and GDP-dominated networks. In a rare portion of im-
aged slices (2 of 17), we could simultaneously image two network
patterns with significantly distinct dynamics (Fig. 7): (1) slow
ENO-like calcium waves involving a large fraction of cells and
occurring on average 2 times/min and (2) faster GDP-like recur-
rent (0.12 Hz) synchronizations between localized groups of neu-
rons. Both patterns most likely corresponded to simultaneously
imaged cENOs and cGDPs since the former was selectively
blocked when the enzymatic glutamate scavenger GPT was added
to the saline, whereas the latter was specifically impaired in anox-
ic/aglycemic conditions (Fig. 7). We conclude that cENOs and
cGDPs are two distinct network patterns.

Discussion
The main finding of the present study is that NMDAR-driven
ENOs and GABAAR-driven GDPs are two distinct network pat-
terns, sequentially expressed in immature neocortical structures,
characterized by different spatiotemporal dynamics both in elec-
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histogram) was significantly increased compared with control (left histogram) after 5 min of anoxia/aglycemia (right). B1, B2, Same as A but in a P7 somatosensory horizontal slice where cGDPs
could be recorded (small peaks of synchrony indicated by *). In contrast to cENOs (A), the frequency of cGDPs was dramatically decreased in low perfusion conditions (B1, right) as well as after 5 min
of anoxia/aglycemia (B2, right).
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trical and optical recordings. Most importantly, we show that
cENOs are effectively modulated by extracellular glutamate lev-
els. This unique feature imparts to the immature cerebral cortex a
critical sensitivity to pathological transmitter accumulations,
such as those occurring during anoxic episodes.

Electrophysiological and single-cell correlates of calcium
oscillations in the immature neocortex
In this study we have chosen to perform a compound descrip-
tion of population activity to gain the best resolution and
assess the spatiotemporal features of any organized activity
pattern, even discrete and localized. Whereas activity is poorly
correlated at embryonic stages, large scale calcium waves
abruptly emerge at birth in horizontal neocortical slices; these
calcium events correspond to the extensively described ENOs
(Garaschuk et al., 2000; Corlew et al., 2004; McCabe et al.,
2006, 2007) as they present similar dynamics (i.e., calcium
kinetics, amplitude, rate of occurrence), developmental pro-
file, temperature sensitivity, and pharmacological properties.

Most imaging studies describing cENOs (Garaschuk et al.,
2000; Corlew et al., 2004; McCabe et al., 2006, 2007) were
performed in horizontal slices and surprisingly we could in-
deed record them only in �5% of imaged coronal slices. This
would indicate that cENOs are better supported when some
anatomical connections are spared, most likely the rostrocau-
dal organization within layers rather than the intralaminar
circuitry (Fleidervish et al., 1998). In agreement with this,
spontaneous oscillatory network activity similar to cENOs
could be recorded with MEA chips in thick coronal cortical
slices, but much more infrequently (Sun and Luhmann, 2007).
In our study we confirmed that cENOs are associated with (1)
field potential oscillations and increased multiunit activity
(MUA) validating that they result from synchronous popula-
tion discharges; (2) sustained membrane potential depolariza-
tion that could lead to action potential firing; and (3) a barrage
of NMDAR driven EPSCs. This work therefore provides the
first comprehensive description of the electrophysiological
correlates underlying cENOs.
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Figure 7. Differential modulation of cENOs and cGDPs, simultaneously recorded in a neocortical slice. A1, Histograms indicating the fraction of imaged cells detected as being active for each movie
frame as a function of time in a P5 somatosensory horizontal slice in control (left) and during anoxic/aglycemic conditions (right, 164 ms per frame). Two types of synchronous network events can
be distinguished: cGDPs (blue) are smaller amplitude highly recurrent synchronizations associated to fast and small amplitude calcium transients and cENOs (green) are less frequent large peaks of
synchrony associated to slower and larger calcium transients. Perfusion with anoxic/aglycemic ACSF increases the frequency of cENOs but reduces that of cGDPs. A2, Same histograms as in A1 but
on an expanded time scale for the time period indicated in A1 by a horizontal bar. Representative calcium fluorescence traces from four imaged cells illustrating the amplitude and kinetics difference
between cENO and cGDP-associated calcium events. A3, Comparison of all the digitally averaged calcium fluorescence events associated to cENOs (green) and cGDPs (blue) from the entire duration
of the recording clearly indicates the amplitude difference between the two network patterns. Comparison of the scaled digital averages shows that the rise and decay time constants of
cENOs-associated calcium transients are significantly slower than those associated to cGDPs (rise time: 1.0 vs 0.6 s; decay: 5.7 vs 1.6 s). B, Same as A, but comparing control and perfusion with the
enzymatic glutamate scavenger (GPT 5 U/ml with pyruvate 2 mM) Perfusion with GPT (5 U/ml) selectively blocks the occurrence of cENOs (green) without significantly affecting cGDPs (blue).
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Cortical ENOs and cGDPs are different network patterns
One recent study aimed at separating between different oscilla-
tory network electrical activities (Sun and Luhmann, 2007) using
MEA recordings but the description was restricted to P0 –P3 and
a clear correlate with calcium imaging studies could not be estab-
lished. Here we find that cENOs and cGDPs represent different
patterns since:

First, the expression of cENOs peaks around birth (P0 –P3)
and they are no longer present when cGDPs dominate the net-
work (P6 –P8). There is a transition period (P4 –P5) during
which both patterns can be simultaneously recorded. Second,
cENO-associated calcium events are five times slower than cG-
DPs and neuronal activity builds up within �1 s in contrast to
cGDPs that synchronize neurons within �200 ms. Also, cENOs-
associated membrane potential oscillations are 10 times slower (3
s on average) than cGDP-associated events. Even at their expres-
sion peak (P0 –P3), cENOs are rare events compared with cGDPs
which are on average 4 times more frequent. Moreover, cENOs
are large propagating waves that involve most neurons in contrast
to GDPs which are often confined involving on average only one
tenth of the imaged population. This difference indeed reflects
different generating and propagating mechanisms (see below). In
addition, cENOs are largely supported by synaptic NMDAR but
not GABAAR activation, in contrast to cGDPs, and depend on
extracellular glutamate concentrations as initially hypothesized
(Garaschuk et al., 2000). Indeed, cENOs are blocked by a gluta-
mate scavenger. Moreover, we show that a tonic NMDAR-
mediated glutamate current most likely contributes to the resting
membrane potential and excitability of some neurons preferen-
tially at the stage where cENOs are expressed. However, it should
be noted that real resting membrane potential conditions are
difficult to assess at early stages when neurons are small due to
errors in measurement (Tyzio et al., 2003). Interestingly,
NMDAR activation has been critically implicated in several cor-
tical oscillations at early developmental stages, including most
pharmacologically induced patterns (Dupont et al., 2006; De-
marque et al., 2004). A variation in the subunit composition of
NMDARs in intracortical synapses (Kumar and Huguenard,
2003; Nevian and Sakmann, 2004; Pérez-Otaño et al., 2006), a
weaker sensitivity to magnesium block near resting potential
(Ben-Ari et al., 1988; Fleidervish et al., 1998; Binshtok et al., 2006;
Cattani et al., 2007) or high glutamate affinity are features that
should support their activation by ambient glutamate. Finally,
cENOs and cGDPs are differentially affected by anoxic condi-
tions since slowing down the perfusion rate and/or producing
mild anoxic conditions blocks cGDPs and increases the fre-
quency of cENOs. Blockade of hippocampal GDPs in similar
conditions results from a depression of synaptic activity by en-
dogenous adenosine released during anoxia acting via presynap-
tic receptors (Dzhala et al., 1999).

ENOs are likely to be a pattern specific to developing neocortical
structures. A particular sensitivity of neocortical neurons to gluta-
mate transport function (Furuta et al., 1997; Kidd and Isaac, 2000;
Demarque et al., 2004) and a specific expression of functionally dis-
tinct NMDARs might explain this restricted expression of ENOs in
the neocortex. In contrast to cENOs, SPAs can be recorded both in
the hippocampus (Crépel et al., 2007) and neocortex; SPAs therefore
seem a general pattern of network maturation. As in the hippocam-
pus, cortical SPAs peaked at birth, were boosted by application of the
maternal hormone oxytocin and started declining when cGDPs
could be observed. SPAs and cENOs shared similar developmental
profiles and could occur synchronously but the exact interaction
between these two patterns needs to be further investigated; cSPAs

could be involved in the generation of cENOs by providing, for
example, few cells with a depolarized membrane potential suitable
for NMDAR activation.

Interestingly, cENOs and cGDPs coexist during a short pe-
riod. If future studies are required to understand the cellular basis
for the handover of synchrony between cENOs and cGDPs, a
maturation of glutamate transporters function (Demarque et al.,
2004), a developmental switch in NMDAR properties in neocor-
tical neurons (Crair and Malenka, 1995; Pérez-Otaño et al.,
2006), a decline of the SPA pattern and a postnatal development
of GABAergic circuits (Chattopadhyaya et al., 2004; Hensch and
Stryker, 2004; Minlebaev et al., 2007) are likely to be critical de-
terminants for this transition.

In vivo correlates and possible function of early cortical
activity patterns
Studies in neonatal rodents in vivo have characterized an early
pattern of synchronized cortical electrical activity (Khazipov et
al., 2004; Hanganu et al., 2006; Khazipov and Luhmann, 2006;
Minlebaev et al., 2007), the “spindle-bursts” that are most likely
homologous to human premature delta brushes recorded in EEG
(Milh et al., 2007b). Due to their comparable dynamics (i.e., rate
of occurrence, duration), similarly confined spatial distribution
and developmental profile (Khazipov et al., 2004; Hanganu et al.,
2006; Khazipov and Luhmann, 2006; Minlebaev et al., 2007),
“spindle bursts” could be the in vivo expression of slice cGDPs.
Besides, the disappearance of both spindle bursts and delta
brushes tightly parallels the maturation of functional GABAergic
inhibition supporting a crucial implication of this neurotrans-
mitter in their generation (Dzhala et al., 2005; Vanhatalo et al.,
2005). However, only a small fraction of the in vivo spindle bursts
are intrinsically generated in the cortex independently from the
periphery (Khazipov et al., 2004; Hanganu et al., 2006; Khazipov
and Luhmann, 2006; Minlebaev et al., 2007). Therefore, future
studies combining in vivo cellular calcium imaging and electrical
recordings are required to clarify the link between cGDPs and
spindle bursts.

Cortical calcium waves sharing similarities with slice cE-
NOs have been described in vivo in unanesthetized rats by
recordings of the integrated calcium signal from populations
of cells (Adelsberger et al., 2005). The major common point
between these in vivo calcium waves and slice cENOs was that
they propagated to the entire cortical mantle in contrast to
“spindle bursts.” But it is worth noting that in vivo calcium
waves occurred more frequently and at later developmental
stages than in vitro ENOs (Garaschuk et al., 2000; Adelsberger
et al., 2005). This study therefore strongly suggests that the in
vivo counterpart of cENOs is likely to be an endogenous brain
rhythm expressed during sleep-like resting states and disap-
pearing during the animal movement (Adelsberger et al.,
2005). Unfortunately, the in vivo pattern of electrical activity
as well as the human EEG correlate of cENOs remains to be
determined. The normal EEG of premature infants displays a
wide variety of discontinuous activity patterns as a function of
age (Lamblin et al., 1999; Vanhatalo et al., 2002; Tolonen et al.,
2007; Vecchierini et al., 2007). Furthermore, full band EEG
recordings indicate the initial abundance of very slow activity
patterns that could translate into cENOs (Vanhatalo et al.,
2002; Tolonen et al., 2007; Vecchierini et al., 2007). Finding
the in vivo electrical pattern corresponding to cENOs will re-
quire recordings in unanesthetized animals around birth.

Probably the most unique property of cENOs is their being
enhanced by anoxic conditions. It is the first time, to our knowl-
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edge, that a developmental network pattern was shown not to be
altered but rather reinforced by pathological conditions. This
property most likely derives from the strong sensitivity of cENOs
to extracellular glutamate levels. Glutamate uptake by astrocytes
was shown to be disrupted by hypoxia (Dallas et al., 2007). The
astrocytic network might indeed be implicated in the control of
cENOs even in normoxic conditions (Aguado et al., 2002). Inter-
estingly, hypoxic-ischemic encephalopathy in human neonates is
very often associated to discontinuous EEG patterns including
“suppression bursts,” which dynamics and suggested cellular
mechanisms can be intriguingly similar to cENOs (Biagioni et al.,
1999; Ohtahara and Yamatogi, 2003; Demarque et al., 2004; Milh
et al., 2007a). Future studies should determine whether indeed
ischemic episodes within a critical window period of fetal devel-
opment will lead to the replay or the ongoing of primitive cortical
oscillations.
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We provide a morpho-functional description of neuronal hubs, a theoretical model for 

network topology, in living brain networks.  



 2 

 

(126 words)  

Brain function operates through the coordinated activation of neuronal assemblies. 

Graph theory predicts that scale-free topologies, which include “hubs” i.e. super-

connected nodes, are an effective design to orchestrate synchronization. Whether hubs 

are present in neuronal assemblies and coordinate network activity remains unknown. 

Using network dynamics imaging, online reconstruction of functional connectivity and 

targeted whole-cell recordings, we found that developing hippocampal networks follow a 

scale-free topology and we demonstrated the existence of functional hubs. Perturbation 

of a single hub influenced the entire network dynamics. Morpho-physiological analysis 

revealed that hub cells are a subpopulation of GABAergic interneurons possessing 

widespread axonal arborisations. These findings establish a central role for GABAergic 

interneurons in shaping developing networks and help provide a conceptual framework 

for studying neuronal synchrony.  

 



 3 

Coordinated activation of neuronal assemblies features in most physiological brain 

functions and influences proper network wiring during development (1-3). Besides cellular 

excitability, synaptic efficacy and the balance of excitation and inhibition, the architecture of 

network connectivity may be central to the production of synchronous neuronal activity (4-7). 

The relationship between network dynamics and topology has been studied using concepts 

from graph theory and statistical physics (7-9). Small-world and scale-free organizations are 

particularly appealing models for brain connectivity because they offer a compromise 

between computational needs, wiring economy and robustness (1, 10-14). These complex 

topologies have been found in contexts as diverse as internet, social sciences or biology (8, 

15). When applied to neuronal circuits, both models share one common feature: although 

most neurons are connected locally, a few “hub” neurons possess long-range connections that 

link large numbers of cells, thereby bestowing network wide synchronicity. It has been 

proposed that neuronal hubs orchestrate behaviorally-relevant activity in cortical assemblies 

as well as being causal in producing pathological oscillations (4-6, 16). However, the 

existence of neuronal hubs is still speculative, perhaps because of conceptual and technical 

difficulties, including the rarity of high-connectivity (HC) compared to low-connectivity (LC) 

cells. Additionally, definitive functional confirmation that neuronal hubs play a key role in 

synchronization processes, requires testing the causal influence of HC cells on network 

dynamics, something that cannot be achieved with post-hoc data analysis (13, 17, 18).  

To find cells involved in synchronization of neuronal networks, we designed a method 

to map “functional connectivity” in real-time in living brain slices based on the analysis of 

multineuron calcium activity. Here, we use “Functional connectivity” (FC) to denote the 

statistical relationship between the activities of neurons (19), which should not be confused 

with the effective connectivity of functional synapses (20, 21). This enabled us to perform 

targeted electrophysiological recordings and stimulation of neurons with a known degree of 
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FC, while imaging network dynamics. We analyzed the developing hippocampal network 

because it provides an ideal circuit to investigate the existence of hub cells. First, as in most 

developing structures, network activity is concentrated in rhythmic synapse-driven 

synchronizations, the Giant Depolarizing Potentials (GDPs) (3, 22). Second, the network 

topology underlying the generation of GDPs is confined to local CA3 circuits in slices (23-25) 

which significantly simplifies the experimental approach. Last, understanding the cellular 

basis of synchronization in developing circuits is important, because several maturation 

processes rely on early network oscillations (22).  

Using multibeam two-photon excitation of hippocampal slices from rats and GAD67-

green fluorescent protein (GFP) knock-in (KI) mice (P5-7, see Supporting Online Material) 

loaded with the calcium indicator Fura2-AM (26), spontaneous multineuron activity was 

recorded with a temporal resolution of 50-150 milliseconds (Fig. 1 and Fig. S1). The FC of 

the hippocampus was first investigated at a large scale (10X objective, Fig. 1A). Focusing on 

the CA3 region, the activity of 806 ± 155 cells (n = 4 slices), distributed across the Dentate 

Gyrus to the CA1 region, were simultaneously imaged. Focusing on temporal correlations, a 

“functional connection” directed from neuron A to neuron B was established if the activation 

of A consistently preceded that of B (S.O.M. and Fig. S1B). An FC map was thus constructed 

for all recorded neurons (Fig. 1). In all slices imaged at low magnification, the average 

distribution of the number of output links per neuron was best fitted by a power-law function 

with an average scaling power of -1.3 ± 0.1 (n = 4 slices, Fig. 1 and S.O.M.). Power-law 

distributed connectivity is the signature of a scale-free topology, in which hubs are rare 

neurons with a high connectivity index (8). Neurons with the highest connectivity tended to 

concentrate more often in the CA3c region (see inset in Fig. 1A3). Previous studies have 

reported that this particular area is a preferential site of initiation for spontaneous GDPs (25, 

27).  
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To increase the chances of finding hub neurons, we next performed experiments in the 

CA3c area at higher magnification (20X objective, Fig. 1B). As previously reported (26), we 

were able to combine targeted electrophysiological recordings with calcium imaging. Out of 

142 neurons recorded while imaging, only 45 were included in the following analysis because 

estimation and probing of network topology required very stable experimental conditions (see 

S.O.M.). The connectivity of the networks imaged at 20X was also distributed as a power law 

with an average scaling factor of -1.1 ± 0.1 (n = 45 slices; Fig. 1 and S.O.M.). HC neurons 

were preferentially located in the stratum oriens and lucidum at the two borders with the 

pyramidal cell layer (Fig. 1B3 and Fig. S3B3). To test the contribution to network dynamics 

of neurons with different degrees of connectivity, we targeted cells covering the entire 

connectivity range (Figs 2&3, n = 20 HC and 25 LC neurons). Neurons were recorded in 

current-clamp and stimulated while imaging population activity. Two stimulation protocols 

were applied for each neuron (S.O.M.): (1) a phasic stimulation, i.e. short suprathreshold 

current pulses repeated at 0.1-0.2 Hz (the frequency range of GDPs occurrence); (2) tonic 

stimulation, i.e. continuous positive or negative current injections bringing the cell to a 

membrane potential where it fired continuously or was completely silenced, respectively. 

Cell-network interaction was estimated using three metrics (S.O.M.): (1) the frequency of 

occurrence of spontaneous network synchronizations (GDPs) during the stimulation relative 

to the resting condition; (2) the peristimulus histogram plotting the average fraction of cells 

activated by the phasic stimulation; (3) the “phase precession/succession” of GDPs relative to 

an harmonic oscillator mimicking GDPs rhythm in resting conditions; in this way, the number 

of observed versus expected GDPs was estimated over time (S.O.M.). A cell was considered 

as affecting network dynamics significantly if it satisfied any of the above criteria. 

About a third (8 out of 20 neurons) of the targeted HC cells exhibited a significant 

cell-network interaction (Figs. 2B&3). In contrast, no LC neuron but one showed any 
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significant cell-network interaction (24 out of 25 neurons; Fig. 2A and Fig. S2A). The effects 

of neurons significantly affecting network dynamics (n = 9) could be summarized as follows 

(Fig. 3): (1) in four cases, tonic or phasic stimulation induced sustained action potential firing 

that significantly decreased the occurrence of GDPs to 48 ± 13% of resting conditions (n = 4, 

p < 0.05; Figs. 2B&3C and Supp. Movie); (2) in three cells, phasic stimulation triggered 

network synchrony in the form of GDPs in 37 ± 4% of the trials within one second after the 

stimulus (p<0.05; Fig. 3A&S5); (3) in three cells, phasic stimulations induced a “phase 

succession” of GDPs compared to resting conditions (Fig. 3B, p<0.05). Our evidence suggests 

that these neurons may act like « functional hubs ». We will henceforth refer to these as « hub 

neurons ». 

The developing hippocampal network comprises two major cell types, pyramidal 

glutamatergic cells and GABAergic interneurons. In adult cortical structures, network 

function is strongly modulated by the action of GABAergic interneurons that represent a 

minority of the total population but include a variety of subtypes (28). Half of the experiments 

were performed in GAD67-GFP KI mice (29) to selectively identify GABAergic neurons. All 

hub neurons recorded in GAD67-GFP KI mice, based on their HC index, were GFP positive 

(Fig. S3, n = 4). Accordingly, the fraction of GFP positive cells was four times higher in the 

HC region than in the total cell population (22% of HC neurons vs. 6% of all neurons, n = 46 

movies in GAD67-GFP KI mice). Therefore, hub neurons are GABAergic and we next 

examined whether they represented a specific morphological population. While being 

recorded, cells were filled with biocytin. All 9 hub cells were aspiny neurons and often 

possessed multipolar dendrites and a cell body located at the border between the pyramidal 

cell layer and the stratum oriens or lucidum. All HC neurons that were not hubs were 

morphologically identified as pyramidal cells (Fig. S2; 4 cells reconstructed). LC cells not 

influencing network dynamics exhibited either interneuronal or pyramidal cell morphology 
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(Figs.2&S2). All hub neurons had distinctive morphological features, displaying a widespread 

axonal arborisation that most often crossed subfield boundaries, running parallel to principal 

cell layers towards both the Dentate Gyrus and CA1 region (n = 6 of 9 neurons, Figs. 2&3). 

Three of the hub cells exhibited dense preferential innervation of the CA3 principal cell layer 

suggesting a perisomatic, ‘basket-like’ (28) interneuron subtype (Fig. 3A and Fig. S3B2). We 

next performed a multivariate analysis of the morphometric data of 8 HC and 8 LC 

interneurons (S.O.M.). Hub interneurons significantly differed from LC interneurons by the 

length of their axonal tree (6865 ± 1238 µm vs. 2150 ± 483 µm, p < 0.01, n = 16 cells, Fig. 2). 

Given their extended morphology, it seems probable that hub neurons have a higher 

probability of being severed in brain slices than other cells and thus likely represent a higher 

fraction of neurons in vivo (but see (20)). We conclude that functional hubs are GABAergic 

interneurons with a long axonal arborization. Hub neurons therefore have the features 

required to activate many postsynaptic targets.  

In order to determine the nature of the functional link between hub neurons and other 

cells, we first asked whether stimulation of hub neurons could directly trigger a calcium 

response in other neurons, even in the case where the net effect of stimulation was to 

desynchronize activity. We thus compared “functional” and “effective” connectivity maps 

(see S.O.M. and Fig. S4). We found that there was a large overlap between the two maps in 

the case of HC interneurons (53 ± 6% on average, n=5) whereas stimulation of HC pyramids 

activated only 8 ± 1% of functionally connected neurons (n=5), indicating that these were 

effectively not connected to follower cells. We next performed targeted paired recordings 

from HC and follower neurons (n = 16 pairs). In the case of HC interneurons, we observed a 

37 % probability of finding a monosynaptic GABAergic connection between neurons (n = 8 

pairs, Fig. S5). This was significantly different from the case of HC pyramidal cells since no 

direct connection could be revealed when recording from them (n = 8 pairs, p< 0.05 
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Wilcoxon-Mann-Whitney two-sample rank test). This is in agreement with the imaging data 

and comparable to the highest synaptic connectivity rates reported for interneurons in the 

adult cortex (21). It therefore represents a high value given the fact that all the 

monosynaptically connected neurons were more than 100µm apart (average distance between 

recorded neurons was 130 ± 20 µm, n = 16 pairs; Fig. S5) and that the connection probability 

is very likely to increase with age (30, 31). We conclude that the functional connectivity of 

hub neurons is supported by an effective synaptic connectivity and propose that HC pyramidal 

neurons are more likely to operate within assemblies (32). 

Since hub function may depend on differences in cellular excitability or synaptic 

strength (33, 34), we next examined the basic electrophysiological properties of hub neurons 

compared to LC interneurons. Of the basic features analyzed (see S.O.M.), hub neurons 

received more spontaneous Excitatory Post Synaptic Potentials (EPSPs) and had a lower 

threshold for action potential generation (Student’s t-test, p<0.05). A lower action potential 

threshold could indicate a more advanced maturation stage for hub neurons (35). Both 

properties should result in a more efficient activation of hub neurons by synaptic inputs. 

Finally, as stimulation of hub neurons significantly affected the occurrence of GDPs, 

we examined their specific involvement in the spontaneous synchronization process. In 

agreement with  previous estimates (36), the dynamic of a single GDP was characterized by a 

build up of activity lasting on average 350 milliseconds (Fig. 4, n = 8 slices, see S.O.M.). 

Using cluster analysis (S.O.M.), a stereotypical spatio-temporal synchronization pattern 

accounted for one third of the GDPs within the recording period (33 ± 2%, n = 45, Fig. 4). For 

each neuron, we estimated the average correlation and time of activation relative to all other 

cells in GDPs that clustered together (Fig. 4, see S.O.M). In almost half of the movies (n = 20 

out of 45), the time-correlation graph presented a bimodal distribution (Fig. 4B) indicating 

that GDPs repetitively started synchronizing neurons plotted on the left side of the distribution 
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while neurons on the right were activated last. By pooling the data from different slices (n = 

7588 neurons, 45 movies), we found that the majority of functional hubs clustered on the 

upper left region of the graph indicating a more reliable activation at the onset of GDPs (Fig. 

4B); this is in agreement with the lower action potential threshold and higher synaptic drive 

described above. Other recorded neurons were evenly distributed across the correlation plot. 

Cell-attached and whole cell recordings confirmed that cells activated at the build up of 

synchronization indeed fired action potentials before the occurrence of GDPs (n = 14 neurons, 

Fig. S1C). Action potential firing in hub neurons thus predicts network synchronization in the 

developing CA3 region.  

This study shows that a scale-free topology can underlie synchronous network patterns 

in living cortical networks. We suggest that hub neurons, composed of a subpopulation of 

GABAergic interneurons orchestrate spontaneous network synchronization. Two different 

morphological types of hub neurons could be distinguished within our sample dataset: (1) 

cells displaying a long axon spanning across regions with sparse collaterals and (2) basket-

like neurons with a dense but more local arborisation pattern. Network synchronization could 

be triggered by phasic stimulation only in basket-like hub neurons (Figs.3A&S5). In the adult 

hippocampus, long-range projecting GABAergic hippocampal interneurons have been 

described (37) and their hub function has been suggested but never been probed (4). Perhaps 

the long-axon hub neurons act for “connector hubs” whereas basket-like hubs carry a 

“provincial hub” function (19). Regardless, the present results confirm the crucial role of 

GABAergic transmission in shaping network patterns at early developmental stages, when 

GABA exerts a complex excitation/shunting inhibition action (38, 39) The spontaneous 

activation, prior to synchrony, of hub neurons with many direct postsynaptic connections is 

compatible with excitatory actions of GABA. However, hub cell stimulation also often 

slowed down network oscillations and in some extreme cases completely desynchronized 
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activity. One possible explanation is that the shunting actions of GABA retard or prevent 

synchronization. However, other possibilities cannot be excluded, including a phase-resetting 

effect by which a hub cell can either advance or delay bursting in intrinsically oscillating 

neurons (39) depending on their phase at the time of the hub input (40).  

Single neurons can trigger population synchronization in the disinhibited adult CA3 

region (41) or elicit a chain of cell activation in the cortex, that can translate into behavior or 

switch the global brain state (42-44). Therefore, the demonstration that hub neurons 

functionally operate in the brain helps bridging the gap between single-cell and network 

activity. Thus, this finding should facilitate the investigation of the mechanisms by which 

many physiological and pathological network oscillations are generated.  
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Fig. 1. Analysis of multineuron calcium activity reveals a scale-free topology in the 

developing hippocampus  

A. 1. Two-photon calcium fluorescence image of a rat hippocampal slice loaded with Fura2-

AM and visualized with multibeam excitation at 10X magnification. Scale bar: 100 µm. DG: 

Dentate Gyrus. 2. Detected contours of the cells from the fluorescence image shown in (1). 

Red filled contours are the ten highest connectivity neurons in the represented network based 

on the analysis of calcium event onsets; gray lines mark the output links of one HC neuron. 3. 

Probability distribution plot of the fraction of output links over the total population of active 

neurons imaged with 10X magnification (gray line, n = 3224 neurons in 4 slices, see S.O.M.). 

Graph is plotted on a loglog scale and a power law distribution with a slope (γ) of 1.3 ± 0.1 (n 

= 4) is indicated in black (S.O.M.). Inset shows the location of the 30 highest connectivity 

neurons (~1% of the all population, red dots) on a schematic representation of the 

hippocampus. Dotted rectangle indicates the size of the area of a 20X movie. Scale bar: 100 

µm. B. 1. Same as (A1) but at 20X magnification. Imaged region corresponded to CA3b/c i.e. 

around the dotted area in (A1). Arrow indicates direction of the Dentate Gyrus. Scale bar: 100 

µm. 2. Same as (A2) but for the movie taken in B1. 3. Same as (A3) but on a population of 

7588 neurons. The probability distribution of output links from smaller CA3 regions also 

follows a power law with a similar scaling power (γ = 1.1 ± 0.1, n = 45). Probability threshold 

for HC neurons was fixed to 40% (highlighted region). Inset indicates the location of HC 

neurons (red dots) on a schematic representation of the CA3 b/c region of the hippocampus. 

HC neurons represented 5 ± 1 % (n = 45) of all functionally connected cells. This value was 

not significantly different from that calculated in subfields from 10X datasets of the same size 

as 20X images, since HC neurons represented 4 ± 1% of the connected cell population in 10X 

movies (n = 4, p>0.05, Student’s t-test). sl: stratum lucidum; sp: stratum pyramidale; so: 

stratum oriens. Scale bar: 100 µm. 



 15 

Fig. 2. Only stimulation of HC but not LC neurons affects network dynamics 

A. Data from a representative LC interneuron. 1.  Green arrow indicates the position in the 

pooled power law distribution of output links (see Fig. 1B) of the recorded neuron. Right 

contour plot shows the position (red filled contour) and output connections (gray lines) of the 

illustrated LC interneuron. sl: stratum lucidum; so: stratum oriens. Scale bar: 100 µm. 2. 

Phasic current-clamp stimulation (200 ms pulses of 75 pA current every 10 seconds, gray 

area) of the LC interneuron while imaging did not affect the occurrence of GDPs (detected 

from the calcium activity). The interval between GDPs as a function of time is plotted. Values 

are expressed relative to the average interval between GDPs calculated before the stimulation 

period. 3. Neurolucida reconstruction of the recorded cell on a schematic representation of the 

hippocampus reveals an interneuron-like morphology displaying a local axonal arborisation 

(green). Dendritic arborisation is black. Black rectangle marks imaged region. Scale bar: 500 

µm. Colour coded representation of the functional connectivity map (same as A1, S.O.M.) 

overlaid with the axonal morphology (green) of the cell. Asterisk indicates cell body position. 

Red represents high cell density (a.u.: arbitrary units). B. Same as (A) but for a representative 

HC interneuron. Phasic stimulation of the HC interneuron (same protocol as A2) significantly 

decreased GDP frequency (B2, p<0.05). The recorded cell displayed a widespread axonal 

arborisation (red) spanning locally towards the cells functionally connected (B3, right panel) 

and further towards the dentate gyrus and the CA1 region (B3, left panel). C. 1. Cluster 

analysis tree of the morphological variables describing the 16 recorded and imaged 

interneurons (Ward’s method, Dlink: Euclidian distances, see S.O.M.). Distances were 

normalized. Most HC and LC interneurons (based on the analysis of the imaging data) 

segregated in two different groups. 2. The total axonal lengths of HC and LC interneurons 

were statistically different (p < 0.01).  
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Fig. 3. Perturbations of network dynamics induced by the stimulation of HC 

interneurons 

A. Data obtained from a HC interneuron triggering network synchrony (p<0.05). Frame rate: 

10 Hz.1. Red arrow indicates the position in the pooled power law distribution of output links 

(see Fig. 1B) of the recorded neuron. 2. Fraction of cells actived as a function of time 

following repetitive phasic stimulation (200 ms pulses of 100 pA current every 10 seconds) of 

the HC interneuron (16 consecutive trials). Peristimulus time histogram shows the average 

across different trials. Red traces are current clamp recordings from the stimulated HC neuron 

for six consecutive stimulations (gray). 4 out of 6 trials (indicated by *) triggered GDPs 

appearing as polysynaptic membrane potential depolarizations. 3. Neurolucida reconstruction 

of the recorded HC cell on a schematic drawing of the hippocampus. Axonal arborisation is in 

color, dendrites are black. Dotted rectangle indicates imaged region. Scale bar: 500 µm. B. 

Same as (A) but for a HC interneuron inducing a phase succession of GDPs when stimulated 

(p<0.05). Phase succession is illustrated in the top graph of (B2) plotting the number of GDP 

cycles skipped during phasic stimulation (gray) as a function of time. The number of expected 

GDPs was calculated during resting conditions (white) based on the average interval between 

GDPs. Arrows indicate transition between oscillatory regimes. Current-clamp recordings from 

5 consecutive stimulation trials for the period marked by (i) show the progressive delay in the 

occurrence of a GDP (*) following stimulation (gray). C. Same as (A) but in a HC 

interneuron preventing GDPs when stimulated. Graphs in (C2) show the fraction of active 

cells (top histogram), as well as the cell firing frequency (middle), as a function of time. Peaks 

of synchronous activity (GDPs) disappear when the membrane potential of the cell (bottom) is 

depolarized by continuous positive current injection (40 pA; S.O.M.). Current-clamp traces 

show the activity in the HC neuron in resting (i, iii) and stimulated conditions (ii, gray). Black 

arrow indicates time when significant effect on network dynamics starts (p<0.05). 
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Fig. 4. Hub neurons are activated at the onset of spontaneous network synchronizations. 

A. 1. Raster plot of the onsets of calcium events in a representative movie (frame rate: 20 Hz). 

Note the occurrence of many spontaneous GDPs appearing as broken vertical lines in the 

raster plot. Middle rasterplot shows GDP▼1 on an expanded timescale. Right plot represents 

the average temporal profile of the fraction of cells sequentially activated in all GDPs 

recorded in the same network. The peak of cell coactivation was used as zero time reference. 

Error bars indicate standard deviation. 2. Contour plots showing cells activated during the 

build up (region a in A1) and at the peak (b) for the 3 GDPs marked by arrows in the 

rasterplot in (A1). Note the similarity between the patterns of cells. Colour coded contour 

plots on the right quantify how many times a cell is recruited in one of the two temporal 

windows over 25 representative GDPs. B. Time-correlation graph (S.O.M.) plotting for each 

imaged neuron (7588 neurons) the average correlation and average time of activation relative 

to all other cells. Red dots indicate targeted functional hubs and dark gray dots all other 

recorded neurons. C. 1. Rasterplot (calculated as in A1) of the network activity (frame rate: 

6.67 Hz) while recording an HC hub neuron (red dots) in current-clamp mode (bottom trace). 

Note how calcium events (top trace) reflect spiking activity (bottom trace). 2. Same time-

correlation graph as in (B) but only for the recorded slice shown in (C1). The red dot marks 

the HC hub neuron. Red traces show current-clamp recordings of spontaneous activity in the 

hub neuron at the time of two different GDPs (marked by ▼; dotted rectangles in C1). Action 

potential firing occurs in the hub neuron about 200 milliseconds before GDPs.  



 18 

Table. Comparison of basic electrophysiological properties of hub neurons and LC 

interneurons.  Measurements obtained from whole cell recordings in 8 hub and 8 LC 

interneurons (see Supp. Methods). Vrest: resting membrane potential (corrected value, see 

S.O.M); Rinput: input resistance; Vthreshold: action potential threshold (corrected value, see 

S.O.M); AP width: action potential width measured at half maximal amplitude; EPSP: 

spontaneous Excitatory PostSynaptic Potentials. * indicate significant differences. P<0.05 was 

considered significant. Right column indicates p value given by Student or Mann-Whitney 

tests.   

 Hub interneurons LC interneurons P value 

Vrest (mV) -66 ± 5 -64 ± 5 0.33 

Rinput (Mohms) 379 ± 85 423 ± 67 0.69 

Capacitance (pF) 65 ± 15 54 ± 15 0.64 

Vthresh (mV) -53 ± 5* -39 ± 4 0.04 

AP width (ms) 2.05 ± 0.5 1.8 ± 0.5 0.74 

AP amplitude (mV) 45 ± 6 39 ± 5 0.43 

EPSP frequency (Hz) 4.5 ± 1.5* 1.0 ± 0.4 0.03 

EPSP amplitude (mV) 2.1 ± 0.3 2.6 ± 0.5 0.51 
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