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Summary
 Epilepsy is one of the most common neurological disorders worldwide, 

affecting 1% of the general population, and is characterized by a predisposition 
for the generation of epileptic seizures. Despite having several different 
aetiologies, a common underlying cause of epilepsy seems to be an acquired 
imbalance between excitatory and inhibitory circuits in the brain, which leads 
to hyperexcitability and appearance of seizures. Current treatment relies on 
the use of antiepileptic drugs (AEDs), but these only treat the symptoms, not 
affect the causes of the disease, and trigger undesirable side effects because of 
their systemic administration. Recent advancements in drug discovery have led 
to the development of new AEDs that are better tolerated and with improved 
pharmacokinetics, but 30-40% of all patients with epilepsy, and particularly those 
with temporal lobe epilepsy (TLE) remain resistant to the treatment. Thus, there 
is an urgent need for developing new antiepileptic treatment strategies.

In the last years, research on novel antiepileptic treatments has identified several 
endogenous molecules as potential new targets for therapeutic intervention. 
Among these, neuropeptide Y (NPY) seems to be a particularly promising target, 
as it plays an important role in controlling neuronal excitability in different brain 
areas, including the hippocampus. Indeed, overexpression of NPY via gene 
therapy approaches in animal models of epilepsy has profound effects on seizure 
generation and suppression, providing proof of principle evidence that such 
approach could be successfully used to reduce and control seizures. The actions of 
NPY are mediated by various receptors, and their activation predominantly causes 
suppression of glutamatergic synaptic transmission, which leads to decreased 
excitability. However, little is known about the effect NPY has on GABAergic 
inhibitory cell populations, and NPY mechanisms of action have to be carefully 
determined if such an approach could be used in humans.

There are several different subtypes of inhibitory cell populations in all cortical 
areas, and each of them serve a different function with distinct roles in controlling 
network activity. Perisomatic-targeting interneurons comprise those inhibitory 
cell types that form synapses onto the perisomatic region of target cells, an area 
including the cell soma, proximal dendrites and axon initial segment. Thanks to 
the strategic location of their targets, perisomatic interneurons are particularly 
suited to control the output of large numbers of excitatory principal cells, with 
major impact on the network excitability. Two main subclasses, called basket 
cells, make up the majority of perisomatic interneurons, and their classification 
is based on the expression of either the neuropeptide Cholecystokinin (CCK) or 
the calcium binding protein Parvalbumin (PV). PV-basket cells are thought to 



14 Summary

be important for the generation of gamma-frequency oscillations, while CCK-
basket cells are proposed to modulate this activity. Since gamma oscillations can 
convert into higher frequency epileptiform activity, and NPY strongly modulates 
network excitability, this thesis aimed to investigate the effects of NPY on 
CCK- and PV- basket cells, to understand if actions of NPY on perisomatic 
interneurons could contribute to its seizure-suppressant effects.

Using transgenic mice, electrophysiological and optogenetic techniques, the 
evidence provided in this thesis demonstrates that NPY strongly modulates 
excitatory and inhibitory incoming synaptic transmission onto CCK-basket 
cells, but does not directly affect PV cell output onto principal cells. These effects 
could alter the way CCK-basket cells react to network activity, and have potential 
impacts on network excitability. In addition, we show that hyperexcitability 
enhances GABAergic output from PV cells, uncovering a potential mechanism 
that could increase principal cell synchrony and contribute to the generation of 
seizures.
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Riassunto in italiano
L’epilessia, caratterizzata dalla predisposizione a generare attacchi epilettici, 

è uno dei disturbi neurologici più comuni, e colpisce l’uno per cento della 
popolazione mondiale. Pur avendo diverse eziologie, la causa comune sembra 
essere uno squilibrio tra i circuiti eccitatori e inibitori cerebrali, con conseguente 
ipereccitabilità e manifestazione di attacchi epilettici. Attualmente, il 
trattamento più utilizzato si basa sull’uso di farmaci antiepilettici (AEDs), pur 
essendo solamente sintomatico e presentando effetti collaterali a causa della 
somministrazione sistemica. Recenti progressi nella ricerca hanno portato alla 
scoperta di nuovi farmaci, più tollerabili e con migliori proprietà farmacocinetiche, 
ma il 30-40% dei pazienti, e in particolare quelli con epilessia del lobo temporale 
(TLE), rimane resistente al trattamento. Per questi motivi quindi, è necessario 
sviluppare nuove strategie terapeutiche in questo campo.

Negli ultimi anni, la ricerca di nuove terapie antiepilettiche ha portato 
all’identificazione di diverse molecole endogene come nuovi potenziali bersagli 
per l’intervento terapeutico. Tra questi, il neuropeptide Y (NPY) sembra 
essere particolarmente promettente, svolgendo un ruolo importante nel 
controllo dell’eccitabilità in diverse aree cerebrali, tra cui l’ippocampo. Infatti, la 
sovraespressione di NPY tramite approcci di terapia genica in modelli animali 
di epilessia, ha effetti profondi sulla generazione di attacchi epilettici, e sembra 
essere particolarmente promettente per ridurre e controllare le convulsioni. 
Le azioni di NPY sono mediate da diversi recettori, la cui attivazione provoca 
una soppressione della trasmissione sinaptica glutamatergica, con conseguente 
diminuzione dell’eccitabilità del sistema. Tuttavia, la conoscenza riguardo gli 
effetti di NPY sulle popolazioni di cellule inibitorie GABAergiche e’ ancora 
molto limitata, ed è quindi necessario uno studio approfondito sui meccanismi 
di azione di NPY per determinare se tale approccio possa essere usato in clinica.

Esistono diversi sottotipi di cellule inibitorie in tutte le aree corticali, ognuna 
con diverse funzioni e ruoli nel controllo dell’attività cerebrale. Gli interneuroni 
perisomatici formano sinapsi nella regione perisomatica di altri neuroni, in 
un’area che comprende il corpo cellulare, i dendriti prossimali e il segmento 
iniziale dell’assone. Grazie alla collocazione strategica delle loro sinapsi, gli 
interneuroni perisomatici sono particolarmente adatti al controllo dell’output 
di un gran numero di cellule eccitatorie principali, ed esercitano un notevole 
impatto sull’eccitabilità generale dell’intero circuito. I due sottotipi principali di 
cellule basket comprendono la maggior parte degli interneuroni perisomatici, e 
la loro suddivisione è basata sull’espressione del neuropeptide Colecistochinina 
(CCK) o della Parvalbumina (PV), proteina che lega il calcio. Le cellule PV-
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basket sono ritenute importanti per la generazione di oscillazioni a frequenza 
gamma, mentre le cellule CCK-basket sembrano avere un ruolo modulatorio. 
Poiché le oscillazioni gamma possono trasformarsi in attività epilettica ad alta 
frequenza e NPY modula fortemente l’eccitabilità del network, la presente tesi 
ha lo scopo di studiare gli effetti di NPY sulle cellule CCK e PV, per capire se le 
azioni di NPY sugli interneuroni perisomatici possano contribuire ai suoi effetti 
di soppressione degli attacchi epilettici.

Mediante l’utilizzo di topi transgenici, tecniche elettrofisiologiche e 
optogenetiche, i risultati riportati in questa tesi dimostrano che NPY modula 
fortemente la trasmissione sinaptica afferente, eccitatoria e inibitoria, sulle cellule 
CCK-basket, ma non modifica direttamente l’output da cellule PV sulle cellule 
principali. Tali effetti potrebbero alterare la reattività delle cellule CCK-basket 
all’attività del circuito circostante, e potenzialmente modificare l’eccitabilità del 
sistema. Inoltre, gli studi presentati in questa tesi dimostrano che, in condizioni 
di ipereccitabilità, la trasmissione sinaptica GABAergica delle cellule PV è 
potenziata, svelando un possibile meccanismo in grado di aumentare la sincronia 
di gruppi di cellule principali, contribuendo in tal modo alla generazione di 
attacchi epilettici.
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1 Introduction

1.1 Epilepsy

1.1.1 Definition of epilepsy
Epilepsy is one of the most common neurological disorders worldwide, and 

is defined by the International League Against Epilepsy as “a disorder of the 
brain characterized by an enduring predisposition to generate epileptic seizures and 
by the neurobiologic, cognitive, psychological and social consequences of this condition” 
(Fisher et al., 2005). It affects about 1% of the general population, can occur at 
all ages, although it is most common in children and the elderly, and represent an 
enormous financial burden for society, with almost 10 billion dollars spent yearly 
in the United States alone. Epilepsy is not one single disease, but rather a family 
of disorders of several different aetiologies. Epilepsy can develop from head 
injuries, brain tumors, stroke, infections, but can also be the result of inherited 
genetic mutations in genes important for controlling neuronal excitability, or 
have no apparent cause (idiopathic epilepsy). Regardless of the cause, epilepsy 
manifests with the appearance of epileptic seizures, defined as “a transient 
occurrence of signs and/or symptoms due to abnormal excessive or synchronous neuronal 
activity in the brain” (Fisher et al., 2005). Seizures can have diverse symptomatic 
appearances:  they can vary from a momentary loss of awareness, to short periods 
of unconsciousness, to highly generalized convulsions. The classification of 
seizures is a continuously evolving topic, but it recognizes two main categories, 
partial and generalized (Seino, 2006). Partial seizures involve one confined brain 
area, at least initially, while generalized seizures are produced by abnormal activity 
throughout the entire brain.

The most common form of epilepsy in humans is temporal lobe epilepsy 
(TLE), characterized by the appearance of partial complex seizures, often with 
secondary generalization. In TLE, seizures usually start from a confined brain 
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area within limbic structures such as the amygdala, temporal neocortex or 
hippocampal formation, and eventually generalize and involve the entire brain 
(Engel, 2001). Approximately two thirds of patients with TLE have hippocampal 
sclerosis as the pathological substrate, consisting of cell loss in certain regions 
of the hippocampal formation (Engel, 2001). Due to the complex aetiology of 
epilepsy in general and TLE in particular, it is difficult to isolate a single cause 
underlying the cell loss, but it is thought that the original insult triggers a cascade 
of events that result in network reorganization and development of hyper-
excitability, reducing the threshold for seizure generation, ultimately making the 
network more prone to develop abnormal activity.

1.1.2 Current treatment
The treatment for epilepsy is largely dependent on the frequency, severity and 

types of seizures, but the use of anti-epileptic drugs (AEDs) is the first and most 
common therapeutic approach. In general, AEDs are designed to counteract 
the hyper-excitability that has developed in the epileptic environment, and to 
restore the normal balance between excitation and inhibition of the network by 
increasing the net inhibitory drive. Such drugs rely on increasing GABAergic 
transmission, limiting GABA uptake, decreasing glutamatergic excitatory 
transmission, interfering with the function of sodium channels important for 
action potential generation, or by generally reducing neurotransmission by 
blocking calcium channels. However, AEDs efficiency is widely variable, and up 
to 40% of patients, and particularly those with TLE, fail to respond significantly 
to the treatment and develop pharmaco-resistant epilepsy. Surgical resection of 
an identified seizure focus remains the last treatment option, but can only be 
performed on a well-selected cohort of candidates, which represent a minority 
(Engel et al., 2003).

One of the main problems with AEDs is the fact that they do not modify the 
disease process, but can only control the symptoms, while inevitably giving rise 
to several side effects due to the systemic administration. Recent development 
of new AEDs classes has provided some advantages in terms of simpler 
pharmacokinetics, fewer interactions and better tolerance, but their efficacy 
has not been demonstrated to be superior to older drugs, leaving a significant 
amount of patients still with intractable epilepsy. Therefore, the development 
of novel treatment strategies is highly needed. Ideally, the treatment should be 
administered only where needed, by targeting specific regions involved in seizure 
generation or propagation, and only affect cell types responsible for seizure 
control, leaving others unaltered to limit potential side effects. The nature of TLE 
makes it particularly suitable as a target for such treatment, since the seizure focus 
is mostly confined to specific brain regions (e.g. the hippocampal formation).
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1.2 The hippocampal formation

1.2.1 Anatomy and organization
The hippocampal formation is a structure located within the medial temporal 

lobe, and comprises the hippocampus proper, the dentate gyrus and the subiculum. 
The hippocampus proper (also known as Cornus Ammonis, or CA) is further 
divided in three main subfields (CA1, CA2 and CA3), while the dentate gyrus 
also includes the hilar region (Witter and Amaral, 2004). The principal cells in 
the hippocampus proper and subiculum are the pyramidal cells, and the principal 
cells in the dentate gyrus are the granule cells (Witter and Amaral, 2004). The 
hippocampal formation has a central role in the sensory integration system, 
thanks to the variety of inputs it receives from cortical regions, including visual, 
somatosensory, olfactory and auditory cortices (Lavenex and Amaral, 2000).

The sensory input from these various regions, carrying information about the 
external world, is conveyed to the entorhinal cortex, which represents the main 
excitatory afferent of the hippocampal formation. Entorhinal cortex axons enter 
the dentate gyrus via the perforant pathway. Afferents from the lateral entorhinal 
cortex terminate in the outer-third, and those from the medial terminate in the 
middle-third of the molecular layer, where they contact the dendritic trees of 
granule cells. Granule cells axons, the so-called mossy fibers, originate from the 
opposite pole of the granule cell somas and enter the hilus. Here they give rise to 
several collaterals, before travelling to the CA3 region and contacting proximal 
dendrites of pyramidal cells. Pyramidal cells in CA3 then project via Schaffer 
collateral fibers to CA1 pyramidal neurons, which in turn connect to pyramidal 
cells of the subiculum via the alveus. Finally, projections from pyramidal 
neurons of the subiculum exit the hippocampus and reach the deep layers of the 
entorhinal cortex, completing the circuit (Figure 1). This particular and largely 
unidirectional arrangement of hippocampal connectivity has been referred to as 
feed-forward tri-synaptic circuit (Andersen et al., 1969).

 Besides receiving input from the entorhinal cortex, the hippocampal 
formation also receives a variety of extrinsic inputs from projections of 
cholinergic, noradrenergic, serotoninergic and dopaminergic nuclei (Witter and 
Amaral, 2004). Intrinsic input is mediated by local GABAergic interneurons and 
several modulating neuropeptides (Carnahan and Nawa, 1995). Both intrinsic 
and extrinsic inputs to the hippocampal formation are believed to be important 
for controlling its proper function, such as spatial coding and memory.

1.2.2 Interneurons
In the hippocampal formation, two main cell types account for the vast 

majority of cells present in all regions: principal cells and interneurons. Principal 
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cells use glutamate as their main neurotransmitter, are excitatory, and are typically 
organized in tightly packed cell layers, with the exception of the subiculum. 
On the other hand, interneurons use GABA as principal neurotransmitter, are 
inhibitory, do not form layers but are rather dispersed throughout all regions 
of the hippocampal formation. Despite the common feature of using GABA 
as inhibitory neurotransmitter, interneurons in the hippocampus are remarkably 
heterogeneous. There are at least 16 distinct types of GABAergic interneurons 
identified in all major areas of the hippocampus (Freund and Buzsaki, 1996; 
Somogyi and Klausberger, 2005; Houser, 2007), and their classification is 
based on their molecular expression profile, firing pattern and innervation of 
distinct subcellular domains of principal cells (a representation of interneuron 
diversity is depicted in Figure 2). GABAergic synapses cover almost the entire 
membrane surface of principal cells, from the axon initial segment to the tip 
of basal and apical dendritic shafts. Synapses on different domains of principal 
cells are provided by different classes of interneurons, and although a complete 
understanding of interneuron diversity has not yet been achieved, an important 
dichotomy in the inhibitory control of principal cells has been established. Based 
on the targeted domain of principal cells, interneurons can be broadly divided 
into two main populations: those that contact principal cells in the perisomatic 
or the dendritic region (Freund and Buzsaki, 1996).

Figure 1: Main glutamatergic pathways connecting principal cell subfields 
of the hippocampal formation. EC, Entorhinal Cortex; Sub, 
Subiculum; DG, Dentate Gyrus; PP, Perforant Pathway; MF, 
Mossy Fibers; SC, Schaffer Collaterals
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Figure 2: Composite drawing of characteristic interneuron subtypes 
exemplifying the diversity of hippocampal GABAergic cells. 
Reprinted with permission from Freund and Buzsaki, 1996

The function of GABAergic interneurons is to provide basic inhibition, but 
also to shape the spatial and temporal profile of principal cell activity. In this 
context, dendritic inhibition is thought to be important for regulating plasticity 
of glutamatergic excitatory dendritic inputs from other principal cells and remote 
excitatory afferents (Miles et al., 1996). On the other hand, perisomatic inhibition 
is strategically located to control the output of principal cells, and seem to be 
important for coordinating and synchronizing the activity of large numbers of 
principal cells (Miles et al., 1996).

1.2.3 Basket cells
Two types of perisomatic inhibitory cells have been identified in the 

hippocampus: chandelier (or axo-axonic) cells and basket cells (Freund and 
Buzsaki, 1996). Chandelier cells are highly specialized in innervating the axon 
initial segment of principal cells, while basket cell axons form synapses in a 
region including the cell soma and proximal dendrites of target cells (Freund and 
Buzsaki, 1996).

Basket cells are the most abundant perisomatic inhibitory cell type of the 
hippocampus. There are two major subtypes of basket cells in all main regions 
of the hippocampus, and their classification is based primarily on the expression 
of either the calcium binding protein Parvalbumin (PV), or the neuropeptide 
Cholecystokinin (CCK) (Freund and Katona, 2007). These two types of basket cells 
represent remarkable examples of how the diversity of GABAergic interneurons 
has evolved to serve specific tasks in complex neuronal networks. Although their 
location and somatodendritic morphology are extremely similar, their electrical 
properties and especially their role in the hippocampal network are very different. 
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PV-basket cells are capable of firing high-frequency action potential without 
accomodation, release GABA with high synchrony (Hefft and Jonas, 2005) and 
are thought to act as clockworks for cortical network oscillations (Freund, 2003), 
by functioning as an ensemble inter-connected via both electrical and chemical 
synapses (Galarreta and Hestrin, 1999; Traub et al., 2001). On the other hand, 
CCK-basket cells fire accomodating action potential trains, express a variety of 
modulatory receptors on their membranes (5-HT₃, nicotinic alpha4 and alpha7, 
and CB1 receptors, Figure 3) (Freedman et al., 1993; Katona et al., 1999; Porter 
et al., 1999; Ferezou et al., 2002), and are thought to act as fine-tuning devices 
that modulate network oscillations generated by PV-basket cells (Freund, 2003; 
Freund and Katona, 2007). Further supporting the evidence of this functional 
dichotomy is the difference in the synaptic afferent profile of the two basket 
cell types. PV-basket cells receive three times more glutamatergic input (Gulyas 
et al., 1999), but CCK-basket cells seem to be more extensively innervated by 
local GABAergic synapses (Matyas et al., 2004), including innervation from the 
Calretinin-containing interneuron-selective interneurons (Gulyas et al., 1996). 
In addition, CCK-basket cells also selectively receive serotoninergic innervation 

Figure 3: Major differences between PV- and CCK-basket cells in their 
connectivity and receptor expression patterns, underlying the 
different network integration and function. The modulatory 
function of CCK-basket cells is provided by the expression of a 
variety of modulatory receptors (CB1, nicotinic and 5-HT3) that 
are absent on PV-basket cells. Adapted from Freund, 2003.
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from the median raphe nucleus (Freund et al., 1990; Papp et al., 1999), while PV-
basket cells and principal cells in the hippocampus do not (Figure 3).

Basket cells are integrated in both the feed-forward and feedback inhibitory 
mechanisms of the network. In the dentate gyrus, as part of their feed-forward 
function, they receive excitatory input from the perforant path, allowing them 
to limit incoming activity from the entorhinal cortex (Kneisler and Dingledine, 
1995a). At the same time, they are extensively innervated by mossy fiber 
collaterals in the hilus (Ribak and Peterson, 1991), and their feedback innervation 
onto granule cells establishes a loop that is necessary for the generation of fast 
network oscillations. In particular, basket cells are involved in the generation and 
modulation of gamma-frequency (30-90 Hz) oscillations, which are associated 
with higher cognitive functions, including selective visual attention (Fries et al., 
2001), auditory memory tasks (Lutzenberger et al., 2002), and dreaming during 
REM sleep (Llinas and Ribary, 1993). However, in some clinical settings, EEG 
recordings from epilepsy patients have shown the appearance of high-frequency 
activity before seizure onset, suggesting that gamma oscillations may play a role in 
the generation of epileptiform activity (Fisher et al., 1992). Moreover, in several 
experimental models, network oscillations at gamma frequency have been shown 
to coexist with epileptiform bursts that can precede, superimpose, or follow the 
oscillations (Traub et al., 2005). The mechanism by which network oscillations 
convert into higher-frequency epileptiform activity is not completely understood, 
but it is likely that alterations in the synaptic integration and function of basket 
cells could play an important role in the conversion process.

1.2.4 Alterations of hippocampal networks in epilepsy
The most accepted hypothesis aiming to explain the causes underlying the 

hyper-excitability of epileptic networks, and the occurrence of recurrent seizures, 
is an acquired imbalance between glutamatergic excitation and GABAergic 
inhibition, in favour of an increased excitation (Avoli, 1983; Mody et al., 
1992). This imbalance is thought to occur in part for the sprouting of existing 
excitatory principal cell axons, together with a concurrent reduction in inhibition. 
Consistent with this hypothesis, many studies have reported an increase in 
functional recurrent excitatory circuits, in both tissue isolated from patients and 
animal models of TLE. One of these synaptic reorganizations is the sprouting 
of mossy fibers, a process that involves the growth of granule cell axons into 
the inner third of the molecular layer (Tauck and Nadler, 1985; Cronin and 
Dudek, 1988; Sutula et al., 1989; Houser et al., 1990), where they form recurrent 
connections to other granule cells (Kotti et al., 1997; Molnar and Nadler, 1999) 
and contribute to an increase in dentate gyrus excitability (Cronin et al., 1992; 
Scharfman et al., 2003). Interestingly, collaterals of sprouted mossy fibers have 
been shown to contact not only granule cells, but also PV-basket cells (Kotti 
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et al., 1997; Sloviter et al., 2006). In addition, CA1 pyramidal cells have also 
been shown to undergo axonal sprouting, and form recurrent CA1-CA1 synaptic 
contacts that may increase CA1 pyramidal cell excitability (Perez et al., 1996; 
Smith and Dudek, 2001; Bausch and McNamara, 2004).

In parallel to the sprouting of excitatory connections, several alterations 
involving GABAergic interneurons have also been reported in TLE, as various 
interneuron subtypes undergo cell death and others alter their connectivity. 
Somatostatin- (SS) and Neuropeptide Y- (NPY) positive interneurons seem to 
be the most vulnerable (Robbins et al., 1991; Sperk et al., 1992; Mathern et 
al., 1995; Schwarzer et al., 1995), although some degree of cell loss has been 
reported in other subtypes as well (Sloviter, 1989; Magloczky and Freund, 1993; 
Magloczky et al., 2000). However, recent evidence suggests that perisomatic 
inhibition, and particularly that provided by PV-basket cells, is to some extent 
preserved in TLE. A selective reduction in CA1 pyramidal cell innervation from 
CCK-, but not from PV-basket cells has been observed in animal models of 
epilepsy (Wyeth et al., 2010). Similarly, PV-positive axons are maintained in 
CA1 and dentate gyrus of tissue from epileptic patients (Wittner et al., 2001; 
Wittner et al., 2005). Nevertheless, some studies reported an increase of CCK-
immunoreactive fibers in the dentate gyrus of animal models of epilepsy (Gruber 
et al., 1993; Schwarzer et al., 1995), indicating that these plastic changes might 
be dependent on the model and the detection method used.

As perisomatic inhibition provided by PV-basket cells is extremely efficient 
in controlling the generation of action potential by principal cells, preservation of 
PV-basket cell innervation might compensate the increased excitability and limit 
the generation/propagation of seizures. However, the ability of PV-basket cells to 
generate synchronous and oscillatory activity in large principal cell populations 
could also indicate that preservation of PV-basket cell axons might contribute 
to the generation of abnormal synchrony and maintenance of epileptic seizures 
(Wittner et al., 2005; Marchionni and Maccaferri, 2009).

1.3 Neuropeptide Y

1.3.1 NPY and its receptors
Neuropeptide Y (NPY) is a 36 amino acid peptide expressed by neurons 

in many brain regions and by other secretory cells of the body. In the brain, 
the actions of NPY have been associated with different physiological processes, 
such as regulation of energy balance, learning and memory, feeding, anxiety and 
epilepsy (Wahlestedt et al., 1993; Balasubramaniam, 1997). In the hippocampus, 
NPY is contained within a subpopulation of GABAergic interneurons, which 
often co‐express somatostatin (Hendry et al., 1984; Freund and Buzsaki, 1996), 
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where it is expressed as a precursor peptide (prepro-NPY) in the cell soma. It is 
then transported in dendrites and axons via large dense core vesicles (Thureson-
Klein et al., 1986; De Potter et al., 1988), where it is finally converted into its 
biologically active form and released during periods of high-frequency activity 
(Hokfelt, 1991; Hokfelt et al., 2003).

Five NPY receptor subtypes (Y1, Y2, Y4, Y5 and Y6) have been identified 
so far, all belonging to the G-protein coupled receptor superfamily (Michel et 
al., 1998). Three of these receptors (Y1, Y2 and Y5) are widely expressed in the 
CNS and hippocampus (Redrobe et al., 1999), and have been shown to mediate 
different effects on neuronal excitability and synaptic transmission. In the 
hippocampus, NPY has been shown to reduce glutamate release in Schaffer-
collateral‐to-CA1 and in mossy fiber‐to-CA3 synapses in the hippocampus, via 
activation of Y2 receptors (Colmers et al., 1987; Klapstein and Colmers, 1993) 
leading to reduction of Ca²+ influx through pre-synaptic voltage-gated calcium 
channels (Qian et al., 1997). On GABAergic cells, NPY has been shown to 
activate G-protein coupled inward rectifier potassium currents (GIRK) in hilar 
interneurons via Y1 receptors (Paredes et al., 2003), and to decrease the amplitude 
of stimulation-induced inhibitory post-synaptic currents in cortical interneurons 
(Bacci et al., 2002).

1.3.2 NPY in epilepsy and seizures
Several studies have demonstrated how NPY plays a critical role in the 

modulation of hippocampal excitability and seizure activity in the brain, both in 
vitro and in vivo. Inter-ictal bursting induced in vitro by removal of extracellular 
magnesium or by application of the GABAA receptor antagonist Picrotoxin 
(PTX) were markedly decreased following NPY application. Similarly, ictal 
activity induced by Stimulation Train Induced Bursting (STIB) was sensitive to 
effects of NPY (Klapstein and Colmers, 1993, 1997). In vivo, removal of NPY 
in knock-out animals results in increased susceptibility and death following 
kainate-induced seizures (Baraban et al., 1997), while overexpression of NPY in 
transgenic rats confers increased resistance (Vezzani et al., 2002). In the kainic 
acid model of epilepsy, infusion of NPY into the lateral ventricle suppresses 
motor seizure activity and shortens the kainate-induced ictal EEG recorded in 
granule cells and CA3 pyramidal cells, and similar effects have been reported 
in the hippocampal rapid kindling model (Woldbye et al., 1996; Woldbye et 
al., 1997). In addition, in animal models of epilepsy, and in human tissue from 
temporal lobe epilepsy patients, the expression of NPY and its receptors undergo 
considerable changes (Vezzani et al., 1999). After induction of seizures, NPY and 
Y2 receptor expression have been found to be up-regulated in hilar interneurons, 
dentate granule cells and mossy fibers (Marksteiner et al., 1990; Gruber et al., 
1994; Schwarzer et al., 1998; Vezzani et al., 1999), while Y1 receptor expression 
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in dentate granule cell dendrites is down-regulated (Kofler et al., 1997).
Together, these observations have led to the concept that NPY could represent a 

potential new target for developing alternative treatment strategies for pharmaco-
resistant epilepsy. The first studies using NPY-based gene therapy approaches for 
epilepsy have demonstrated a wide range of seizure-suppressant effects exerted 
by the overexpression of NPY via injection of recombinant Adeno-Associated 
viral vectors (Richichi et al., 2004). Injection of rAAV-NPY in the hippocampus 
of rats significantly suppressed kainate-induced seizures and delayed kindling 
epileptogenesis (Richichi et al., 2004). More recently, overexpression of Y2 
receptor (Woldbye et al., 2010), or of a combination of NPY and Y5 receptor 
(Gotzsche et al., 2012), have also been shown to delay electrical kindling and the 
time spent in kainate-induced motor seizures. In addition, NPY overexpression 
in the hippocampus of animals with chronic epilepsy (induced by electrical status 
epilepticus) significantly decreases the progression and frequency of spontaneous 
seizures (Noe et al., 2008). Taken together, these studies indicate that NPY-based 
gene therapy for epilepsy could represent a very promising approach. 

1.3.3 NPY and basket cells
Details on the mechanisms of action of NPY and its function as a seizure 

suppressant agent have mostly been investigated in principal cells with regards 
to glutamatergic synaptic transmission. However, when using gene therapy 
approaches involving overexpression of NPY in large brain areas, inhibitory 
cell populations and inhibitory synaptic transmission could also be potentially 
affected. Although NPY expression could be directed selectively in glutamatergic 
principal cells, its release during high frequency activity could still influence 
neighbouring inhibitory synapses. It has been shown that NPY acts as a volume 
transmitter, and when released from synaptic terminals can affect synaptic 
transmission of separate sets of synapses (Sorensen et al., 2008a). Therefore, it 
becomes important to investigate whether NPY could alter inhibitory networks 
as well. Moreover, since single GABAergic interneurons innervate large numbers 
of principal cells, NPY-induced alterations in inhibitory synaptic transmission 
could have major consequences in network function and activity.

As discussed above (paragraph 1.2.3), perisomatic inhibitory interneurons, 
and basket cells in particular, play crucial roles in generating, maintaining and 
modulating network activity. Their function during gamma frequency oscillations, 
and the fact that gamma oscillations could convert into epileptiform activity, 
suggest that basket cells could be centrally involved in the generation of seizures. 
Therefore, alterations of basket cells afferent and efferent synapses by NPY could 
have strong significance in regards to its seizure-suppressant effects.

In the dentate gyrus, CCK- and PV- basket cells are part of a very complex 
network. They receive a wide variety of excitatory and inhibitory inputs, and in 



Introduction 31

turn project most of their output to granule cells, but also to other basket cells 
(Figure 4). All these different synapses could potentially be modulated by NPY. 
We started by evaluating whether NPY could affect afferent synapses onto CCK-
basket cells, since alterations in their afferents might alter the way CCK-basket 
cells exert their modulatory role (Figure 4, black circles). Conversely, PV-basket 
cells are more efficient in inhibiting and synchronizing granule cells, therefore 
we were interested in investigating whether NPY could directly modulate their 
synapses onto granule cells (Figure 4, orange circle). Delineating the mechanisms 
of action of NPY on basket cell circuitry would help understanding how NPY 
exerts its antiepileptic actions, and might improve the specificity of potential 
future gene therapy approaches, with particular regards to reducing side effects, 
such as impairment of memory and learning processes (Sorensen et al., 2008b). 
In this light, the use of newly developed tools for probing and dissecting neuronal 
networks, such as optogenetics, can prove very useful.
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Figure 4: Schematic diagram illustrating the integration of CCK- and PV-
basket cells in the dentate gyrus circuit. In paper I-II we asked 
whether afferent synapses onto CCK-basket cells (black circles) 
could be affected by NPY, while in paper III we evaluated the effects 
of NPY and hyperexcitability on PV cell output onto granule cells 
(orange circle).
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1.4 Optogenetics
One of the major challenges in neuroscience has always been the need to 

control specific cell populations while leaving others unaltered, at a speed that 
is relevant to the physiological processes of the brain. Until very recently, such 
a precise and fast tool was not available to neuroscientists, as electrodes do not 
allow the precise targeting of specific cell types and drugs are too slow. However, 
the advent of optogenetic tools made possible what once was extremely difficult 
to achieve.

The term optogenetics refers to the combination of optical and genetic 
methods designed to control well-defined events in specific cells of living tissue. 
In general, it requires the introduction of genes encoding light-sensitive proteins 
in the genome of target cells, which then become easily controllable by exposure 
to different wavelengths of light. Since the work from Karl Deisseroth’s group in 
2005, where such genes were first introduced into neurons and proved effective 
in controlling neuronal excitability (Boyden et al., 2005), the field has seen an 
exponential growth in terms of flexibility and variety of the available tools. In 
general, the most widely used optogenetic tools available are engineered versions 
of natural opsins, transmembrane proteins capable of translocating ions across 
the cell membrane upon exposure to specific wavelengths of light. Depending 
on the type and direction of the ion movement, the effect on the membrane 
potential can either be depolarizing (activating) or hyperpolarizing (silencing).

1.4.1 Channelrhodopsin-2
Channelrhodopsin-2 (ChR2) belongs to the depolarizing family of 

optogenetic tools, and is a non-selective cation channel normally expressed by 
the algae Chlamydomonas reinhardtii. Upon exposure to blue light (activation 
maximum at 470 nm), it allows the passive movement of Na+, H+, Ca²+ and 
K+ (Nagel et al., 2003). When expressed in neurons, it causes depolarization of 
the membrane potential and generation of action potentials (Figure 5) (Boyden 
et al., 2005). The major attractive feature of ChR2 is its very rapid activation/
deactivation kinetics, which allows generation of single action potentials by brief 
(1-2 ms) light exposure (Figure 5).

Despite its remarkable properties, the degree of neuronal activation mediated 
by ChR2 presented some limitations with regards to fidelity of generation of 
action potential trains at higher frequencies. Therefore, much effort has been 
spent on mutagenesis approaches to develop ChR2 mutants with improved 
characteristics. As a result, several modifications to the original ChR2 sequence 
have been generated, with the aim of enhancing expression levels in neurons 
and increasing photocurrent amplitudes. Human codon optimization and 
substitution of histidine for arginine at codon 134 resulted in the development 
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of ChR2(H134R), a ChR2 variant showing improved expression levels and 
photocurrent amplitudes (Nagel et al., 2005), overcoming some of the limitation 
of wild-type ChR2. Other ChR2 variants with improved kinetics and expression 
include ChIEF (Lin et al., 2009), ChETA (Gunaydin et al., 2010) and ChR2(ET/
TC) (Berndt et al., 2011).

1.4.2 Targeting and delivery strategies
The most common methods to deliver optogenetic tools to the tissue or area of 

interest rely on Lenti- or AAV viral vectors. Lentiviral vectors have the advantage 
of being able to incorporate large transgenic constructs (9-10 kb), are easy to 
produce, and are the method of choice for in vitro preparations. On the other 
hand, AAVs can only accommodate much smaller constructs (4.7 kb), but are 
much more efficient in vivo, thanks to their smaller size and ability to cover much 
larger brain areas from single injection sites. The specificity of expression of the 
desired optogenetic construct is determined by the choice of the promoter placed 
upstream to the transgene. For targeting principal (excitatory) cell populations, 
optogenetic transgenes are usually driven by the CamKIIα promoter, which in 
cortical areas is selectively expressed by glutamatergic cells (Liu and Jones, 1996), 
and provides high enough expression levels to achieve effective optogenetic 
neuronal control. However, cell specific promoters for GABAergic interneurons 
are usually less efficient in driving expression of their gene, e.g. Parvalbumin 
promoter, and could potentially be too weak to allow efficient opsin expression. 
To overcome this issue, researchers have used the Cre/loxP expression strategy.

Cre is the product of the cre (cyclization recombination) gene of the 

Figure 5: A, When activated by blue light, Channelrhodopsin-2 (ChR2) 
permits the passive movement of Na+ and K+ ions. B, When 
expressed in neurons, it allows the generation of action potentials 
by brief blue light exposure. Adapted from Kokaia and Sørensen, 
2011
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bacteriophage P1, and is a site-specific DNA recombinase. Cre recognizes a 34-
bp site on the P1 genome called loxP (locus of X-over of P1) and efficiently 
catalyses reciprocal conservative DNA recombination between pairs of loxP sites 
(Hoess and Abremski, 1990). The loxP site consists of two 13-bp inverted repeats 
flanking an 8-bp nonpalindromic core region that gives the loxP site an overall 
directionality. Cre-mediated recombination between two directly repeated 
loxP sites results in excision of the DNA between them, while Cre-mediated 
recombination between pairs of loxP sites in inverted orientation will result in 
inversion of the intervening DNA rather than excision. A number of transgenic 
mice expressing Cre under the control of many different cell- or tissue-specific 
promoters are already commercially available ( Jackson Laboratories, jaxmice.jax.
org). Because each of the 13-bp repeats of the loxP site binds only one Cre 
monomer, and because Cre acts stoichiometrically (Mack et al., 1992), only four 
Cre monomers are needed to achieve full recombination, an expression level 
that the weaker cell-specific promoters can also drive. Therefore, once the Cre-
mediated recombination has taken place, the expression levels of the transgenes 
are only dependent on the promoter driving them, which in this case can be 
strong and general, granting high levels of transgene in the target tissues.

Taking advantage of this strategy, transgenic constructs for the Cre-
dependent expression of opsins have been developed, where the direction of the 
transgene is inverted, and flanked by two nested pairs of incompatible lox sites 
(loxP and lox2722) (Atasoy et al., 2008). In Cre-expressing cells, the transgene 
is first reversibly flipped into the sense orientation using either pair of lox sites 
(Figure 6), allowing gene expression; subsequently, an irreversible excision occurs 

Figure 6: Schematic illustration of the Cre-dependent Double Inverted Open 
Reading Frame (DIO) construct. In the presence of Cre, the gene 
is first inverted into the sense orientation. The subsequent excision 
between lox pair sites prevents further recombination.
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between the other lox site pair, preventing further recombination (Figure 5). 
These constructs (named DIO, Double Inverted Open Reading Frame) are 

now available for most opsin variants, and are usually incorporated in Adeno-
Associated viruses for in vivo delivery. In particular, expression of ChR2 in PV-
positive cells has been previously accomplished in the barrel and infralimbic 
pre-frontal cortices (Cardin et al., 2009; Sohal et al., 2009), where it proved 
instrumental in demonstrating how direct activation of PV-cells facilitates 
gamma-frequency oscillations.
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2 Aims of the thesis

The work presented in this thesis was conducted to extend the current 
knowledge on the mechanisms of action of NPY on hippocampal GABAergic 
interneurons, and to determine whether effects of NPY on inhibitory cell 
populations could contribute to its seizure-suppressant effects. The specific aims 
were:

•	 To investigate whether NPY affects synaptic transmission onto CCK-
basket cells in normal conditions (paper I)

•	 To explore the effects of NPY on CCK-basket cells in hyper-excitable 
conditions (paper II)

•	 To examine whether NPY affects inhibition from PV cells onto dentate 
gyrus granule cells (paper III)

•	 To determine whether hyper-excitability alters PV-to-granule cell 
synaptic transmission (paper III)
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3 Experimental procedure

3.1 Animals
All experimental procedures were approved by the local Ethical Committee 

for Experimental Animals, and followed guidelines in accordance with European 
Community Council Directive for the Care and Use of Laboratory Animals. 
Animals were kept in standard cages on a 12-h light/dark cycle with ad libitum 
access to laboratory food and water.

For experiments requiring recordings from CCK-basket cells (papers I and 
II), Glutamic Acid Decarboxylase 65-Green Fluorescent Protein (GAD65-
GFP) animals were used. In this line, GFP is expressed under the control of the 
GAD65 promoter, allowing prospective identification of different populations 
of GABAergic interneurons, including CCK-basket cells (Brager et al., 2003). 
Animals were 2-4 weeks (paper I) or 6-8 weeks (paper II) at the beginning of the 
experimental procedures.

For experiments where synaptic transmission from PV-cells to granule cells 
was evaluated (paper III), PV-Cre (Hippenmeyer et al., 2005) mice were used, 6-8 
weeks old at the beginning of the experimental procedures. Control experiments 
where the effect of NPY was tested in afferent synapses onto PV-positive cells 
were conducted in 17-23 day old PV-tdTomato mice, generated by crossing 
homozygote PV-Cre mice with homozygote CAG-lox-STOP-lox-tdTomato 
(Ai14) mice (Madisen et al., 2010).

3.2 Viral vector production
AAV-CaMKIIα-ChR2-mCherry (paper II) and AAV-DIO-Ef1α-

ChR2(H134R)-mCherry (paper III) viral vectors (Figure 7 represents the design 
of the transgenic constructs) were produced as previously described (Eslamboli 
et al., 2005), with minor modifications. Briefly, the transfer vector and the 
packaging plasmid, pDG5, were transfected into 293 cells. Seventy hours after 
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transfection the cells were harvested and lysed using one freeze–thaw cycle. 
The crude lysate was clarified by centrifugation at 4,500g for 20 minutes and 
the vector-containing supernatant was purified using a iodixanol gradient and 
ultracentrifugation (1.5 hours at 350,000g). The virus-containing iodixanol 
gradient fraction was further purified using an Acrodisc Mustang Q device (Pall 
Life Sciences, Port Washington, New York). For further concentration, desalting, 
and buffer exchange, the purified vector suspension was centrifuged in an 
Amicron Ultra device (Millipore). The AAV vectors were produced as serotype 
5. The final number of AAV particles was determined using qPCR and was 7.4 x 
10¹² genomic particles/ml for AAV-CaMKIIα -ChR2-mCherry and 1.4 x 10¹³ 
genomic particles/ml for AAV-DIO-Ef1α -ChR2(H134R)-mCherry.

3.3 Electrode implantation and virus injection
Animals were anesthetized by inhalation of isofluorane (2.5%, Baxter 

Chemical AB) and fixed onto a stereotaxic frame (David Kopf Instruments, 
Tujunga, CA). A bipolar stainless steel stimulation/recording electrode 
(Plastics One, Roanoke, VA) was stereotaxically implanted in the ventral right 
hippocampus at the following coordinates (in mm): AP -2.9, ML 3.0, DV -3.0. 
A reference electrode was placed in the temporal muscle. Electrodes were placed 
into a pedestal (Plastics One Roanoke, VA) and fixed on the skull with dental 
cement (Kemdent).

AAV-CaMKIIα-ChR2-mCherry (paper II) or AAV-DIO-Ef1α-
ChR2(H134R)-mCherry (paper III) viral vector suspensions were injected 
during the same surgery through a glass capillary in the left hippocampus 

Figure 7: AAV-CaMKIIα-ChR2-mCherry (paper II) and AAV-DIO-Ef1α-
ChR2(H134R)-mCherry (paper III) viral constructs used for 
inducing ChR2 expression
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(contra-lateral to the electrode) at the following coordinates (in mm): AP -3.2, 
ML -3.1, DV -3.6 and -3.2. 0.5 µl of viral suspension was injected at 0.1 µl/
minute in each location in the DV plane. The glass pipette was left in place for 5 
minutes after each injection, to minimize back-flow of viral particles through the 
injection tract. Reference points for stereotaxic surgery were bregma for the AP 
axis, midline for the ML axis, and dura for the DV axis.

3.4 Rapid kindling and test stimulations
For inducing hyper-excitability (papers II and III), animals were subjected 

to rapid kindling 7 days after electrode implantation. Kindling is defined as a 
progressive increase in severity of EEG discharges and seizure behavior, in this 
case induced by electrical stimulation. As opposed to conventional kindling 
models, where stimulations are delivered once daily, the rapid kindling model 
is usually completed within one day, as the time between stimulations is much 
shorter, usually 5 minutes. The model is less laborious than conventional kindling, 
and allows the reliable induction of hyper-excitable states with minimal cell death 
and inflammatory response (Wood et al., 2011), although lacking the temporal 
resolution needed for studying epileptogenesis phenomena.

Before the induction of kindling, the individual threshold was determined 
by delivering stimulations (1 sec train consisting of 1 ms bipolar square 
wave pulses at 100 Hz) of increasing current in 10 µA steps until a focal 
epileptiform afterdischarge (AD) of more than 5 sec duration was detected by 
electroencephalographic (EEG) recording. During rapid kindling induction, 
EEG activity was continuously recorded on a MacLab system (ADInstruments, 
Bella Vista, Australia) for 200 min except during stimulations, which consisted 
of 40 suprathreshold stimulation trains (10 s, 1 ms square wave pulses at 50 Hz, 
400 µA intensity) separated by 5 min interval between stimulations. Behavioral 
seizures were scored according to the Racine scale (Racine, 1972): grade 0, arrest, 
normal behavior; grade 1, facial twitches (nose, lips, eyes); grade 2, chewing, head 
nodding; grade 3, forelimb clonus; grade 4, rearing, falling on forelimbs; grade 5, 
imbalance and falling on side or back. Animals were used for electrophysiological 
recordings four to six weeks after stimulations (papers II and III).

3.4.1 Test stimulations
In a subset of animals (paper II), the individual threshold was measured again 

four weeks after the first kindling stimulations, to assess if animals achieved a 
hyper-excitable state at the time point of electrophysiology. Animals were then 
given 5 additional stimulations using the same parameters of the first 5 kindling 
stimulations. Seizure grades and AD duration were assessed as previously.
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3.5 Slice preparation
Animals were briefly anesthetized with isofluorane and decapitated. The brain 

was quickly removed and immersed into a chilled sucrose-based cutting solution, 
containing (in mM): sucrose 195, KCl 2.5, CaCl₂ 0.5, MgCl₂ 7, NaHCO₃ 28, 
NaH₂PO₄ 12.5, glucose 7, ascorbate 1, pyruvate 3 (pH 7.2-7.4, 290-300 mOsm, 
paper I) or sucrose 75, NaCl 67, NaHCO₃ 26, glucose 25, KCl 2.5, NaH₂PO₄ 1.25, 
CaCl₂ 0.5, MgCl₂ 7 (pH 7.4, 305-310 mOsm, papers II and III). Solutions were 
constantly gassed with carbogen (95% O2/5% CO2). In paper I, the hippocampal 
formation was carefully dissected, transverse slices 250 µm thick were produced 
with a vibratome and stored in sucrose-based solution at room temperature. In 
papers II and III, the entire left hemisphere was cut horizontally with a vibratome 
in 300 µm slices containing the hippocampal formation and entorhinal cortex, 
and slices were stored in sucrose-based solution at 34 °C for 30 minutes before 
being transferred to room temperature. These modifications led to a generally 
improved slice quality and allowed greater survival of GABAergic interneurons, 
necessary for the experiments requiring recordings from adult tissue.

3.6 Electrophysiology

3.6.1 Principles of whole-cell electrophysiology
To investigate alterations in synaptic transmission and plasticity, a common 

electrophysiological technique known as whole-cell patch clamp was used. In 
principle, this method allows the recording of electrical activity from one single 
cell in the slice preparation, and although it can be technically challenging in 
some cases, it is extremely powerful and sensitive, permitting the investigation of 
single synaptic events in neurons.

First, the desired cell is selected in the slice according to pre-defined criteria. 
For this reason, the use of transgenic mice expressing fluorescent proteins in 
specific subsets of cells (e.g. GAD65-GFP or PV-tdTomato) is extremely useful. 
A glass pipette containing an electrode and a carefully prepared intracellular 
solution is then attached to the membrane of the selected cell. The small opening 
of the pipette (usually 1-2 µm) is pressed against the membrane of the cell 
(Figure 8-1), and gentle suction is applied to assist the generation of a tight seal 
(gigaOhm seal) between the pipette tip and the cell membrane (Figure 8-2). 
Subsequently, more suction is applied until the membrane inside the pipette 
tip ruptures, while leaving the seal intact, granting access to the cell cytoplasm 
(Figure 8-3). The electrode contained in the pipette is now in contact with the 
interior of the cell, thus conducting electrical activity to an amplifier that converts 
the signals into recordable data.
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Two main configurations can be used to record different electrical signals 
from the neuron: voltage clamp and current clamp. In voltage clamp, the voltage 
is kept constant (i.e. at -70 mV) while observing the current (flow of ions) 
passing trough the cell membrane. In current clamp, the current is kept constant 
while observing changes in the membrane potential. In this way, it is possible to 
measure intrinsic membrane properties of the recorded cells, response to current 
injections and incoming synaptic activity. Using different intracellular (in the 
pipette) and extracellular (in the bath) solutions it is possible to discriminate 
between different types of synaptic transmission (e.g. glutamatergic versus 
GABAergic) and manipulate the environment to study pharmacological profiles 
of determined cell populations.

3.6.2 Whole-cell electrophysiology
Individual slices were placed in a submerged recording chamber constantly 

perfused with gassed artificial cerebro-spinal fluid (aCSF) containing, in mM: 
NaCl 119, KCl 2.5, MgSO₄ 1.3, CaCl₂ 2.5, NaHCO₃ 26.2, NaH₂PO₄ 1 and 
glucose 11 (pH 7.2-7.4, 290-300 mOsm, paper I) or NaCl 119, NaHCO₃ 26, 

Figure 8: Principle of whole-cell patch clamp electrophysiology. 1, the glass 
pipette is in contact with the cell membrane; 2, a tight seal is 
formed by gentle suction; 3, more suction causes the membrane to 
rupture, establishing the whole-cell configuration.
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glucose 25, KCl 2.5, NaH₂PO₄ 1.25, CaCl₂ 2.5 and MgSO₄ 1.3 (pH 7.4, 305-
310 mOsm, paper II and III). GAD65-GFP (paper I and II) and PV-tdTomato 
(paper III) positive cells were visualized under fluorescent light and infrared 
differential interference contrast microscopy was used for visual approach of the 
recording pipette. 

Recording pipettes were pulled from borosilicate glass with a Flaming-Brown 
pipette puller, had a tip resistance of 2.5-5 MΩ and contained (in mM):

•	 K-Gluconate 122.5, KCl 12.5, KOH-HEPES 10, KOH-EGTA 0.2, 
MgATP 2, Na₃GTP 0.3, NaCl 8, for measurement of intrinsic properties 
and firing patterns (papers I-III), acetylcholine-induced responses (paper 
I) and monitoring the response to light in ChR2-expressing cells (paper 
II);

•	 Cs-Gluconate 117.5, CsCl 17.5, NaCl 8, CsOH-HEPES 10, CsOH-
EGTA 0.2, MgATP 2, Na₃GTP 0.3, QX-314 5, for measurement of 
spontaneous and miniature (papers I-III), stimulation-evoked (paper I), 
and light-evoked (paper II) excitatory post-synaptic currents (EPSCs);

•	 CsCl 135, CsOH 10, CsOH-EGTA 0.2, MgATP 2, Na₃GTP 0.3, NaCl 
8, QX-314 5, for recording of spontaneous and miniature (papers I and 
II), stimulation-evoked (papers I and II) and light-evoked (paper III) 
inhibitory post-synaptic currents (IPSCs).

Biocytin (3-5 mg/ml) was routinely added to the pipette solution on the 
day of the recording. Recordings typically lasted 20-30 minutes, and biocytin 
was allowed to diffuse for additional 10 minutes at the end to assure complete 
diffusion in the axonal arbor. In paper I, biocytin was used at lower concentrations 
(0.5-1 mg/ml) and allowed to diffuse for 90 minutes in a subset of experiments. 
Series resistance (typically 8-30 MΩ) was constantly monitored via -5 mV 
voltage steps and recordings were discontinued after changes of >20% or if the 
resting membrane potential was more positive than -50 mV.

Firing pattern and accommodation were investigated by applying a single 
1 sec, 500 pA depolarizing current step. Action potential threshold, amplitude, 
after-hyperpolarization and rheobase were measured by the first action potential 
of the train evoked with a 1 sec voltage ramp of 0-300 or 0-500 pA. Current-
voltage relationship was analyzed by injecting consecutive incrementing 500 ms 
10 pA current steps, from -200 to +200 pA.

EPSCs were recorded in the presence of 100 µM PTX to block GABAA 
receptors and isolate glutamate receptor mediated synaptic transmission. NBQX 
(5 µM, Tocris Bioscience) and D-AP5 (50 µM, Tocris Bioscience) were used 
during IPSCs recordings to block AMPA and NMDA glutamate receptors, 
respectively. TTX (1 µM, Tocris Bioscience) was added during miniature EPSCs 
and IPSCs recordings (paper I and II) to block voltage-gated sodium channels 
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and prevent generation of action potentials in the slice. The metabotropic group 
II receptor (mGluR II) agonist L-CCG-I (10 µM, Tocris Bioscience) was used 
to selectively activate mGluR II, which are exclusively expressed on granule cell 
mossy fibers, and block mossy-fiber mediated synaptic transmission (papers I and 
II). 

3.6.3 Stimulation protocols
Two different stimulation approaches were used for stimulating afferent fibers 

onto recorded cells: electrical and optogenetic. For stimulation-evoked EPSCs 
recordings (paper I), bipolar stainless steel stimulating electrodes were placed 
in the inner molecular layer and CA3 stratum lucidum. Stimulation-evoked 
IPSCs recordings were conducted with stimulation electrodes placed in the 
inner molecular layer (paper I), granule cell layer (paper II) and outer molecular 
layer (paper II). In all cases, stimulus duration was 100 µs, and paired pulses were 
delivered with 50 (for EPSCs, paper I) and 100 ms (for IPSCs, papers I and II) 
inter stimulus interval (ISI) at 0.06 Hz.

Optogenetic stimulation of ChR2-expressing principal neurons (paper II) and 
PV-positive cells (paper III) was achieved by positioning a 400 µm optical fiber 
above the tip of the dentate gyrus, connected to a 460 nm wavelength LED light 
source (Figure 9). Paired light pulses of 1-2 ms duration were delivered with 50 
(for EPSCs, paper II) or 100, 250 and 500 ms (for IPSCs, paper III) ISI at 0.06 
Hz. Additionally, trains of 10 light pulses at 10 and 20 Hz frequency were used 

Figure 9: Experimental setup for optogenetic stimulations. An optical fiber 
connected to a 460 nm wavelength LED light source was placed 
above the tip of the dentate gyrus to stimulate ChR2 expressing 
neurons while recording from selected cells.



46 Experimental Procedures

to study GABA release efficiency from PV-positive cells ensembles (paper III).

3.6.4 NPY application
NPY (synthetic, Schafer-N, Denmark, papers I-III) and free-acid NPY 

(Bachem AG, Switzerland, paper I) were dissolved in distilled water, stored in 
concentrated aliquots and diluted to 1 µM concentration in the perfusion solution 
immediately before use. Following a period of baseline recording, peptides were 
applied and allowed to diffuse in the recording chamber for 7 min before the 
continuation of the recordings. The choice of concentration of NPY is based 
on previously published work, where it has been shown to be the most effective 
in inhibiting Schaffer collateral-CA1 excitatory post-synaptic potentials in the 
hippocampus (Colmers et al., 1987). Care has been taken in using silicon-coated 
bottles and tubing for preventing the peptides from adhering to the tubing and 
container walls. The highly specific Y2 receptor blocker BIIE0246 (Boehringer 
Ingelheim Pharma, Germany) was initially dissolved in 70% ethanol and 
diluted 1:5000 to a final concentration of 0.6 µM in the perfusion solution. In 
experiments studying the contribution of Y2 receptors (paper I), BIIE0246 was 
present from the beginning of the recordings.

3.6.5 Data acquisition
Data from electrophysiology was acquired at 10 kHz and filtered at 2.9 kHz 

using HEKA amplifier and software (EPC 9 or 10 amplifier, PATCHMASTER, 
HEKA Elektronik, Germany) and off-line analysis was performed using 
FITMASTER (HEKA Elektronik), Igor Pro (Wavemetrics, Lake Oswego, 
OR), StatView (Abacus Concepts, Berkeley, CA), SPSS (IBM), GraphPad Prism 
(GraphPad software, San Diego, CA) or MiniAnalysis (Synaptosoft, Decatur, 
GA) software, whenever appropriate.

3.7 Immunohistochemical procedures

3.7.1 Immunostaining
For identifying cells recorded during electrophysiological measurements, at 

the end of the recording slices were immediately fixed in 4% Paraformaldehyde 
(PFA) in phosphate buffer (PB) for 12-24 hours and then stored in anti-freeze 
solution (ethylenglycol and glycerol in PB buffer) at -20°C until processed.

To characterize the population of basket cells recorded in paper I and II, 
GAD65-GFP animals not used for electrophysiology received an overdose of 
pentobarbital (250 mg/kg i.p.) and were perfused transcardially with 50 ml of 
ice-cold saline (0.9% NaCl) and 50 ml of ice-cold 4% PFA in PB (pH 7.2-7.4), 
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or 25 ml of ice-cold 4% PFA, 0.025% glutaraldehyde in sodium acetate buffer 
(pH 6.5) and 25 ml of ice-cold 4% PFA in sodium borate buffer (pH 9.5). Brains 
were postfixed in 4% PFA in PB or in 4% PFA in sodium borate overnight, and 
then dehydrated/cryoprotected with 20% sucrose in PB. The brains were cut in 
30 µm sections and stored in anti-freeze solution at -20°C.

Antigen Raised in Dilution Provider

GFP rabbit 1:10000 Ab1218, abcam

mCherry, tdTomato rat 1:1000 5F8, Chromotek

CCK rabbit 1:5000 Ab43842, abcam

PV mouse 1:2000 P3088, Sigma

Y2 rabbit 1:1000 RA14112, Neuromics

For immunohistochemical staining against GFP (paper I and II), mCherry 
(paper II and III), tdTomato (paper III), CCK (paper I), PV (paper I), slices were 
rinsed three times with KPBS and pre-incubated for 1 hour in blocking solution 
(10% normal serum and 0.25% Triton X-100 in KPBS, T-KPBS). Sections were 
then incubated overnight at room temperature with the appropriate dilution 
of primary antibody (see Table 1) in blocking solution, rinsed three additional 
times in T-KPBS and incubated for 2 hours in the suitable secondary antibody 
( Jackson Immunoresearch, UK) in blocking solution. Slices were finally rinsed 
three times in KPBS, mounted on coated slides and cover-slipped with DABCO.

3.7.2 Axonal arbour reconstruction
An important step in all papers was the reconstruction of the axonal arbour of 

recorded interneurons, as it is the principal characteristic that allows to delineate 
the identity of different GABAergic cell subtypes. After recordings, slices were 
fixed as described above, and processed for immunohistochemistry against 
biocytin, which was included in the pipette solution. 

In paper I, after a two-day incubation in 20% sucrose in PB, slices were 
additionally cut in 60 µm sections using a microtome. The biocytin-filled neurons 
were visualized by incubating the sections in avidin–biotin conjugated horseradish 
peroxidase solution (ABC, Vector Laboratories, UK), and then reacting them 
with diaminobenzidine (DAB) and hydrogen peroxide solutions. The staining 
was then intensified by incubating slices in 0.5% OsO4 (Sigma) solution. Serial 
microphotographs were taken throughout the whole thickness of the slices every 
1 µm, and groups of five consecutive images were merged using appropriate 
transparency filters with Canvas X software (ACD Systems, Victoria, Canada). 
Using the same software, drawings of the dendritic tree and axonal arborization 

Table 1:  Primary antibodies used for the different immunohistochemical 
stainings
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were made in each group of images and finally merged together.
In paper II and III, after permeabilization in T-KPBS, slices were incubated 

with Cy5- ( Jackson Immunoresearch, UK) or Alexa 488-(Molecular Probes) 
conjugated streptavidin for 2 hours (1:200 dilution). Labeled neurons were 
examined with a confocal laser-scanning microscope (Leica). Confocal Z-stacks 
were obtained along the entire dendritic and axonal tree of the cells, which 
typically consisted of 40-50 planes.

3.7.3 Y2 immunohistochemistry and optical density 
measurements

In paper II, one particular objective was to analyse the differential distribution 
of Y2 immunopositive fibers in the dentate gyrus of normal and hyper-
excitable animals. The immunohistochemical procedure differed slightly from 
what described above and should be reported separately. Briefly, slices from 
electrophysiological recordings and from non-kindled age-matched GAD65-
GFP controls were cryoprotected in 20% sucrose in PB for two days and 
additionally cut in 50 µm sections using a microtome. Sections were then treated 
with 1% hydrogen peroxide for 30 minutes, pre-incubated for 1 hour in blocking 
solution containing normal goat serum (see above), incubated for 24 hours at 
4°C with anti-Y2 receptor antibody (Table 1) and subsequently with 1:500 
biotinylated goat anti-rabbit secondary antibody (Vector Laboratories, UK). 
Y2 immunoreactivity was visualized by incubating the sections in avidin-biotin 
conjugated horseradish peroxidase solution (ABC, Vector Laboratories, UK), 
and then reacting them with 0.5 mg/ml DAB, 0.025% cobalt chloride, 0.2% 
nickel ammonium sulfate and hydrogen peroxide solutions. 

Microphotographs were taken from each section using the same exposure 
time and ambient light conditions, on the same day. To measure optical density 
of Y2-positive fibers, images were processed with ImageJ software (NIH, http://
rsbweb.nih.gov/ij/). The density reading of the Y2-negative hippocampal fimbria 
structure was used as an internal reference for each section, and subtracted from 
the readings of the inner and outer molecular layers.

3.8 Statistics
Different statistical methods were used where appropriate to assess significant 

differences between groups, and included two-tailed paired t-tests (for analysing 
differences between certain pre- and post-NPY application parameters), 
two-tailed unpaired t-test (e.g. for testing significance of differences between 
kindled and control animals) and two-tailed Kolmogorov-Smirnov (K-S) test 
(e.g. for analysing differences in distribution of amplitudes and frequencies of 
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spontaneous and miniature EPSCs and IPSCs). Differences between the groups 
were considered significant with P<0.05 for t-tests and P<0.01 for K-S tests.
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4 Results and comments

4.1 Effects of NPY on CCK-basket cells
The first part of the result section will focus on the effects of applied NPY 

on synaptic transmission onto CCK-basket cells in the dentate gyrus of normal 
(paper I) and hyper-excitable animals (paper II).

4.1.1 Identification of CCK-basket cells
In GAD65-GFP animals, several classes of inhibitory interneurons express 

GFP, including CCK-basket cells. In order to identify recorded cells as CCK-
basket cells, several morphological and functional criteria had to be met (paper I 
and II). Cells had to be located in the border between the granule cell layer and 
the hilus, their soma had to be roughly pyramidal shaped, and their dendrites had 
to extend to the outer molecular layer on the apical side, and enter the hilus on the 
basal side. Moreover, cells had to fire low-frequency, non-accomodating action 
potentials upon depolarization induced by sustained current injection. Further 
supporting the CCK-basket cells identity of the recorded cells, we performed 
a series of experiments to show that cells selected with criteria described above 
express functional alpha7 nicotinic receptors, another characteristic property of 
CCK-basket cells. We show that putative CCK-basket cells respond to focal 
application of Acetylcholine (ACh) with an inward current that is readily blocked 
by the alpha7 nicotinic receptor antagonist MLA, but not by NBQX, D-AP5 or 
atropine (paper I). In addition, immunohistochemical evaluation of tissue from 
GAD65-GFP mice showed that a subpopulation of GFP cells in the border 
between the granule cell layer and the hilus express CCK, but not Parvalbumin 
(paper I). Lastly, the distribution of the axonal arbor had to be confined within 
the granule cell and inner molecular layers.

Taken together, the fulfilment of these criteria strongly suggests that 
recorded cells could be identified as CCK-basket cells, and allowed to positively 
discriminate between CCK-basket cells and other types of GFP-positive cells 
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present in the granule cell layer/hilus border of GAD65-GFP mice.

4.1.2 Intrinsic membrane properties
Since NPY has been previously shown to modulate passive membrane 

properties of a subtype of hippocampal interneurons (Paredes et al., 2003) through 
activation of post-synaptic Y1 receptors, we first wanted to evaluate whether 
application of exogenous NPY could influence the membrane properties of CCK-
basket cells. We then recorded passive membrane properties of CCK-basket cells 
before and after application of NPY, in the normal (paper I) and hyper-excitable 
(from animals subjected to rapid kindling, paper II) hippocampus. Application 
of NPY did not alter the resting membrane potential, firing pattern, degree 
of frequency accomodation, action potential threshold, amplitude, duration, 
afterhyperpolarization or rheobase of recorded CCK-basket cells, suggesting 
that CCK-basket cells do not express post-synaptic NPY receptors.

4.1.3 Spontaneous excitatory synaptic transmission
Having established that passive membrane properties of CCK-basket cells 

are not affected by NPY, we wanted to determine whether incoming excitatory 
synaptic transmission onto CCK-basket cells could be modulated by NPY. 
We first recorded spontaneous excitatory post-synaptic currents (sEPSCs) by 
holding CCK-basket cells in voltage-clamp at -70 mV, in the presence of PTX to 
block GABAA-mediated inhibitory transmission and isolate glutamate receptor 
mediated currents. sEPSCs are a mixture of currents that include those dependent 
on action potentials in pre-synaptic neurons, and action potential independent 
currents generated by the spontaneous fusion of glutamate-containing vesicles 
on the pre-synaptic side. Application of NPY reduced the frequency of sEPSCs 
recorded from CCK-basket cells in both normal and hyper-excitable conditions, 
but did not alter their amplitude, suggesting that NPY might act pre-synaptically 
and reduce glutamate release. 

To determine if the suspected NPY-mediated reduction of glutamate release 
was dependent on pre-synaptic action potentials, we subsequently recorded 
miniature excitatory post-synaptic currents (mEPSCs) by applying TTX together 
with PTX in the perfusion solution to block voltage-gated sodium channels and 
prevent the formation of action potentials in the whole slice. Application of NPY 
significantly decreased the frequency of mEPSCs in both normal and kindled 
animals, without affecting their amplitude, suggesting that the effects of NPY are 
independent of action potentials.

4.1.4 Evoked excitatory synaptic transmission and short-term 
plasticity

A possible explanation underlying the reduction in sEPSCs and mEPSCs 
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frequency induced by NPY could be a decrease in release probability (Pr) of 
glutamate from pre-synaptic terminals. An indirect measure of glutamate Pr 
could be obtained by assessing alterations in the paired-pulse facilitation (PPF) 
of EPSCs, a form of short-term plasticity widely observed in central excitatory 
synapses. PPF is defined by the ability of synapses to increase neurotransmitter 
release in response to the second of two closely spaced afferent stimulations, and 
depends on residual Ca²+ concentration in the presynaptic terminals (Zucker 
and Regehr, 2002). The degree of PPF inversely relates to Pr, with large PPF 
values being associated with low Pr and low PPF indicating high Pr (Dobrunz 
and Stevens, 1997). Since NPY has been previously shown to decrease Pr of 
glutamate via modulation of Ca²+ influx in afferent pre-synaptic terminals of 
CA1 (Colmers et al., 1988; Qian et al., 1997), we wanted to evaluate whether 
PPF of EPSCs recorded from CCK-basket cells was also affected.

In normal animals (paper I), we used paired electrical stimulation of the 
inner molecular layer with 50 ms ISI to evoke EPSCs in CCK-basket cells that 
exhibited PPF. Application of NPY decreased the amplitude of both the first and 
the second response of the pair, but did not alter the PPF ratio, indicating that in 
these synapses NPY does not reduce glutamate Pr, and might decrease glutamate 
release by other mechanisms downstream to the attenuation of calcium entry. To 
determine if the effect of NPY was dependent on activation of Y2 receptors, we 
repeated the experiments but added the specific Y2 receptor blocker BIIE0246 to 
the perfusion solution before NPY application. In these conditions, NPY failed 
to cause a decrease in evoked EPSCs amplitudes, indicating an involvement of 
Y2 receptors. Moreover, to confirm that the observed effect was indeed mediated 
by NPY, in a separate set of experiments we applied a non-active form of NPY 
(free-acid NPY) instead of NPY and observed no effect.

To stimulate afferent excitatory fibers in hyper-excitable animals (paper II), 
we used an optogenetic approach involving the expression of ChR2 in all the 
principal cell populations of the hippocampus, by injecting AAV vectors carrying 
the ChR2 transgene directed by the control of the CaMKIIα promoter, which 
in the hippocampus is exclusively expressed in excitatory cells (Liu and Jones, 
1996). Using this approach, we were able to stimulate all excitatory afferent 
fibers of CCK-basket cells at the same time, with millisecond precision. Two 
paired 1 ms blue light flashes with 50 ms ISI evoked EPSCs in CCK-basket cells 
(leEPSCs) that exhibited PPF. Application of NPY caused a significant decrease 
in the amplitude of both responses of the pair, and a concomitant increase in the 
PPF ratio, indicating a reduction in the Pr of glutamate.

Seizures induce sprouting of mossy fibers (Tauck and Nadler, 1985; Cronin 
and Dudek, 1988), which have been shown to express Y2 receptors (Tu et al., 
2006), and NPY de novo after seizures (Schwarzer et al., 1995).  At the same 
time, mossy fibers are involved in the feedback loop of basket cells, controlling 
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network activity. Therefore, we were interested in evaluating the contribution of 
mossy fibers to the EPSCs induced by electrical and optogenetic stimulations. 
Therefore, we applied the specific mGluR II agonist L-CCG-I to selectively 
activate mGluR II receptors, which in the hippocampus are exclusively expressed 
by mossy fibers, and block mossy fiber-mediated synaptic transmission. In normal 
animals (paper I), L-CCG-I application caused a 30% decrease in the EPSCs 
evoked by stimulation of the inner molecular layer. In kindled animals (paper 
II), application of L-CCG-I decreased the amplitude of optogenetically evoked 
EPSCs by about 35%, indicating that both stimulation protocols were activating 
mossy fibers.

4.1.5 Spontaneous inhibitory synaptic transmission
Next we were interested in investigating whether inhibitory synaptic 

transmission onto CCK-basket cells was affected by NPY, as a direct modulation 
of inhibitory synapses onto interneurons would also alter their excitability and 
impact on the network. First we recorded spontaneous inhibitory post-synaptic 
currents (sIPSCs) from CCK-basket cells, in normal (paper I) and hyper-excitable 
(paper II) animals, pharmacologically isolated by blocking glutamate receptor-
mediated synaptic transmission with NBQX and D-AP5. As for sEPSCs, 
sIPSCs are a mixture of action potential dependent and independent events. 
Application of NPY significantly decreased the frequency, but did not alter the 
amplitude, of sIPSCs in both conditions (papers I and II) indicating that NPY 
could act pre-synaptically to reduce GABA release. 

The observed decrease in the frequency of sIPSCs recorded in CCK-basket 
cells could be partially explained by NPY-mediated inhibition of HIPP cells 
firing, as previously described (Paredes et al., 2003). To determine if this was 
the case, we added TTX in the perfusion solution, to block all action potentials 
in the slice, and recorded the effects of NPY application on action-potential 
independent mIPSCs. In both normal (paper I) and hyper-excitable (paper II) 
animals, NPY application significantly decreased the frequency of mIPSCs in 
CCK-basket cells, without affecting their amplitude, indicating that NPY does 
not only act through inhibition of HIPP cell firing.

4.1.6 Differential effects of NPY on perisomatic and dendritic 
inhibitory synapses

CCK-basket cells receive inhibitory afferents from different classes of 
GABAergic interneurons at synapses across the entire dendritic tree. The 
decrease in the frequency of sIPSCs and mIPSCs induced by NPY does not 
indicate whether perisomatic and dendritic inhibitory synapses are differentially 
modulated. It would be interesting to measure whether NPY differentially 
modulates perisomatic and dendritic synapses, as the consequences on CCK-
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cell excitability would be different. Synaptic events at perisomatic or dendritic 
inhibitory synapses can be distinguished on the basis of their kinetics. IPSCs 
with fast rise and decay kinetics and relatively large amplitude are most likely to 
be generated by synapses in close proximity with the recording electrode (placed 
on the cell soma), while events with slow kinetics and smaller amplitudes are 
thought to be generated by synapses more distant to the cell soma (e.g. distal 
dendritic synapses) (Kobayashi and Buckmaster, 2003).

 To address this question, we analysed the rise time values of sIPSCs and 
mIPSCs, before and after NPY application, in normal and hyper-excitable 
animals. In normal animals (paper I), application of NPY shifted the sIPSCs 
and mIPSCs rise time curves towards faster kinetics, indicating that dendritic 
inhibitory synapses were preferentially affected. Interestingly, in hyper-excitable 
animals (paper II) the effect was opposite, and application of NPY caused 
a shift in sIPSCs and mIPSCs rise times towards slower values, indicating a 
preferential action on perisomatic inhibitory synapses. These results indicate 
that the localization of NPY receptors responsible for the decrease in sIPSCs 
and mIPSCs frequency could be different between normal and hyper-excitable 
conditions.

4.1.7 Evoked inhibitory synaptic transmission
The data described above indicates that, in normal animals (paper I), NPY 

acts preferentially on dendritic inhibitory synapses. To determine whether 
perisomatic synapses were indeed not affected, we placed a stimulating electrode 
in the border between the granule cell and inner molecular layers and stimulated 
perisomatic inhibitory afferent fibers onto CCK-basket cells. Using NBQX and 
D-AP5 to isolate GABAergic transmission, paired stimulations with 100 ms 
ISI evoked IPSCs on CCK-basket cells that exhibited paired-pulse depression 
(PPD). Application of NPY caused a significant reduction in the amplitude of 
both the first and the second response of the pair, but did not alter the PPD 
ratio. Similarly to stimulation-induced EPSCs, application of the inactive form 
of NPY, free acid NPY, did not affect the amplitudes or the PPD of perisomatic 
IPSCs. Moreover, application of the Y2 receptor blocker BIIE0246, completely 
abolished NPY effect, indicating that Y2 receptor activation is necessary for the 
reduction of IPSCs induced by NPY. Taken toghether, these data indicate that 
perisomatic inhibitory synapses on CCK-basket cells are also affected by NPY, 
and the effect is dependent on Y2 receptor activation.

In hyper-excitable conditions, NPY had an opposite effect, and acted 
preferentially on perisomatic inhibitory synapses (paper II). To explore whether 
dendritic synapses were also affected, we placed a stimulating electrode in the 
outer third of the molecular layer, together with a control electrode in the granule 
cell layer, and separately stimulated dendritic and perisomatic inhibitory synapses 
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onto CCK-basket cells. Paired stimulations with 100 ms ISI at both pathways 
evoked IPSCs on CCK-basket cells expressing PPD. Application of NPY caused 
a significant decrease in the amplitude of both IPSCs pairs, without affecting the 
PPD ratio, indicating that both sets of inhibitory synapses are affected by NPY. 
In addition, the rise time analysis of showed that IPSCs evoked by granule cell 
layer stimulation were significantly faster than IPSCs evoked by the electrode 
in the outer molecular layer, confirming that two different sets of synapses were 
activated by this stimulation paradigm.

4.1.8 Expression of Y2 receptors
One possible explanation for the preferential action of NPY on perisomatic 

inhibitory synapses in hyper-excitable animals described in paper II could be a 
selective increase in NPY receptor expression in perisomatic regions compared 
to dendritic ones. To evaluate the differential distribution of NPY receptors, we 
performed immunocytochemistry experiments in slices from hyper-excitable 
animals and age-matched controls. Between the three NPY receptors expressed 
in the hippocampus (Y1, Y2 and Y5), we chose to study the distribution of 
Y2 receptors, that we show mediate the effects of NPY on afferent inhibitory 
synapses onto CCK-basket cells in normal animals (paper I). Analysis of the 
Y2-immunoreactive fiber density revealed that expression of Y2 receptors was 
significantly increased in the inner molecular layer of hyper-excitable animals 
compared to controls. Moreover, expression of Y2 receptors in the outer molecular 
layer (where dendritic inhibitory synapses onto CCK-basket cells are present) 
was overall lower, and the increase in expression induced by rapid kindling was 
slightly less pronounced. Although the immunohistochemical method used 
here does not distinguish between Y2 receptor expression in glutamatergic or 
GABAergic fibers, these data show that the observed preferential effect of NPY 
on perisomatic inhibitory synapses onto CCK-basket cells in hyper-excitable 
animals is paralleled by an increase in Y2 receptor expression in perisomatic areas.

4.2 Effects of NPY on PV cells
The second part of the result section focuses on the effects of NPY and 

hyper-excitability on perisomatic inhibitory synapses from PV-positive cells onto 
dentate gyrus granule cells (paper III).

4.2.1 Expression of ChR2 in PV cells
The properties of Parvalbumin-to-granule cell (PV-GC) synapses have been 

extensively studied using paired recordings in both normal and epileptic animals 
(Kraushaar and Jonas, 2000; Hefft and Jonas, 2005; Zhang and Buckmaster, 
2009). However, PV cells form ensembles interconnected via gap junctions that 
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function synergistically to control oscillatory activity of principal cell populations 
(Galarreta and Hestrin, 1999). Therefore, a more physiological approach for 
studying PV-GC synapses would be to explore post-synaptic responses in 
granule cells evoked by the stimulation of the multiple PV cells at the same time. 
To achieve this goal, we used an optogenetic approach involving the expression 
of a ChR2 variant (ChR2-H134R) selectively in PV-expressing cells in the 
hippocampus, by injecting a Cre-dependent AAV viral vector (AAV-DIO-
Ef1α-ChR2(H134R)-mCherry) in a mouse line that expresses Cre under the 
control of the PV promoter (PV-Cre). Using two injection sites in the ventral 
and medial hippocampus, we achieved strong and long-lasting expression of 
ChR2 in PV cells of all areas of the hippocampal formation, including dentate 
gyrus, CA1 and CA3.

4.2.2 NPY does not affect PV-GC synapses
The first goal was to evaluate whether NPY affects GABAergic synaptic 

transmission at PV-GC synapses in normal animals. We therefore recorded 
from dentate gyrus granule cells, in the presence of NBQX and D-AP5 to block 
glutamatergic synaptic transmission, and stimulated PV cells by blue light flashes 
delivered through an optical fiber (see Experimental procedures). Two paired 1 
ms light pulses with 100 ms ISI elicited large amplitude post-synaptic currents 
(light-evoked inhibitory post-synaptic currents, leIPSCs) in granule cells that 
exhibited PPD. However, application of NPY did not alter the amplitude of 
either response of the pair, and did not affect the PPD ratio.

One possible explanation underlying the lack of effect of NPY on PV-GC 
synapses could be low biological activity of the applied peptide in our recording 
conditions. Since PV cells receive a major excitatory drive from granule cells mossy 
fibers, as part of their feedback inhibitory loop, and mossy fiber-mediated synaptic 
transmission has been previously shown to be sensitive to NPY (McQuiston and 
Colmers, 1996), we sought to investigate whether sEPSCs recorded from PV 
cells were affected by NPY. To prospectively identify PV cells for recordings, we 
used a transgenic mouse line created by crossing PV-Cre mice with the CAG-
lox-STOP-lox-tdTomato reporter line. In the offspring, PV cells are labelled 
with tdTomato, allowing identification of PV cells in the slice. tdTomato positive 
cells in this mouse line showed high-frequency firing patterns upon sustained 
depolarization, and axonal arborizations strictly confined to the granule cell layer, 
confirming their identity as PV-positive cells. Application of NPY markedly 
reduced the frequency of sEPSCs recorded from PV cells, without affecting their 
amplitudes, confirming that the applied peptide is biologically active.

Because NPY did not alter PV-GC IPSCs in normal animals, and because the 
applied peptide is functional, we speculated that in normal conditions PV-GC 
synapses do not express pre-synaptic NPY receptors. However, the expression of 
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NPY and its receptors is highly regulated by seizures and hyper-excitable states, 
and therefore we hypothesized that PV-GC synapses might become sensitive to 
NPY in hyper-excitable conditions. We induced hyper-excitability by electrical 
rapid kindling, and recorded leIPSCs from granule cells four to six weeks later. 
Application of NPY did not alter the amplitude or the PPD ratio of leIPSCs, 
similarly to what observed in normal animals, suggesting that PV terminals onto 
granule cells do not express pre-synaptic NPY receptors.

4.2.3 Hyper-excitability alters GABA release at PV-GC 
synapses

The second objective of the study was to investigate whether hyper-excitable 
conditions could alter the properties of PV-GC synapses. First we wanted to 
analyse possible differences in GABA release probability (Pr) between normal 
and hyper-excitable animals, and therefore we recorded paired-pulses leIPSCs 
induced by 1 ms light flashes with 100, 250 and 500 ms ISI, from granule cells 
of both groups. However, the analysis of PPD ratios at all ISI did not reveal 
differences between the groups, indicating that GABA Pr of PV-GC synapses is 
not changed in hyper-excitable conditions.

To further analyse the properties of PV-GC synapses, and possibly reveal 
variations is GABA release due to altered release or changes in readily releasable 
pool of GABA, we challenged PV cells with repetitive stimulations by applying 
trains of 10 pulses, and analysed the ratios between each response and the first 
response of the train. With a stimulation frequency of 10 Hz (100 ms ISI), we 
found that the ratio at the 10th stimulation was significantly lower in controls 
compared to hyper-excitable animals. However, when the stimulation frequency 
was increased to 20 Hz (50 ms ISI), we found that the ratios were significantly 
smaller in control compared to kindled animals from the 5th stimulation onwards. 
Unfortunately, higher stimulation frequencies could not be achieved due to the 
speed limitations of the ChR2 variant used here, and further experiments using 
improved ChR2 variants (e.g. ChETA) are necessary to study the behaviour of 
PV-GC synapses at higher, more physiological frequencies (e.g. gamma-band 
frequencies, 50-100 Hz). Taken together, these data show that PV-GC synapses 
respond with increased GABA release in hyper-excitable animals, indicating that 
this type of perisomatic synapses might play an important role in hyper-excitable 
states.
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5 General discussion

5.1 NPY and CCK-basket cells
In paper I and II, we show that afferent synapses onto CCK-basket cells are 

modulated by the endogenous excitability modulator NPY in both normal and 
hyper-excitable conditions. Excitatory and inhibitory drive onto CCK-basket 
cells is generally decreased by NPY, but a differential modulation of inhibitory 
synapses occurs between normal and hyper-excitable hippocampi.

5.1.1 Identification of CCK-basket cells
There are at least 16 subtypes of GABAergic interneurons described so far in all 

major areas of the hippocampus (Somogyi and Klausberger, 2005; Houser, 2007), 
and their classification is based on different anatomical, electrophysiological and 
biochemical features (Freund and Buzsaki, 1996). In paper I and II, we were 
interested in studying the effects of NPY on CCK-basket cells, a particular 
subpopulation of GABAergic interneurons proposed as major modulators of 
hippocampal network activity. To label CCK-basket cells for electrophysiological 
recordings, we used a mouse line expressing GFP under the control of the 
GAD65 promoter.

Several lines of evidence support the notion that recorded cells are CCK-
basket cells. First, CCK-basket cells in GAD65-GFP mice express GFP. Second, 
the morphology resembles that of CCK-basket cells, with apical dendrites 
extending to the outer molecular layer, basal dendrites entering the hilus, and 
axonal arborisations confined to the granule cell and inner molecular layers 
(Hefft and Jonas, 2005). Third, cells fire low-frequency, accommodating action 
potential trains upon depolarization. Finally, cells respond to ACh with a fast 
inward current that is dependent on activation of alpha7 nicotinic receptors. 
Together, these data strongly indicate that recorded cells could be identified as 
CCK-basket cells, although the possibility that a minority of cells were of another 
subpopulation of GABAergic interneurons cannot be completely excluded.
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5.1.2 Generation of hyper-excitability
In paper II, we explored whether hyper-excitability alters the responsiveness 

of CCK-basket cells afferent synapses to NPY. To induce hyper-excitability, 
we used a well-established rapid kindling stimulation protocol, and assessed 
the resulting hyper-excitability by stimulation-induced seizure susceptibility. 
At the time point for electrophysiological measurements, four weeks after the 
initial kindling, animals showed an increase in the duration of afterdischarges 
induced by threshold stimulation, and an increased number of stage 3-5 
seizures. These data is consistent with previous results (Elmer et al., 1996), and 
demonstrates that animals have acquired a hyper-excitable state at the time point 
of electrophysiological investigations.

5.1.3 Excitatory input onto CCK-basket cells
In paper I and II, we show that NPY decreases the frequency of sEPSCs and 

mEPSCs without affecting their amplitude. Such changes are usually indicative of 
a pre-synaptic site of action, and suggest that NPY might reduce Pr of glutamate. 
In support of this, similar alterations induced by NPY have been previously 
described in excitatory synapses onto CA3 pyramidal neurons (McQuiston and 
Colmers, 1996). Moreover, the decrease in sEPSC and mEPSC frequency was 
paralleled by an increase in the PPF ratio of optogenetically evoked EPSCs in 
hyper-excitable animals (paper II), further supporting a decreased glutamate Pr. 
However, NPY did not alter the PPF of electrical simulation evoked EPSCs in 
normal animals (paper I). Effects of NPY on glutamate release are thought to be 
mediated by activation of Y2 receptors, which induces a reduction in Ca²+ influx 
via pre-synaptic N- and P/Q-type voltage gated calcium channels (VGCC), as 
shown in Schaffer Collateral to CA1 excitatory synapses (Qian et al., 1997). 
However, little is known about the mechanisms of NPY action on glutamate 
release onto GABAergic cells, and we cannot exclude that in normal animals 
NPY might act trough other mechanisms downstream to the attenuation of 
calcium entry, or have post-synaptic actions as well. These data suggest that 
hyper-excitability might alter the way specific glutamatergic synapses onto CCK-
basket cells react to NPY, but further experiments are needed to define the exact 
mechanisms. The calcium dependent mechanisms of neurotransmitter release in 
pre-synaptic terminals rely on several vesicular proteins, and hyperexcitability 
might trigger changes in the expression or function of calcium sensors, such as 
synaptotagmin proteins, therefore altering the fusion of vesicles and possibly 
release properties. Alternatively, Y2 receptor signalling has been shown to reduce 
calcium influx through both N-type, P/Q-type and other undefined VGCC 
(Qian et al., 1997), and a differential preference for one or the other channel 
type might contribute differently to the decrease in neurotransmitter release, and 
changes in release probability, between normal and hyperexcitable animals. These 
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hypothesis could be tested by using VGCC blockers specific for N- or P/Q-type, 
in combination with electrical or optogenetic stimulations. However, one has to 
keep in mind that the two sets of experiments (papers I and II) were designed 
and performed separately, with some differences in animal age and slicing 
procedures, and conclusions drawn from direct comparisons have to be treated 
with caution. In addition, the methodology used for stimulating CCK-basket 
cell glutamatergic afferent fibers was also different (electrical vs. optogenetic), 
and could also contribute to the differences in NPY-induced effects on glutamate 
release.

CCK-basket cells receive excitatory inputs from perforant path and 
associational-commissural fibers on their apical dendrites in the molecular layer, 
and from mossy fiber collaterals on their basal dendrites in the hilus (Kneisler 
and Dingledine, 1995a; Scharfman, 1995; Freund and Buzsaki, 1996). Moreover, 
some evidence suggests that basket cells are also the target of CA3 axons back-
projecting to the dentate gyrus (Kneisler and Dingledine, 1995b; Scharfman, 
2007). Perforant path and associational-commissural fibers are thought to lack 
Y2 receptor, as indirectly concluded by the failure of NPY to alter stimulation-
induced EPSPs and EPSCs recorded in the granule cell layer and from single 
granule cells (Klapstein and Colmers, 1993). However, the inner molecular 
layer, where associational-commissural fibers are present, does contain Y2-
immunopositive fibers (paper II) (Tu et al., 2006), and it is not known whether 
associational fiber synapses on interneurons differ from those on granule cells. 
On the other hand, mossy fibers do express Y2 receptors, as previously shown by 
immunohistochemistry and electrophysiology (McQuiston and Colmers, 1996; 
Stanic et al., 2006), and contribute to 30-35% of the total excitatory input onto 
CCK-basket cells (paper I and II). Therefore, it cannot be excluded that both 
mossy fibers and associational-commissural fibers are affected by NPY, but our 
data and data from the literature might indicate that the effect on mossy fibers is 
somewhat more pronounced.

5.1.4 Inhibitory input onto CCK-basket cells
In both normal and hyper-excitable animals (paper I and II), NPY decreased 

the frequency of sIPSCs and mIPSCs recorded from CCK-basket cells. Such 
changes in the frequency and not in the amplitude of spontaneous currents are 
usually attributable to a pre-synaptic site of action (Behr et al., 2002), and might 
indicate that NPY acts pre-synaptically to decrease GABA release.

CCK-basket cells receive inhibitory input in the molecular layer from HIPP 
and HICAP cells, perisomatically from other basket cells (Nunzi et al., 1985), 
and from Calretinin-positive interneuron-specific-interneurons (CR-IS) in 
the inner molecular layer (Gulyas et al., 1996). At the moment, it is not clear 
which of these inputs, or whether all of them, are affected by NPY. In normal 
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animals (paper I), the shift towards faster rise time kinetics observed in sIPSCs 
and mIPSCs seems to indicate that dendritic inhibitory synapses are more likely 
to be affected by NPY. However, IPSCs induced by stimulation of the inner 
molecular layer were also decreased by NPY application, suggesting that NPY 
effect is not exclusive to dendritic inhibitory synapses onto CCK-basket cells and 
may also affect perisomatic synapses (from CR-IS cells or other CCK-basket 
cells).

In hyper-excitable animals (paper II), NPY shifted the rise time of sIPSCs 
towards slower values, suggesting a preferential action on perisomatic inhibitory 
afferents onto CCK-basket cells. Such difference between normal and kindled 
animals could be explained by a differential modulation of Y2 receptor expression. 
In support, Y2 receptor fiber density was higher, and more up-regulated 
by kindling, in the inner compared to the outer molecular layer. However, 
immunohistochemical methods do not allow the investigation of the source of 
Y2 receptor expression, since Y2-positive glutamatergic and GABAergic fibers 
are equally stained. It is possible that in basal conditions, Y2-positive fibers in 
the inner molecular layer are mostly constituted by glutamatergic associational-
commissural fibers, but the increase in Y2 receptor expression observed after 
kindling is selective for GABAergic fibers from CR-IS and CCK-basket cells, 
thus increasing the preference for NPY to act on perisomatic inhibitory synapses 
in these conditions.

5.1.5 Functional implications
CCK-basket cells are thought to act as fine-tuning devices of hippocampal 

network activity, due to the variety of modulatory receptors they selectively 
express. In particular, CCK-basket cells seem to regulate gamma-frequency 
oscillations, which are believed to be driven by PV-basket cells, and have been 
shown to convert into higher frequency epileptiform activity (Traub et al., 
2005). The data presented in this thesis add NPY to the range of modulatory 
mechanisms that can alter the functionality of CCK-basket cells, which could 
be particularly important in those conditions where NPY and its receptors are 
up-regulated (e.g. epileptic or hyper-excitable states).

In normal animals (paper I), the effect of NPY onto CCK-basket cells afferents 
seems to dampen the overall excitability of CCK-basket cells, as excitatory and 
inhibitory afferents were equally decreased by NPY application. In particular, 
NPY preferentially acted on dendritic inhibitory synapses onto CCK-basket 
cells, which are important for regulating plasticity of glutamatergic excitatory 
dendritic inputs from other principal cells and remote excitatory afferents. 
Perisomatic inhibitory synapses were less affected, suggesting that the functional 
output of CCK-basket cells could be somewhat reduced.

On the other hand, in hyper-excitable animals (paper II), the preference of 
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NPY action was shifted towards perisomatic inhibitory synapses, indicating 
that in these conditions CCK-basket cells might be more prone to fire action 
potentials. Three possible scenarios below summarize the possible resulting 
impact on principal cell inhibition:

I. Perisomatic inhibitory synapses are strategically located to control the 
output of targeted neurons, thanks to their close spatial vicinity to the axon initial 
segment. The NPY-induced decrease of perisomatic inhibitory input might 
therefore counteract the paralleled decrease in glutamatergic excitatory input 
and possibly increase the probability of action potential generation from CCK-
basket cells, increasing downstream inhibition of principal cells (Figure 10-1). 
Such action would represent an adaptive response to the increased excitability of 
the network.

II. It is becoming increasingly evident that the direct inhibition of 
principal cells by GABA release is not the only mechanism by which inhibitory 
interneurons might influence epileptiform activity and seizures (Avoli and de 
Curtis, 2011). In fact, excessive activity of certain classes of interneurons such as 
PV-basket cells could instead promote principal cell synchrony and generation 
of epileptiform discharges, due to their highly synchronized GABA release and 
extent of interconnectivity via gap junctions. Since CCK-basket cell axons also 
target PV-basket cells (Karson et al., 2009), an NPY-mediated increase in CCK-
to-PV inhibition could potentially diminish the contribution of PV-basket cells 
to principal cell synchronization (Figure 10-2), counteracting the development 
of epileptiform activity and seizures.

III. During high-frequency activity in the hippocampus, CCK-basket cells 
also release CCK together with GABA (Ghijsen et al., 2001), and CCK has 
been previously shown to depolarize PV-basket cells in CA1  and in the dentate 
gyrus, increasing their synchronizing impact on principal cells (Deng and Lei, 
2006; Foldy et al., 2007). Hypothetical NPY-mediated increase of CCK release 
would therefore depolarize PV-basket cells and in turn promote the generation 
of epileptiform activity (Figure 10-3).

Like most biological processes, the overall outcome of the effects of NPY on 
CCK-basket cells afferents cannot be classified as black or white, but is most likely 
a shade of grey. The three scenarios described above do not exclude each other, 

Figure 10: (page 63) Possible functional implications of NPY effects on 
CCK-basket cells afferents. Perisomatic inhibitory inputs to CCK-
basket cells are decreased by NPY. This could result in: 1, increased 
GABA release from CCK-basket cells; 2, lowered granule cell 
inhibition by PV-basket cells; 3, CCK-mediated depolarization 
of PV-basket cells, and consequent increased synchronization of 
granule cells.
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and the global impact on principal cell excitability is probably determined by a 
mixture of all three. To delineate further which NPY mechanisms are operating, 
the use of cell-specific expression of optogenetic tools could provide several 
advantages. By expressing silencing opsins (e.g. NpHR-derived halorhodopsins) 
in CCK-basket cells, it would be possible to inhibit GABA release selectively from 
CCK-basket cells, and therefore quantify the NPY-induced changes in inhibitory 
drive from CCK-basket cells onto granule cells and PV-basket cells. In addition, 
such strategies could be used in combination with CCK receptor blockers, to 
receive further insight on the contribution of the NPY-induced alterations of 
CCK release. Moreover, afferent and efferent synapses of other subpopulations 
of interneurons could also be affected by NPY. The mechanisms by which NPY 
affects inhibitory cell populations could become targets for tailoring gene therapy 
approaches based on NPY, with the aim of reducing unwanted side effects by 
only targeting synapses that would contribute to seizure-suppressant actions.

5.2 NPY and PV cells
In paper III, we show that synchronous GABA release from Parvalbumin 

interneurons onto granule cells is not affected by NPY, in neither normal 
nor hyper-excitable conditions, suggesting that NPY does not regulate these 
inhibitory synapses. However, GABA release from PV synapses onto granule 
cell is strengthened during high frequency activity in the hyper-excitable 
hippocampus, and could possibly promote the synchronization of granule cells 
and the generation of seizures. Therefore, the possibility that NPY actions on 
CCK-basket cells might normalize the activity of PV cells (Figure 10-2) could 
represent an important alternative therapeutic approach for epilepsy.

5.2.1 Stimulation of PV cells
To selectively and synchronously stimulate the ensemble of PV cells in 

the hippocampus, we used an optogenetic approach involving the injection of 
a Cre-dependent AAV viral vector carrying ChR2(H134R) in PV-Cre mice. 
There are two main subclasses of GABAergic interneurons expressing PV in 
the hippocampus: basket cells and axo-axonic (or chandelier) cells. Despite the 
similar electrophysiological properties, basket cells and axo-axonic cells slightly 
differ with regards to the subcellular domain where they target principal cells. 
Basket cells innervate the cell soma and proximal dendrites, while axo-axonic 
cells are specialized in targeting the axon initial segment of principal cells. 
Data from paired electrophysiological recordings show that the large amplitude 
inhibitory post-synaptic currents evoked in pyramidal cells by the stimulation 
of these basket and axo-axonic cells are indistinguishable from each other (Buhl 
et al., 1994). Moreover, the two cell types seem to share the same firing pattern 
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during gamma-oscillations (Tukker et al., 2007) and theta activity (Klausberger 
et al., 2003) recorded in vivo. However, recent evidence suggests that GABAergic 
inputs from axo-axonic cells have a more depolarized reversal potential compared 
to those from basket cells (Szabadics et al., 2006), indicating that axo-axonic cells 
might fulfil a different function in the network. In our experiments, since the 
expression of Cre is driven by the PV promoter, both subclasses express ChR2 
and are synchronously activated by blue light pulses.

5.2.2 NPY on PV-GC synapses
Inhibitory post-synaptic currents evoked in granule cells by optogenetic 

stimulation of PV cells were not affected by application of NPY. This finding 
could be explained by a low biological activity of the applied peptide, or by a 
lack of expression of pre-synaptic NPY receptors in PV-GC terminals. Low 
biological activity of the peptide does not seem to be a likely explanation, since 
NPY could significantly decrease the frequency of sEPSCs recorded from PV 
cells. Therefore, lack of NPY receptor expression in PV-GC terminals could 
account for the absence of NPY effect. Between all NPY receptors, three are 
mostly expressed in the hippocampal formation (Y1, Y2 and Y5) (Redrobe et al., 
1999), and in the first part of this thesis (paper I) we showed that NPY action 
through activation of Y2 receptors could effectively decrease GABA release. 
In the granule cell layer, where most of the axons from PV positive basket and 
axo-axonic cells are present, there are moderate levels of Y2 receptor expression 
(Stanic et al., 2006), but our data suggests that cell types other than PV might be 
responsible for Y2 expression, e.g. CCK-basket cells. 

Taken together, the lack of direct modulation of PV-GC synaptic transmission 
by NPY seems to imply that PV cells ensembles do not participate in the NPY-
induced modulation of epileptiform activity and seizures. However, NPY did 
decrease glutamatergic transmission at excitatory afferents onto PV cells, and this 
modulation could potentially impact PV cell excitability and overall inhibition 
of granule cells.

5.2.3 Enhanced GABA release at PV-GC synapses
The second finding of the study was an increased endurance of GABA release 

during high frequency optogenetic stimulation in hyper-excitable conditions. 
To compare the basic properties of GABA release at PV-GC synapses between 
normal and hyper-excitable conditions, we recorded leIPSCs in granule 
cells evoked by paired light stimulations at different ISI and by trains of 10 
stimulations at 10 and 20 Hz. The ratio between the two responses evoked by 
paired stimulations did not differ between the two groups, suggesting that basic 
Pr of GABA is not altered (Baldelli et al., 2005). When challenged by trains of 
stimulations, we found that PV cells responded with increased GABA release in 
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hyper-excitable conditions, indicating an enhanced readily releasable pool (RRP) 
of GABA at PV-GC synapses in hyper-excitable animals. However, the exact 
quantification of the GABA RRP is not possible in our recording conditions, 
since the amplitudes of leIPSCs are also dependent on the number of PV cells 
that are activated by the light stimulation.

The present findings seem to be in contrast with what has been previously 
published in the pilocarpine model of epilepsy, where the RRP of GABA has 
been found to be decreased at PV-GC synapses (Zhang and Buckmaster, 2009). 
However, fundamental differences in study design might explain this controversy. 
First, the optogenetic approach used here allows to investigate the effects of 
stimulation of the entire PV cell ensemble, in a more physiological manner than 
paired recordings, and might unveil more subtle differences that could be hidden 
by the lower resolution provided by other techniques. Second, systemic pilocarpine 
injection produces high levels of cell death and inflammation (Voutsinos-Porche 
et al., 2004), therefore differences in synaptic transmission observed in this model 
might not only be dependent on increased excitability. On the contrary, the rapid 
kindling model used here only produced hyper-excitability with minor cell death 
and inflammation (Wood et al., 2011). 

5.2.4 Functional implications
The increased GABA release observed in PV-GC synapses in hyper-excitable 

conditions might result in two possible scenarios:
I. Overall inhibition of granule cells seems to be decreased in animal models 

of epilepsy, as measured by a lower frequency of spontaneous and miniature 
IPSCs (Kobayashi and Buckmaster, 2003), but perisomatic inhibitory input, 
and specifically that from PV cells, seems to be preserved (Wyeth et al., 2010). 
Therefore, an increase in GABA release from PV synapses might counteract the 
loss of inhibition and the increased excitability of the network, and be part of an 
adaptive response to hyper-excitable conditions.

II. Due to their ability to efficiently synchronize large numbers of principal 
cells, an increased GABA release from PV cells might promote the generation 
of epileptiform discharges and be a secondary cause underlying the development 
of hyper-excitability. In addition, sprouted mossy fibers that develop in hyper-
excitable conditions form synaptic contacts with both granule cells and PV cells 
(Kotti et al., 1997; Sloviter et al., 2006), and might further increase the resonance 
of the oscillatory network.
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6 Concluding remarks

NPY is an important neuropeptide involved in various brain functions, and 
a powerful endogenous excitability modulator tightly linked to epilepsy and 
seizures. The seizure-suppressant effects of NPY have largely been explained 
based on its actions on principal cells and glutamatergic synapses, but effects on 
inhibitory cell populations have not been explored in details. This thesis provides 
evidence that certain hippocampal inhibitory networks are largely regulated by 
NPY, in both normal and hyper-excitable conditions. These findings are relevant 
to the understanding of physiological processes, where NPY is endogenously 
expressed, highly modulated by seizures and hyper-excitable conditions, and 
released as a volume transmitter, but also for tailoring NPY-based gene therapy 
approaches for epilepsy. 

In addition, the increased GABA release from Parvalbumin cells perisomatic 
inhibitory synapses on granule cells described here might be an important 
mechanism underlying the generation of high-frequency activity in the hyper-
excitable hippocampus, and could become an alternative target for defining 
antiepileptic treatment strategies.
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Tuning Afferent Synapses of Hippocampal Interneurons by
Neuropeptide Y

Marco Ledri,1 Andreas Toft Sørensen,1 Ferenc Erdelyi,2 Gabor Szabo,2 and Merab Kokaia1*

ABSTRACT: Cholecystokinin (CCK)-expressing basket cells encompass
a subclass of inhibitory GABAergic interneurons that regulate memory-
forming oscillatory network activity of the hippocampal formation in ac-
cordance to the emotional and motivational state of the animal, con-
veyed onto these cells by respective extrahippocampal afferents. Various
excitatory and inhibitory afferent and efferent synapses of the hippo-
campal CCK basket cells express serotoninergic, cholinergic, cannabi-
noid, and benzodiazepine sensitive receptors, all contributing to their
functional plasticity. We explored whether CCK basket cells are modu-
lated by neuropeptide Y (NPY), one of the major local neuropeptides
that strongly inhibits hippocampal excitability and has significant effect
on its memory function. Here, using GAD65-GFP transgenic mice for
prospective identification of CCK basket cells and whole-cell patch-
clamp recordings, we show for the first time that excitatory and inhibi-
tory inputs onto CCK basket cells in the dentate gyrus of the hippocam-
pus are modulated by NPY through activation of NPY Y2 receptors. The
frequency of spontaneous and miniature EPSCs, as well as the ampli-
tudes of stimulation-evoked EPSCs were decreased. Similarly, the fre-
quency of both spontaneous and miniature IPSCs, and the amplitudes of
stimulation-evoked IPSCs were decreased after NPY application. Most
of the effects of NPY could be attributed to a presynaptic site of action.
Our data provide the first evidence that the excitatory and inhibitory
inputs onto the CCK basket cells could be modulated by local levels of
NPY, and may change the way these cells process extrahippocampal
afferent information, influencing hippocampal function and its network
excitability during normal and pathological oscillatory activities. VVC 2009
Wiley-Liss, Inc.

KEY WORDS: basket cell; synaptic transmission; Y2 receptor; EPSCs;
IPSCs

INTRODUCTION

Because of wide network connections to principal cells, heterogeneous
population of inhibitory interneurons in the cortex and hippocampal
formation define timely and spatially precise phases of action potential
generation in principal cell ensembles (Buzsaki and Chrobak, 1995),

thus participating in information processing, memory
function, and synaptic plasticity (Gray, 1994; Buzsaki
and Chrobak, 1995). In the hippocampal formation,
parvalbumin (PV)-positive basket cells inhibit princi-
pal cells in a feed-forward and feed-back manner, and
are involved in generation of network g-frequency
oscillations (30–90 Hz), which determine action
potential timing of the principal cells and may play a
role in memory formation (Buzsaki et al., 1983; Lis-
man and Idiart, 1995; Lisman, 1999). Modulation
and fine-tuning of g-frequency oscillations, particu-
larly by emotional, motivational and general neuro-
physiological state of the animal, is proposed to be
achieved by another subclass of basket cells that
express cholecystokinin (CCK) (Freund, 2003). These
cells receive serotoninergic afferents from the raphe
nucleus (Freund et al., 1990; Papp et al., 1999; Fere-
zou et al., 2002), express alpha7 nicotinic receptors
(Freedman et al., 1993; Frazier et al., 1998; Morales
et al., 2008), their inhibitory synapses on principal
cells express CB1 cannabinoid receptors presynapti-
cally (Katona et al., 1999) and benzodiazepine-respon-
sive (Low et al., 2000) a-2 GABAA receptor subunit
postsynaptically (Nyiri et al., 2001). The g-frequency
oscillations can also be transformed into higher fre-
quency oscillatory bursting or epileptiform activity
(Traub et al., 2005), which may promote epileptogen-
esis in experimental animals.

Neuropeptide Y (NPY) is a 36-amino acid peptide
abundantly expressed and widely distributed in the
central nervous system, and has been shown to be
involved in regulation of feeding, blood pressure, anx-
iety, and memory (Wahlestedt et al., 1993; Balasubra-
maniam, 1997). NPY has also been shown to inhibit
hippocampal excitability and seizure activity in the
brain (Smialowska et al., 1996; Bijak, 1999; Vezzani
et al., 1999; Richichi et al., 2004). NPY-knock out
(KO) mice display more severe kainate seizures (Bar-
aban et al., 1997), while transgenic rats overexpressing
NPY (Vezzani et al., 2002), or those transduced with
recombinant AAV-NPY virus (Richichi et al., 2004)
are more resistant to chemically and/or electrically
induced seizures, respectively. The mechanisms under-
lying the NPY effect on seizures are not completely
understood, but are thought to be due to reduced glu-
tamate release because of attenuation of G-protein
dependent calcium influx into the presynapses of

1 Experimental Epilepsy Group, Wallenberg Neuroscience Center, Lund
University Hospital, Sweden; 2Department of Gene Technology and De-
velopmental Neurobiology, Institute for Experimental Medicine, Buda-
pest, Hungary
Grant sponsor: EU Commission grant EPICURE; Grant number: LSH-
037315; Grant sponsors: EU Commission grant NEUROTRAIN, Segerfalk
Foundation, Crafoord Foundation, Kock Foundation, Swedish Research
Council
*Correspondence to: Merab Kokaia, Experimental Epilepsy Group,
Wallenberg Neuroscience Center, Lund University Hospital, Sweden.
E-mail: Merab.Kokaia@med.lu.se
Accepted for publication 13 October 2009
DOI 10.1002/hipo.20740
Published online 30 December 2009 in Wiley Online Library
(wileyonlinelibrary.com).

HIPPOCAMPUS 21:198–211 (2011)

VVC 2009 WILEY-LISS, INC.



86 Paper I

principal cells (Qian et al., 1997; Colmers et al., 1988). NPY
also decreases the amplitude of stimulation-evoked IPSCs in
cortical inhibitory interneurons (Bacci et al., 2002). Until now,
no data has been available on the effects of NPY on the synap-
tic transmission onto inhibitory interneurons in the hippocam-
pal formation.

The objectives of this study were to explore whether and
how NPY modulates excitatory and/or inhibitory synaptic affer-
ent inputs to the CCK basket cells in the dentate gyrus, and
identify NPY receptor subtypes involved in such effects. In the
central nervous system, three NPY receptor subtypes (Y1, Y2,
Y5) are more abundant and expressed in different areas, includ-
ing the hippocampal formation and the neocortex (Dumont
et al., 1993; Dumont et al., 1998).

MATERIALS AND METHODS

Animals

Glutamic Acid Decarboxylase 65 (GAD65)-GFP mice, 14–
28 days old, were used for these experiments. In this transgenic
line, GFP is expressed under the control of the GAD65 pro-
moter (Lopez-Bendito et al., 2004). All experiments were con-
ducted according to international guidelines on the use of ani-
mals, as well as Swedish Animal Welfare Agency guidelines and
approved by the local Ethical Committee for Experimental
Animals.

Slice Preparation For Electrophysiology

For hippocampal slice preparation, animals were decapitated,
the brains were rapidly removed and placed in ice-cold sucrose
solution (pH 7.2–7.4, mOsm 290–300) containing (in mM):
sucrose 195, KCl 2.5, CaCl2 0.5, MgCl2 7, NaHCO3 28,
NaH2PO4 12.5, glucose 7, ascorbate 1, pyruvate 3. Hippo-
campi were dissected, transverse slices (250 lm) were cut with
a vibratome (3,000 Deluxe, Ted Pella Inc., CA) and placed in
sucrose solution at room temperature and constantly oxygen-
ated with carbogen (95% O2/5% CO2).

Slices were then transferred to artificial cerebro-spinal fluid
(aCSF, pH 7.2–7.4, mOsm 290–300) containing (in mM):
NaCl 119, KCl 2.5, MgSO4 1.3, CaCl2 2.5, NaHCO3 26.2,
NaH2PO4 1, and glucose 11, held at room temperature and
oxygenated with carbogen. Slices were allowed to rest in aCSF
for a minimum of 1 h before the start of the recordings.

Whole-Cell Patch-Clamp Electrophysiology

Individual slices were placed in a submerged recording
chamber constantly perfused with gassed aCSF at room temper-
ature, unless otherwise noted. GAD65-GFP positive cells in the
dentate gyrus were visualized by fluorescent light, and infrared
light was used for visual approach of the recording pipette. Re-
cording pipettes (3–6 MX resistance) were pulled from borosi-
licate glass with a Flaming-Brown horizontal puller (P-97, Sut-

ter Instruments, CA), and contained (in mM): K-Gluconate
122.5, KCl 12.5, KOH-HEPES 10, KOH-EGTA 0.2, MgATP
2, Na3GTP 0.3, NaCl 8 (pH 7.2–7.4, mOsm 290–300) for
measurements of intrinsic properties and acetylcholine (ACh) -
induced responses; Cs-Gluconate 117.5, CsCl 17.5, NaCl 8,
CsOH-HEPES 10, CsOH-EGTA 0.2, MgATP 2, Na3GTP
0.3, QX-314 5 (pH 7.2–7.4, mOsm 290–300) for spontane-
ous, miniature and stimulation-evoked excitatory postsynaptic
currents recordings (sEPSCs, mEPSCs and EPSCs, respec-
tively); CsCl 135, CsOH 10, CsOH-EGTA 0.2, MgATP 2,
Na3GTP 0.3, NaCl 8, QX-314 5 (pH 7.2–7.4, mOsm 290–
300) for spontaneous, miniature and stimulation-evoked inhibi-
tory postsynaptic currents recordings (sIPSCs, mIPSCs, and
IPSCs, respectively).

EPSCs were recorded in the presence of 100-lM picrotoxin
(PTX, Tocris Bioscience, Ellisville, MI) to block g-amminobu-
tyric acid A (GABAA) receptors. 50 lM DL-2-amino-5-phos-
phonovaleric acid (D-AP5, Tocris) and 5 lM 2,3-dihydroxy-6-
nitro-7-sulfamoyl-benzo[f ]quinoxaline-2,3-dione (NBQX, Toc-
ris) were used during IPSC recordings to block N-Methyl-D-
Aspartate (NMDA) and a-amino-3-hydroxy-5-methylisoxazole-
4-propionic acid (AMPA) receptors, respectively. For mEPSC
and mIPSC recordings, 1 lM Tetrodotoxin (TTX, Tocris) was
used to block voltage-gated sodium channels and prevent gen-
eration of action potentials.

For stimulation-evoked recordings (i.e., EPSCs and IPSCs),
stainless steel bipolar microelectrodes were used for stimulating
the border between the inner third of the molecular layer and
the granule cell layer of the dentate gyrus or the stratum luci-
dum of CA3. Paired-pulse stimulations at 0.1 Hz were used
with 50 ms or 100 ms interstimulus interval (ISI) to elicit
paired-pulse EPSCs or IPSCs.

NPY (Schafer-N, Copenhagen, Denmark) and ‘‘free-acid
NPY’’ (Bachem AG, Switzerland) were dissolved in distilled
water, stored in concentrated aliquots and diluted to 1-lM
concentration in the perfusion solution immediately before use.
Peptides were allowed to diffuse in the recording chamber for 7
min before the continuation of the recordings, and were pres-
ent until the end of the experiment. Silicon-coated tubings and
bottles were used to prevent the peptides from adhering to the
tubing and container walls. The highly specific Y2 receptor
blocker (S)-N2-[[1-[2-[4-[(R,S)-5,11-dihydro-6(6h)-oxodibenz
[b,e]azepin-11-yl]-1-p perazinyl]-2-oxoethyl] cylopentyl] acetyl]-
N-[2-[1,2-dihydro-3,5(4H)-dioxo-1,2-diphenyl-3H-1,2,4-triazol-
4-yl]e thyl]-argininamid (BIIE0246, Boehringer Ingelheim
Pharma, Germany) was initially dissolved in ethanol (70%) and
then diluted 1:5,000 in the perfusion solution to reach a final
concentration of 0.6 lM. The specific metabotropic group II
receptor (mGluR II) agonist (2S,1’s,2’s)-2-(Carboxycyclopropyl)-
glycine (L-CCG-I, 10 lM, Tocris) was used to activate mGluR
II, which are exclusively expressed presynaptically on mossy
fibers, to selectively block glutamate release from mossy fibers
and respective mossy fiber-specific EPSCs in postsynaptic neu-
rons (Castillo et al., 1997; Kokaia et al., 1998). PTX or D-AP5
and NBQX were applied at the end of the experiments to verify
that synaptic currents were generated by respective receptor acti-
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vation. Biocytin (0.5 mg/ml, Sigma) was routinely dissolved in
the pipette solution and used for retrospective identification of
the recorded cells.

Data were sampled at 10 kHz with an EPC-10 amplifier
(HEKA Elektronik, Lambrecht, Germany) and stored on a G4
Macintosh computer using PatchMaster software (HEKA) for
offline analysis.

Focal Application of Acetylcholine

For focal application, ACh-containing pipette (similar to the
recording pipette) was placed in the hilus 5–10 lm away from
the cell soma of the recorded cell, and brief microinjections
were made by applying pressure pulses (10–20 ms) of 2–4 PSI
to the pipette using a Picospritzer II (General Valve, Fairfield,
NJ). Whole-cell currents were recorded in putative GFP1/
CCK1 cells, voltage clamped at 270 mV. To confirm that
ACh-induced currents were generated by activation of nicotinic
alpha7 receptors, we first applied atropine (a selective musca-
rinic receptor antagonist, 5 lM, Sigma) to the perfusion solu-
tion, followed by a combination of TTX, NBQX and D-AP5
to block action potentials and glutamate receptors. Finally, the
selective alpha7 nicotinic acetylcholine receptor (nAChR) an-
tagonist metyllycaconitine (MLA, 50 lM, Sigma) was added.

Immunohistochemical Procedures

For identification of the recorded cells, slices from electro-
physiological recordings were first fixed in 4% paraformalde-
hyde (PFA) in phosphate buffer (PB) for 12–24 h and then
stored in Walter’s antifreeze solution (ethylenglycol and glycerol
in PB buffer) at 2208C. To characterize the population of bas-
ket cells recorded in this study, GAD65-GFP animals not used
for electrophysiology received an overdose of pentobarbital
(250 mg/kg i.p.) and were perfused transcardially with 50 ml
of ice-cold saline (0.9% NaCl) and 50 ml of ice-cold 4% PFA
in PB (pH 7.2–7.4) (for PV immunnohistochemistry) or 25
ml of ice-cold 4% PFA, 0.025% glutaraldehyde in sodium ace-
tate buffer (pH 6.5) and 25 ml of ice-cold 4% PFA in sodium
borate buffer (pH 9.5) (for CCK immunohistochemistry).
Brains were postfixed in 4% PFA in PB or in 4% PFA in so-
dium borate overnight, and then dehydrated/cryoprotected
with 20% sucrose in PB. The brains were cut in 30 lm sec-
tions and stored in antifreeze solution at 2208C.

For staining, slices were rinsed three times with KPBS and
preincubated for 1 h in blocking solution (5% normal serum
and 0.25% Triton X-100 in KPBS). For GFP/PV and GFP/
CCK double staining, sections were incubated overnight at
room temperature with either 1:10,000 rabbit anti-GFP
(ab290, Abcam, Cambridge, UK) and 1:2,000 mouse anti-PV
(P 3,088, Sigma), or 1:10,000 mouse anti-GFP (ab1218,
Abcam) and 1:5,000 rabbit anti-CCK (ab43842, Abcam). For
GFP/biocytin double staining, sections from electrophysiologi-
cal recordings were incubated overnight at room temperature
with 1:10,000 rabbit anti-GFP (Abcam). Sections were then
incubated for 2 h at room temperature with either FITC-con-
jugated goat antirabbit and Cy3-conjugated donkey antimouse,

or FITC-conjugated donkey antimouse and Cy3-conjugated
goat antirabbit, or FITC-conjugated goat antirabbit and Cy3-
conjugated streptavidin. Slices were rinsed with KBPS or
0.25% Triton X-100 in KPBS between incubations, and finally
mounted on coated slides and coverslipped with DABCO. All
secondary antibodies and Cy3-streptavidin were purchased
from Jackson Immunoresearch (Suffolk, UK) and were used at
1:400 dilution.

Morphological Identification of Basket Cells

For morphological identification, biocytin was allowed to
diffuse from the recording pipette into the recorded cells for 90
min. After fixation in 4% paraformaldehyde overnight, slices
were cryoprotected in 20% sucrose in PB for two days and
additionally cut in 60-lm sections using a microtome. The
biocytin-filled neurons were visualized by incubating the sec-
tions in avidin-biotin conjugated horseradish peroxidase solu-
tion (ABC, Vector Laboratories, UK), and then reacting them
with diaminobenzidine and hydrogen peroxide solutions. The
staining was then intensified by incubating slices in 0.5%
OsO4 (Sigma) solution, dehydrated, mounted on coated slides
and coverslipped with Pertex (Histolab Products AB, Sweden).
Serial microphotographs were taken throughout the whole
thickness of the slices every 1 lm, and groups of five consecu-
tive images were merged using appropriate transparency filters
with Canvas X software (ACD Systems, Victoria, Canada).
Using the same software, drawings of the dendritic tree and
axonal arborization were made in each group of images and
finally merged together.

Data Analysis and Statistics

Only recordings from cells resembling basket cell morphol-
ogy and showing colocalization of GFP and biocytin were
accepted for analysis. Input and series resistance were constantly
monitored during recordings, and calculated from the current
response of the cells upon a constant 50 ls duration 25 mV
test pulses. Only recordings during which the whole-cell series
resistance varied less than 20% were included in the analysis.
Off-line analysis was performed using FitMaster (HEKA Elek-
tronik), IgorPro (Wavemetrics, Lake Oswego, OR) and MiniA-
nalysis (Synaptosoft Inc., Decatur, GA) software.

Action potential (AP) threshold was defined as the point
where the fastest rising phase started. AP amplitude and AP
half-duration were defined as the difference between the thresh-
old and the peak, in mV and ms, respectively. Paired-pulse
facilitation and depression (PPF and PPD, respectively) were
expressed as the ratio between the amplitude of the second and
the first response of the pair, in percentage. Before and after
NPY application differences in resting membrane potential
(RMP), AP threshold, AP amplitude, AP half-duration, AP
afterhyperpolarization (AHP), spontaneous and miniature cur-
rents inter event interval (IEI) and amplitude mean values,
evoked EPSCs and IPSCs amplitudes, PPF and PPD were
assessed with Student’s paired t-test using StatView software
(Abacus Concepts, Berkeley, CA). Frequency and amplitude of
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spontaneous and miniature postsynaptic currents, and sIPSC
rise times (10–90%) were analyzed using MiniAnalysis software
and differences between the groups were calculated with cumu-
lative fraction curves combined with Kolmogorov-Smirnov (K-
S) test. Events were automatically recognized by the software
and included in the statistic analysis if their magnitude was at
least 5 times bigger than the calculated average root mean
square (RMS) noise. For each recording, only the last 65 events
before start of NPY application and the first 65 events after
equilibration of NPY (7 min after start of NPY application)
were included in the analysis. For sIPSCs and mIPSCs, 100
events were included. Values are presented as means 6 SEM.
Differences are considered significant with P < 0.05 for paired
t-test and P < 0.01 for K-S test.

RESULTS

Identification of CCK Basket Cells and Effects of
NPY on Intrinsic Membrane Properties

Putative GAD65/GFP positive basket cells for electrophysio-
logical recordings were selected by the following morphological

criteria: (1) the cell soma had to be located on the border
between the granule cell layer and the hilus of the dentate
gyrus, (2) the cell soma had to be roughly pyramidal shaped,
(3) the main apical dendrite had to cross the granule cell layer
and reach the molecular layer, and (4) the basal dendrites had
to extend into the hilus (an example is shown in Figs. 1A–C).
These cells were positive for CCK immunoreactivity (Figs. 1D–
F), negative for PV immunoreactivity (Figs. 1G–I), and displayed
extensive axonal arborization confined mostly to the granule cell
and inner molecular layers, consistent to the CCK-positive basket
cell morphology (Freund and Buzsaki, 1996; Hefft and Jonas,
2005) (Fig. 2A).

Moreover, all the cells in which membrane properties were
evaluated generated typical low-frequency regular action poten-
tials with significant frequency accommodation, another typical
characteristic of the CCK-positive basket cell subpopulation
(Scharfman, 1995; Cauli et al., 1997; Pawelzik et al., 2002).
To further confirm the CCK basket cell identity, we focally
applied ACh to the soma of the recorded neurons and analyzed
ACh-evoked currents. Experiments were conducted at 32 6
18C. In 8 out of 11 cells, ACh induced fast inward currents
with average amplitude of 109.1 6 38.6 pA. Neither atropine,
nor the combination of NBQX, D-AP5 and TTX affected the
ACh-induced currents (Fig. 2B; middle and bottom traces,

FIGURE 1. GFP-labeled basket cells in GAD65-GFP mice
express CCK. A–C, Representative basket cell recorded in this
study shows colocalization of GFP (A) and biocytin (B). Merged
image is shown on (C). D–F, GFP-labeled putative basket cells

(arrows) show colocalization (F) of GFP (D) and CCK (E). G–I,
GFP-labeled cells (G) are negative for PV immunostaining (H);
note no double-staining on the merged image (I). Scale bars 50
lm. gcl, granule cell layer, mol, molecular layer, h, hilus.
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respectively). Subsequent application of the specific alpha7 nic-
otinic receptor antagonist MLA completely blocked the ACh-
induced currents (Fig. 2B bottom, gray trace), indicating that
the recorded basket cells expressed postsynaptic alpha7 nAChR.
As an additional control we applied aCSF (vehicle) instead of
ACh trough the application pipette using exactly the same ex-
perimental paradigm, and could not detect any whole-cell cur-
rents in the recorded basket cells (Fig. 2C). Taken together,
these data suggest that around 70% of the recorded GFP1
cells selected by our criteria express alpha7 nAChR. This find-
ing is consistent with the previously published observations on
the coexpression of CCK and alpha7 nAChR in the dentate
gyrus (Morales et al., 2008), and further supports the CCK
basket cell identity of the recorded neurons in this study.

Application of NPY did not change the membrane and
intrinsic properties of the recorded CCK basket cells. The
mean resting membrane potential (267.4 6 1.5 mV before
and 263.6 6 3.2 mV after NPY application, respectively), as
well as input resistance, action potential threshold, amplitude
and half duration, amplitude of afterhyperpolarization (Table 1)
and voltage responses to square 500 ms current pulses were not
affected (Figs. 2D,E). Thus, NPY does not seem to alter any of
the intrinsic properties of the CCK basket cells in the dentate
gyrus.

NPY Decreases the Frequency of Spontaneous
and Miniature EPSCs Onto CCK Basket Cells

Next we asked whether NPY application affects excitatory
synaptic transmission onto the CCK basket cells. First we
recorded sEPSCs in whole-cell voltage-clamp configuration at
270 mV, and with the presence of PTX in the perfusion solu-
tion to block GABAA receptors and to pharmacologically iso-
late glutamate receptor mediated currents. In the same condi-
tions, but with the addition of TTX in the perfusion solution
to block action potentials, mEPSCs were recorded. Both experi-
ments were performed at 32 6 18C. Figure 3 shows represen-
tative traces of sEPSCs (3A) and mEPSCs (3B), blocked by
D-AP5 and NBQX (3C), confirming that they are generated

FIGURE 2. CCK basket cells exhibit characteristic morpholog-
ical and electrophysiological phenotype and express functional
alpha7 nAChR. A, Neuronal reconstruction of a recorded cell
shows typical CCK-positive basket cell morphology. Dendrites
(black) branch into the outer molecular layer and the hilus, while
the axonal arborization (gray) is mostly confined to the granule cell
and inner molecular layers. Scale bar 50 lm. B, Focal application
of ACh to the cell soma evokes an inward current (top) that is not
affected by atropine (middle), or by the combination of NBQX, D-
AP5 and TTX (bottom), but it is readily blocked by MLA (bottom,
gray trace). Arrowhead indicates the start-time of ACh application.
Traces are averages of six consecutive responses. C, Control experi-
ment showing that application of aCSF does not evoke any detecta-
ble whole-cell current. D, Voltage responses of a CCK basket cell to
current pulses injected via the patch pipette before (top) and after
(middle) application of 1 lM NPY. Bottom traces show superim-
posed respective current pulses applied through the patch pipette.
Positive steps are 10 pA consecutive pulses whereas negative steps
are 20 pA consecutive pulses. The cell shows regular-spiking behav-
ior upon depolarization, generating action potentials with consider-
able accommodation, typical of CCK-expressing basket cells. E,
The current-voltage (I–V) curve from the experiment shown in D is
not affected by NPY application.

TABLE 1.

Intrinsic Properties and Action Potential Measures of Dentate Gyrus

CCK Basket Cells, Before (aCSF) and After (NPY) Application of

NPY

aCSF (n 5 5) NPY (n 5 5) P-value

RMP 267.4 6 1.5 63.6 6 3.2 0.132

R input (MX) 481.4 6 71 373 6 54 0.284

AP threshold (mV) 241.8 6 2.2 242.1 6 1.6 0.652

AP amplitude (mV) 84.3 6 2.5 83.4 6 2.4 0.303

AP half-duration (ms) 1.14 6 0.02 1.18 6 0.04 0.374

AHP (mV) 18.5 6 2.8 19.6 6 2.4 0.495

The right column shows the Student’s paired t-test P-value. NPY does not affect
any of the properties evaluated. RMP, resting membrane potential; R, resistance;
AP, action potential; AHP, afterhyperpolarization.
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by glutamate receptor activation. The mean frequency of
sEPSCs was significantly decreased after application of NPY
(2.7 6 0.3 Hz before and 1.3 6 0.3 Hz after NPY, respec-
tively, P < 0.05, paired t-test, Fig. 3D left) while their mean
amplitude was not different (15.0 6 3.3 pA before and 13.5
6 1.8 pA after NPY, respectively, P > 0.05, paired t-test, Fig.
3D right). Similarly, the mean frequency of mEPSCs was
reduced significantly after NPY application (1.0 6 0.2 Hz
before and 0.5 6 0.1 Hz after NPY, respectively, P < 0.05,
paired t-test, Fig. 3E left) and the mean amplitude was not
affected (12.5 6 1.0 pA before and 13.3 6 1.1 pA after NPY,
respectively, P > 0.05, paired t-test, Fig. 3E right). The follow-
ing K-S analysis of cumulative fraction confirmed that there
was a significant decrease in the frequency of sEPSCs (Fig. 3F)
and mEPSCs (Fig. 3H) after the application of NPY, as shown
by the increase in IEIs. However, the amplitudes of neither
sEPSCs (Fig. 3G) nor mEPSCs (Fig. 3I) were significantly dif-

ferent after NPY was added to the perfusion solution. Taken
together, these data indicate that NPY decreases the frequency
of both action potential dependent and independent excitatory
postsynaptic currents onto CCK basket cells, possibly by inhib-
iting presynaptic glutamate release.

NPY Decreases the Amplitude of Evoked EPSCs
Via Y2 Receptors, Without Changing Short-Term
Synaptic Plasticity

One possible explanation of decreased frequency of sEPSCs
and mEPSCs after NPY application could be decreased release
probability (Pr) of glutamate at presynaptic terminals (Colmers
et al., 1987; Tu et al., 2005). Some insight of glutamate Pr
may be obtained by measuring alterations in paired-pulse facili-
tation of EPSCs, a presynaptic form of short-term plasticity
observed in central excitatory synapses (Zucker and Regehr,
2002). The ratio of paired EPSC amplitudes seems to be in an
inverse relation with glutamate Pr. Large paired-pulse facilita-
tion (PPF) is normally associated with relatively low glutamate
Pr, while low PPF or paired-pulse depression (PPD) is nor-
mally indicative of relatively high glutamate Pr in synapses
(Zucker and Stockbridge, 1983; Debanne et al., 1996; Murthy
et al., 1997; Jakubs et al., 2006). Therefore, we evaluated
NPY’s effect on PPF of EPSCs recorded in CCK basket cells.
To stimulate both mossy and possible associational-commissural
fiber inputs to the CCK basket cells, we placed the stimulating
electrode in the border between the granule cell and molecular
layers of the dentate gyrus. With PTX present in the perfusion
solution to block GABAA receptors and isolate glutamate-medi-
ated synaptic transmission to the CCK basket cells, paired
stimulations (with 50 ms ISI) elicited monosynaptic EPSCs

FIGURE 3. The frequency of sEPSCs and mEPSCs is
decreased after NPY application. A, Representative traces showing
sEPSCs before (top), and after NPY application (bottom). B, Rep-
resentative traces showing mEPSCs before (top), and after NPY
application (bottom) recorded in the presence of TTX. Insets on
the right show individual sEPSCs in different time resolution
extracted from the respective traces on the left. C, Miniature
EPSCs are blocked by NBQX and D-AP5 application, confirming
their generation by activation of the glutamatergic receptors. D,
Mean frequency (left) and amplitude (right) of sEPSCs before and
after NPY application. A significant decrease in the frequency was
found when NPY was applied to the bath (*P < 0.05, n 5 6), but
the amplitude of sEPSCs was not changed (P > 0.05). E, The
mean frequency of mEPSCs recorded after the application of NPY
is decreased (left, *P < 0.05, n 5 5), while the amplitude is
unchanged (right, P > 0.05). Gray lines and open circles represent
individual recordings, black lines and closed circles represent mean
values. F–G, Cumulative fraction curves of the inter event intervals
(IEIs) and amplitudes of sEPSCs before (solid line) and after
(dashed line) NPY application. The IEIs of sEPSCs recorded after
NPY application are significantly increased (***P < 0.01), but
amplitudes are not affected (P > 0.01). H–I, Cumulative fraction
curves of IEIs and amplitudes of mEPSCs recorded in presence of
1 lM TTX before (solid line) and after (dashed line) NPY applica-
tion. IEIs are significantly increased after application of NPY (***P
< 0.01). Amplitudes are not affected (P > 0.01).
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that displayed paired-pulse facilitation (representative traces are
shown in Figs. 4A,B).

Application of NPY caused a significant decrease in the am-
plitude of both the first and the second evoked EPSCs induced
by granule cell-molecular layer border stimulation (by about
30% from 28.9 6 2.7 to 20.8 6 1.9 pA for the first EPSC,
and from 45.3 6 4.6 to 31.3 6 2.1 pA for the second EPSC,
respectively, P < 0.05, paired t-test, Fig. 4C). However, the
PPF ratio of EPSCs was not altered by NPY application (163.1
6 17.7 before, and 163.4 6 15.1% after NPY application,
respectively, P > 0.05, paired t-test, Fig. 4C). To confirm that
decreased amplitude for stimulation-evoked EPSCs was indeed
due to NPY, instead of NPY we added ‘‘free-acid NPY,’’ which
is a nonactive form of the peptide, and observed no changes
neither in EPSC amplitudes nor in PPF ratios (39.0 6 1.7
before and 35.2 6 4.6 pA after ‘‘free-acid NPY’’ application
for the first pulse; 66.5 6 9.2 before and 64.6 6 19.8 pA after
‘‘free-acid NPY’’ for the second pulse; 170.0 6 15.4 before
and 183.4 6 20.4% after ‘‘free-acid NPY’’ for the PPF ratio;
P > 0.05 in all cases, paired t-test, Fig. 4D). Moreover, we per-
formed the same experiment, but in addition to NPY we
applied the highly specific Y2 receptor blocker BIIE0246 into
the perfusion solution. In this situation, NPY had no effect on
the amplitude of neither first (33.8 6 4.7 and 33.0 6 8.1 pA,
before and after NPY application, respectively, P > 0.05, paired
t-test, Fig. 4E) nor the second stimulation-induced EPSC (45.5
6 6.8 and 41.4 6 12.5 pA, before and after NPY application,
respectively, P > 0.05, paired t-test, Fig. 4C), or on the PPF
ratio (134.7 6 8.0 and 123.5 6 11.8%, before and after NPY
application, respectively, P > 0.05, paired t-test, Fig. 4E).

To confirm that we have targeted both mossy fiber and asso-
ciational fibers with our stimulation electrode in the granule
cell-molecular layer border, in a separate set of experiments, we
additionally stimulated mossy fibers antidromically in the
stratum lucidum of CA3 (see experimental setup, Fig. 5A),
which would effectively induce only mossy fiber EPSCs in CCK
basket cells. The EPSCs generated by antidromic stimulation of
mossy fibers were completely abolished by L-CCG-I (Fig. 5B,
p1), a specific agonist of mGluR II that are expressed exclusively
on the mossy fiber terminals and block glutamate release when
activated (Castillo et al., 1997; Kokaia et al., 1998). In contrast,
L-CCG-I only partially (by 30%) blocked EPSCs induced in
the same basket cells by stimulation of granule cell-molecular
layer border (from 28.5 6 5.3 to 20.8 6 7.2 pA for the first
EPSC; and from 42.0 6 7.8 to 29.5 6 10.2 pA for the second
EPSC, P < 0.05; no change in PPF, 147.0 6 8.3 and 135.9 6
8.9%, P > 0.05, paired t-test, Fig. 5C), indicating that these
EPSCs were partially induced by associational-commissural fiber
activation (Fig. 5B, p2). Moreover, to evaluate if the stimulation
of the granule cell-molecular layer border induced monosynaptic
EPSCs, we recorded the pharmacologically isolated NMDA
component of the responses, holding the cells at 140 mV in
the presence of PTX and NBQX (Fig. 5D, black trace), to block
GABAA and AMPA receptors, respectively. The stimulation
induced positive synaptic currents in CCK basket cells that were
readily blocked by the application of D-AP5, confirming that

FIGURE 4. NPY decreases the amplitude of evoked EPSCs
recorded in CCK basket cells. A, Superimposed representative
traces of evoked EPSCs before (aCSF) and after (NPY) NPY appli-
cation. B, Superimposed representative traces of evoked EPSCs
before (BIIE0246) and after (BIIE02461NPY) application of NPY
in the presence of the Y2 receptor blocker BIIE0246 (scale bars as
in A). C, Mean amplitudes of stimulation-evoked EPSCs. Both
first and second pulse are significantly decreased after application
of NPY (*P < 0.05, n 5 14), but the PPF ratio is unchanged (P >
0.05). D, ‘‘free-acid NPY’’ (FA NPY) does not influence evoked
EPSCs. The amplitude of the first and the second pulse was not
affected by the application of FA NPY, neither was the PPF ratio
(P > 0.05 in all cases, n 5 4), confirming that the effect seen in C
is NPY-specific. E, Application of the Y2 specific receptor blocker
BIIE0246 throughout the experiment completely blocked the
effect of NPY on the EPSC amplitudes (P > 0.05, n 5 6), indicat-
ing that Y2 receptors are involved. Values are means 6SEM. Traces
are averages of 12 consecutive responses.
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they were generated by NMDA receptor activation and thus
were monosynaptic (Fig. 5D, gray trace).

Taken together, these results confirm that the observed
decrease of stimulation-evoked monosynaptic EPSC amplitudes
was due to NPY application, and that NPY acts via activation of
the Y2 receptor subtype. The unchanged PPF of EPSCs, how-
ever, indicates that the effect of NPY may not be due to decreased
overall glutamate Pr in these synapses, and together with the data
of L-CCG-I application (both NPY and L-CCG-I induced simi-
lar decrease in amplitude of EPSCs without altering PPF), may
support the notion that NPY effect on stimulation induced
EPSCs is predominantly mediated by effects on mossy fibers.

NPY Decreases the Frequency of Spontaneous
and Miniature Inhibitory Postsynaptic Currents
Onto CCK Basket Cells

Next we hypothesized that NPY could also influence inhibi-
tory afferent synapses on the CCK basket cells. We first
recorded sIPSCs in whole-cell voltage-clamp configuration at
270 mV in the presence of D-AP5 and NBQX in the perfu-
sion medium to block NMDA and AMPA receptors and phar-
macologically isolate GABAA receptor-mediated postsynaptic
currents. Miniature IPSCs were recorded in similar conditions
as above but with the addition of TTX in the perfusion solu-
tion to block action potentials. Figure 6 shows representative
traces of sIPSCs (Fig. 6A) and mIPSCs (Fig. 6B) recorded in
aCSF and after NPY addition. Both sIPSCs and mIPSCs were
blocked by adding PTX to the perfusion solution (Fig. 6C),
confirming their generation by activation of GABAA receptors.
The mean frequency of sIPSCs was significantly decreased after
NPY was added to the perfusion solution (from 3.7 6 1.1 to
2.3 6 0.6 Hz, P < 0.05, paired t-test, Fig. 6D left), but the
mean amplitude was not changed by application of NPY (29.1
6 1.8 before and 30.3 6 2.5 pA after NPY, P > 0.05, paired
t-test, Fig. 6D right). Cumulative fraction analysis confirmed
that the sIPSCs generated by inhibitory synapses onto the
CCK basket cells were less frequent after NPY was added to
the perfusion solution (P < 0.01, K-S test, Fig. 6F), but that
their amplitude was not changed (P > 0.01, K-S test, Fig.
6G). We then tested if the NPY-mediated decrease in the fre-
quency of sIPSCs was dependent on action potentials, and
added TTX to the perfusion solution to block action poten-
tials. In these conditions, the mean frequency of mIPSCs was
significantly decreased after application of NPY (2.8 6 0.5
before and 2.1 6 0.3 Hz after NPY, respectively, P < 0.05,
paired t-test, Fig. 6E left), and the mean amplitude was
unchanged (31.2 6 1.7 before and 32.0 6 1.8 pA after NPY,
respectively, P > 0.05, paired t-test, Fig. 6E right). Cumulative
fraction analysis confirmed a significant increase of IEIs when
NPY was added to the solution (P < 0.01, K-S test, Fig. 6H)
and confirmed that the amplitude of mIPSCs was not affected
(P > 0.01, K-S test, Fig. 6I). Taken together, these data indi-
cate that the frequency of both action potential dependent and
independent sIPSCs and mIPSCs in CCK basket cells are
decreased by NPY application.

FIGURE 5. Stimulation of the dentate granule cell-molecular
layer border activates mossy fibers. (A) Schematic illustration of
the experimental setup. One stimulating electrode was placed in
the stratum lucidum of CA3 (p1) and a second was placed in the
granule cell-inner molecular layer border (p2). Recordings were
made from CCK basket cells in the granule cell layer/hilus border.
(B) Representative traces (averages of 12 consecutive responses)
showing that the application of L-CCG-I in the perfusion solution
totally blocks p1 stimulation-induced responses (top), while only
partially blocks p2-induced responses (bottom). (C) Bars represent-
ing the mean amplitude of p2 stimulation-induced responses
before and after application of L-CCG-I. The amplitude of the first
and the second EPSCs were significantly decreased after L-CCG-I
application (left, *P < 0.05, n 5 6), while the PPF ratio remained
unchanged (right, P > 0.05). (D) Representative trace (average of
six consecutive responses) showing the NMDA receptor generated
synaptic current evoked by stimulation of the granule cell-molecu-
lar layer border, recorded at 140 mV in the presence of PTX and
NBQX (black trace). The response was readily blocked by applica-
tion of D-AP5 (gray trace).
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Spontaneous IPSCs in granule cells generated by synapses
close to the cell soma (peri-somatic) can be distinguished from
those generated by synapses on apical dentrites (dendritic) by
their different kinetics (Kobayashi and Buckmaster, 2003). The

IPSCs with relatively high amplitude, and fast rise and decay
times are thought to be generated by peri-somatic inhibitory
synapses in proximity of the recording electrode (cell soma),
while those with lower amplitude, and slow rise and decay times
are most likely generated by synapses located distal to the cell
soma, e.g., in apical dendrites of the neurons. To evaluate
whether the decrease in IPSCs frequency after application of
NPY was due to changes in perisomatic or distal dendritic syn-
apses, we analyzed the rise time (10–90%) of sIPSCs and
mIPSCs before and after NPY application. Representative traces
are shown in Figure 7 (sIPSCs Fig. 7A top, mIPSCs Fig. 7B
top). Mean values of rise times did not differ before and after
NPY application (3.71 6 0.2 before and 3.52 6 0.2 ms after
NPY for sIPSCs, P > 0.05, paired t-test; 3.24 6 0.1 before and
3.21 6 0.1 ms after NPY for mIPSCs, P > 0.05, paired t-test,
data not shown). However, the cumulative fraction analysis
showed that the rise time of sIPSCs and mIPSCs recorded after
NPY application were significantly faster as compared with
those before NPY application (P < 0.01, K-S test, Fig. 7A mid-
dle and 7B middle). Frequency distribution histograms further
strengthened these findings. Before NPY application, the fre-
quency distribution of sIPSCs (Fig. 7A bottom, black trace)
exhibited a plateau at its highest level, indicating a continuum
of events with variable rise times. Application of NPY abolished
this plateau, and shifted the curve to the left (Fig. 7B bottom,
red trace), now represented as a peak (not plateau) at its highest
level, indicating that a higher percentage of events had fast rise
times. The frequency distribution of mIPSCs rise times, before
application of NPY (Fig. 7B bottom, black trace), showed a
higher peak as compared to sIPSCs, suggesting that in presence
of TTX a higher percentage of events had peri-somatic origin.
This could be due to lower overall amplitude of mIPSCs as
compared with sIPSCs, thus dendritic mIPSCs falling under
detection threshold due to their relatively low amplitude (K-S
test revealed that mIPSCs had significantly lower amplitudes
than sIPSCs; P < 0.01, data not shown). Similar to sIPSCs, the
application of NPY further sharpened and increased the main
peak of frequency distribution for mIPSCs (Fig. 7B bottom),
indicating a higher percentage of events with fast rise times.

These data indicate that NPY application decreased the fre-
quency of sIPSCs and mIPSCs that are generated by synapses
located remotely from the cell soma, i.e., dendritic inhibitory
synapses, in relatively higher degree as compared to peri-so-
matic synapses.

Taken together, these data show that NPY attenuates sponta-
neous inhibitory synaptic drive onto the CCK basket cells, par-
ticularly decreasing the frequency of dendritic IPSCs. The
observed overall decrease in the frequency of mIPSCs suggests
that NPY can affect action potential-independent release of
GABA in these synapses.

NPY Decreases Evoked IPSC Amplitude Via
Activation of Y2 Receptors

Since the analysis of sIPSCs revealed that NPY affected
mostly dendritic inhibitory synapses on the CCK basket cells,

FIGURE 6. NPY decreases the frequency of sIPSCs and
mIPSCs recorded in CCK basket cells. A, Representative traces of
sIPSCs recorded in aCSF (top) and after the addition of NPY
(bottom). B, Miniature IPSCs recorded in the presence of TTX
before (top), and after application of NPY (bottom). Insets on the
right show individual sIPSCs and mIPSCs at different time resolu-
tion extracted from the respective boxes on the left. C, mIPSCs are
blocked by PTX, confirming their generation by activation of
GABAA receptors. D, The mean frequency of sIPCSs is decreased
after NPY application (left, *P < 0.05, n 5 7), but the mean am-
plitude is not affected (right, P > 0.05). E, Similarly, the mean fre-
quency of mIPSCs was decreased after NPY application (left, *P <
0.05, n 5 16) and the mean amplitude was not altered (right, P >
0.05). Gray lines and open circles represent individual recordings,
black lines and closed circles represent mean values. F, IEIs of
sIPSCs are significantly increased by NPY (***P < 0.001). G,
sIPSC amplitudes are not affected by NPY (P > 0.01). H, IEIs of
mIPSCs are significantly increased by NPY (***P < 0.001).
I, sIPSC amplitudes are not affected by NPY (P > 0.01).
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we were interested to selectively activate peri-somatic inhibitory
synapses and explore more closely whether they indeed were
not affected by NPY application. Therefore, a stimulating elec-
trode was placed close to the granule cell layer in the inner
molecular layer of the dentate gyrus and perisomatic inhibitory
afferent fibers of the CCK basket cells were stimulated with
paired-pulses (100 ms ISI), which induced paired-pulse depres-
sion (PPD) of monosynaptic IPSCs (representative traces are
shown in Figs. 8A,B). D-AP5 and NBQX were used to block
glutamate receptors and isolate GABAA-mediated GABAergic
synaptic transmission. When NPY was added in the perfusion
solution, the mean amplitude of both first and second paired
pulse-induced sIPSCs was decreased by approximately 40%
(from 150.8 6 28.9 to 93.8 6 19.7 pA for the first response,
and from 126.3 6 39.4 to 74.3 6 22.3 pA for the second

response, P < 0.05, paired t-test, Fig. 8C). The PPD ratio after
NPY addition remained unchanged (76.8 6 8.4 before and
74.6 6 6.6%, after NPY application, respectively; P > 0.05,
paired t-test, Fig. 8C). To confirm that the decrease in IPSC
amplitudes was specific to NPY, we applied ‘‘free-acid NPY’’ to
the perfusion solution instead of NPY. In this case, IPSC
amplitudes recorded in CCK basket cells were not altered and
PPD ratio also remained unchanged (97.1 6 5.5 before and
96.2 6 20.7 pA after ‘‘free-acid NPY’’ application for the first
pulse; 87.7 6 16.6 before and 75.2 6 19.1 pA after ‘‘free-acid
NPY’’ for the second pulse; 89.2 6 13.4 before and 89.4 6
18.3% after ‘‘free-acid NPY’’ for the PPD ratio; P > 0.05 in
all cases, paired t-test, Fig. 8D). To further confirm the specific-
ity of NPY effect, we repeated the experiment in presence of
NPY Y2 receptor antagonist BIIE0246. In these conditions,

FIGURE 7. The rise time of sIPSCs and mIPSCs is decreased
by NPY application. Representative traces of sIPSCs (A, top) and
mIPSCs (B, top) before and after NPY application, showing the
decrease in rise time. The initial rising slopes of the traces (box) is
magnified on the right. Traces are averages of 10 consecutive
sIPSCs, and normalized to peak current amplitude. Cumulative
fraction curve of sIPSC (A, middle) and mIPSCs (B, middle) rise

times. The application of NPY (red traces) shifted the curve
towards faster rise times (**P < 0.01, n 5 7 for sIPSCs, n 5 16
for mIPSCs). Frequency distribution histogram of sIPSCs (A, bot-
tom) and mIPSCs (B, bottom) rise times. Application of NPY (red
traces) shifted the curve to the left, indicating that a higher per-
centage of the events had faster rise times.
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NPY was no longer able to decrease IPSC amplitudes. The
mean amplitude of the first pulse was 171.5 6 36.7 pA before
and 158.1 6 46.8 pA after NPY application (P > 0.05, paired
t-test, Fig. 8C); the mean amplitude of the second pulse was
102.1 6 23.9 pA before and 97.1 6 21.3 pA after NPY (P >
0.05, paired t-test, Fig. 8E). The PPD ratio also remained
unchanged by NPY application when the Y2 blocker was pres-
ent in the perfusion medium (61.5 6 8.1% before and 66.3 6
9.3% after NPY application, P > 0.05, paired t-test, Fig. 8E).
Taken together, these data show that NPY is able to decrease
stimulation-evoked peri-somatic IPSCs in CCK basket cells via
activation of Y2 receptors, without modifying PPD of IPSCs in
these synapses.

DISCUSSION

Here we demonstrate for the first time that NPY modulates
excitatory and inhibitory synaptic inputs to a subclass of
GABAergic interneurons in the dentate gyrus of the hippocam-
pal formation. The CCK basket cells are proposed as major
modulators of hippocampal g-frequency oscillations that occur
during exploratory and memory consolidation activities of the
animals, and are generated by another subtype of basket cells
that lack CCK but express PV. The CCK basket cells receive
inputs from outside the hippocampal formation, e.g., serotonin
containing fibers from raphe nuclei, and express nicotinic
alpha7, cannabinoid CB1, and benzodiazepin-sensitive a-2 sub-
units of GABAA receptors (Freund et al., 1990; Katona et al.,
1999; Low et al., 2000; Nyiri et al., 2001; Ferezou et al.,
2002; Klausberger et al., 2002). Our present data add NPY-
induced Y2 receptor activation to the repertoire of neuromodu-
latory mechanisms that can locally alter the functionality of
CCK basket cells by changing excitatory and inhibitory synap-
tic transmission onto these cells.

The CCK Basket Cells

There are at least 16 different subtypes of cortical interneur-
ons (including hippocampal formation) identified so far
(Freund and Buzsaki, 1996; Somogyi and Klausberger, 2005).
This classification of cortical interneuron subtypes is based on
anatomical, biochemical, and electrophysiological features of
the different interneuron subpopulations (Buhl et al., 1994;
Freund and Buzsaki, 1996; Somogyi and Klausberger, 2005).
The subpopulation of dentate gyrus interneurons studied here
are the CCK-positive basket cells. Several lines of evidence sup-
port this notion. First, these cells in GAD65-GFP mice express
GFP (Lopez-Bendito et al., 2004), and their morphological fea-
tures and location appears to resemble that of the CCK-posi-
tive basket cell population (Figs. 1A–C and 2A) (Freund and
Buzsaki, 1996; Hefft and Jonas, 2005). Second, these cells are
positive for CCK immunoreactivity (Figs. 1D–F), and negative
for PV (Figs. 1G–I). It has been shown previously that in
GAD65-GFP transgenic mice, a subpopulation of basket cells

FIGURE 8. NPY decreases the amplitudes of evoked IPSCs
recorded in CCK basket cells. A, Superimposed representative
traces of evoked IPSCs before and after NPY application. B,
Superimposed representative traces of evoked IPSCs in the pres-
ence of Y2 receptor blocker BIIE0246, before (BIIE0246), and af-
ter (BIIE02461NPY) NPY application (scale bars as in A). C, The
mean amplitude of the first and the second stimulation-evoked
IPSCs is significantly decreased by NPY (*P < 0.05, n 5 14),
while the paired-pulse depression ratio is unchanged (P > 0.05).
D, The application of ‘‘free-acid NPY’’ (FA NPY) had no effect on
the amplitude of evoked IPSCs, nor on the paired-pulse depression
ratio (P > 0.05, n 5 4), confirming the specificity of the effect
seen in C. E, The presence of BIIE0246 in the perfusion solution
completely prevented the effect of NPY (P > 0.05, n 5 5), indicat-
ing the involvement of Y2 receptors. Values are means 6SEM.
Traces are averages of 12 consecutive responses.
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situated on the granule cell layer-hilus border are labeled by
GFP, and are also positive to CCK immunostaining (G. Szabo,
unpublished observations). Third, these cells respond to ACh
with a fast inward current generated by activation of postsynap-
tic alpha7 nicotinic receptors (Fig. 2B). Finally, these cells
express electrophysiological properties characteristic of CCK
basket cells, i.e., generating low-frequency and strongly accom-
modating action potentials when depolarized (Fig. 2D)
(Scharfman, 1995; Cauli et al., 1997; Pawelzik et al., 2002).

Taken together, we can conclude that the vast majority of
the cells recorded in this study are CCK-positive basket cells.
We cannot completely rule out a possibility that some recorded
cells might have been of yet another subpopulation type of
interneurons, although clearly not PV-positive basket cells.

Excitatory Input Onto CCK Basket Cells

Our present data show for the first time that NPY applica-
tion leads to decreased excitatory transmission onto CCK bas-
ket cells. Here we describe that the frequency of sEPSCs and
mEPSCs is markedly decreased after NPY application.

Changes in the frequency of sEPSCs and mEPSCs and no
change in their amplitude are indicative of a presynaptic site of
action. In support, similar changes induced by NPY have been
reported in excitatory synapses on CA3 pyramidal neurons of
the hippocampal formation (McQuiston and Colmers, 1996).
In line with these observations, it has been shown that NPY
failed to alter the magnitude of AMPA/kainate receptor-gener-
ated postsynaptic responses induced by exogenously applied
glutamate in CA1-CA3 pyramidal neurons (Colmers et al.,
1987; McQuiston and Colmers, 1992). Possible mechanisms
underlying these NPY effects are though to be mediated by
activation of presynaptic Y2 receptors that decrease glutamate
release by attenuation of calcium entry into the presynaptic ter-
minals via N- and P/Q-type voltage-dependent calcium chan-
nels, as shown for Schaffer collateral-CA1 synapses (Qian et al.,
1997). However, in the CCK basket cells, the decrease in the
amplitude of EPSCs induced by stimulation of the granule
cell-molecular layer border was not accompanied by a change
in the PPF, suggesting that NPY does not alter the overall Pr of
glutamate in these synapses (Zucker and Stockbridge, 1983;
Debanne et al., 1996; Murthy et al., 1997; Jakubs et al.,
2006). Thus we cannot rule out that NPY may also have a
postsynaptic site of action. Alternatively, NPY-induced reduc-
tion of glutamate release is mediated by other mechanisms
downstream to the attenuation of calcium entry. Taken to-
gether, these data indicate that NPY may have both pre- and
postsynaptic effects on the excitatory inputs to the CCK basket
cells in an afferent specific manner.

The CCK basket cells receive at least two major excitatory
afferent inputs: (i) perforant path (from entorhinal cortex) and
associational-commissural fibers in the molecular layer of the
dentate gyrus where basket cells have their apical dendrites
(part of the feed-forward inhibitory circuits), and (ii) collaterals
of mossy fibers (from granule cells) in the hilus, where basket
cells have their basal dendrites (Kneisler and Dingledine, 1995;

Freund and Buzsaki, 1996). Perforant path and associational-
commissural fibers are thought to lack Y2 receptors, as con-
cluded indirectly by the failure of NPY to affect molecular layer
fEPSPs or granule cell EPSCs induced by stimulation of affer-
ent fibers in the molecular layer of the DG (Klapstein and
Colmers, 1993). Currently, there is no evidence whether perfo-
rant path or associational-commissural fiber afferents on inter-
neurons express Y2 receptors, although the inner molecular
layer, where associational fibers are present, has been shown to
be positive for Y2 receptor immunoreactivity (Tu et al., 2006).
On the other hand, mossy fibers do express Y2 receptors, as
demonstrated by electrophysiology and immunohistochemistry
(McQuiston and Colmers, 1996; Stanic et al., 2006). In our
experiments, stimulation of the inner molecular layer activates
both mossy fiber and associational-commissural fiber synapses
(Fig. 5B). Therefore, it cannot be excluded that both these
excitatory synapses are affected by NPY. The fact that L-CCG-
I and NPY had similar partial inhibitory effect on granule cell-
molecular border stimulation-induced EPSCs in CCK basket
cells, together with the data from the literature, may indicate
that NPY predominantly acts on mossy fiber efferent synapses.
Results of our study may have relevance also for endogenous
NPY function, particularly in pathological situations, e.g., epi-
lepsy, since mossy fibers sprout and start to express NPY de
novo in response to seizures (Schwarzer et al., 1995; Lurton
and Cavalheiro, 1997).

Inhibitory Input Onto CCK Basket Cells

The present data show for the first time that NPY applica-
tion decreases spontaneous and miniature IPSC frequency in
CCK basket cells. Such changes in synaptic drive are normally
attributable to a presynaptic site of action (Behr et al., 2002;
Yang et al., 2007). CCK basket cells receive inhibitory inputs
in the molecular layer of the dentate gyrus at their dendrites,
which can arise from HIPP or HICAP cells, and perisomati-
cally from other basket cells (Nunzi et al., 1985). In addition,
CCK basket cells receive inhibitory inputs from calretinin-
expressing interneuron-specific cells (CR-IS) (i.e., inhibitory
interneurons innervating specifically other inhibitory interneur-
ons) (Gulyas et al., 1996). At the moment, it is not clear which
of these inputs, or whether all of them, are affected by NPY
application. Shift to faster sIPSC kinetics after NPY application
shown here indicates that dendritic synapses are likely to be
affected by NPY. It is not likely that this effect is due to NPY-
induced inhibition of HIPP cell firing (Paredes et al., 2003),
since it persisted even when TTX was added to the perfusion
solution. NPY application also decreased the amplitude of
IPSCs induced by stimulation of the molecular-granule cell
layer border. Since axons from both CR-IS and basket cells
seem to be predominantly located in the inner molecular layer
(Nunzi et al., 1985; Gulyas et al., 1992; Freund and Buzsaki,
1996), our data suggest that the inhibitory afferent fibers from
CR-IS and basket cells that innervate perisomatic and proximal
dendritic regions of CCK basket cells are also affected by NPY
and do express NPY Y2 receptors presynaptically. Decrease in
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stimulation-evoked IPSCs has also been observed previously in
cortical interneurons (Bacci et al., 2002). Whether the CCK
basket cells themselves express Y2 receptors presynaptically on
their axons innervating other CCK basket cells, or it is a sepa-
rate class of interneurons that express Y2 receptors presynapti-
cally (e.g., CR-IS cells), remains to be determined.

General Considerations

What are the possible physiological implications of the NPY-
induced modulation of CCK basket cell afferents? It has been
proposed that CCK basket cell networks are superimposed on
the PV basket cell syncytium, and are involved in fine-tuning
of g-frequency oscillations generated by PV basket cells during
exploratory and memory-forming activities in the hippocampal
formation (Freund, 2003). Moreover, g-frequency oscillations
may be transformed into epileptiform discharges (Traub et al.,
2005). One could speculate that NPY-induced alterations of
excitatory and inhibitory synaptic inputs to CCK basket cells
may modulate their extrahippocampal serotoninergic and cho-
linergic afferents, as well as the release of CCK onto the PV
basket cells. Altogether, these may secondarily influence gamma
oscillations generated by PV basket cells (Foldy et al., 2007).
Such scenario is most likely to take place during epileptiform
discharges in the hippocampal formation, when NPY and Y2
receptors are upregulated (Gruber et al., 1994; Gobbi et al.,
1998; Schwarzer et al., 1998), and NPY is released acting as a
volume transmitter (Sørensen et al., 2008). Such action could
also be part of the seizure-suppressant mechanisms exerted by
AAV vector-transduced NPY in the hippocampus, shown
recently (Sørensen et al., 2009; Noe et al., 2008).
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Abstract 

Cholecystokinin (CCK-) positive basket cells form a distinct class of inhibitory 
GABAergic interneurons, proposed to act as fine-tuning devices of hippocampal gamma-
frequency (30-90 Hz) oscillations, which can convert into higher frequency seizure 
activity. Therefore, CCK-basket cells may play an important role in regulation of hyper-
excitability and seizures in the hippocampus. In normal conditions, the endogenous 
excitability regulator Neuropeptide Y (NPY) has been shown to modulate afferent inputs 
onto dentate gyrus CCK-basket cells, providing a possible novel mechanism for 
excitability control in the hippocampus. Using GAD65-EGFP mice for CCK-basket cell 
identification, and whole-cell patch-clamp recordings, we explored whether effect of 
NPY on afferent synapses to CCK-basket cells is modified in the hyper-excitable dentate 
gyrus. To induce hyper-excitable state, recurrent seizures were evoked by electrical 
stimulation of the hippocampus using the well-characterized rapid kindling protocol. We 
found that the frequency of spontaneous and miniature excitatory and inhibitory post-
synaptic currents recorded in CCK-basket cells were decreased by NPY. The EPSCs 
evoked in CCK-basket cells by optogenetic activation of principal neurons were also 
decreased in amplitude. Interestingly, we observed an increased proportion of sIPSCs 
with slower rise times, indicating that NPY may inhibit GABA release preferentially in 
peri-somatic synapses. These findings indicate that increased levels and release of NPY 
observed after seizures can modulate afferent inputs to CCK-basket cells, and therefore 
alter their impact on the oscillatory network activity and excitability in the hippocampus.  

1

Introduction 
Hippocampal basket cells form a distinct class of 
interneurons that provide inhibition to the cell 
bodies and proximal dendrites of principal cells. The 
spatial segregation and strategic location of their 
efferents enables efficient control of the output of 
principal neurons and consequently regulate 
oscillation rate, spike timing and activity 
synchronization of their targets (Cobb et al., 1995; 
Ylinen et al., 1995; Miles et al., 1996). Two main 
populations of basket cells have been described in all 

2

major areas of the hippocampus (Somogyi & 
Klausberger, 2005). These two populations have 
similar morphological appearance but express diverse 
protein markers and differ in functional 
characteristics. They can be distinguished by the 
expression of either the calcium binding protein 
Parvalbumin (PV) or the neuropeptide 
Cholecystokinin (CCK) (Freund & Katona, 2007). 
The PV-positive basket cells are proposed to act as 
clockwork devices for the induction of learning-
related gamma-frequency (30-90 Hz) oscillations 
due to their ability to generate high-frequency action 
potentials and to release GABA in synchronous 
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manner (Freund, 2003). In contrast, action 
potentials of CCK basket cells are characterized by 
strong accommodation, the cells express a variety of 
receptors for modulatory neurotransmitters (e. g., 5-
hydroxytryptamine 3, nicotinic alpha4 and alpha7, 
and Cannabinoid 1 receptors) (Freedman et al., 
1993; Katona et al., 1999; Porter et al., 1999; 
Ferezou et al., 2002), and are thought to act as fine-
tuning devices that modulate high-frequency 
network activity (Freund, 2003). Since gamma-
frequency oscillations can convert into higher 
frequency epileptiform activity (Traub et al., 2005) 
in hyper-excitable states, CCK basket cells could 
play an important role in this conversion. In line 
with this notion, the endogenous factors that 
regulate hippocampal excitability, e.g., neuropeptide 
Y (NPY), also can modulate synaptic drive onto the 
CCK basket cells (Ledri et al., 2011). During the 
hyper-excitable state in animals (animal models of 
epilepsy) and in patients with temporal lobe 
epilepsy, numerous alterations of the synaptic 
efficacy, network connectivity and other structural 
reorganizations occur (cell death, axonal sprouting, 
synaptogenesis, neurogenesis, inflammation, etc.). 
Various subtypes of interneurons undergo cell death 
and their network connectivity is altered (Bausch, 
2005). Of particular interest is that expression of 
NPY and its receptors also undergo considerable 
changes. After induction of seizures, NPY and Y2 
receptor expression have been found to be up-
regulated in hilar interneurons, dentate granule cells 
and mossy fibers (Marksteiner et al., 1990; Gruber et 
al., 1994; Schwarzer et al., 1998; Vezzani et al., 
1999), while Y1 receptor expression in the dentate 
granule cell dendrites is down-regulated (Kofler et 
al., 1997). Therefore, we hypothesized that afferent 
synaptic inputs onto CCK basket cells are likely to 
be modulated by endogenous excitability regulators 
such as NPY, and may play a role in normalizing 
hyper-excitability and high frequency activity during 
seizures. 

Materials and methods 

Animals 
Young adult Glutamic Acid Decarboxylase 65- 
Enhanced Green Fluorescent Protein (GAD65-
EGFP) mice were used (Brager et al., 2003), at the 
age of seven to eight weeks at the time of the 
beginning of the experimental procedures. In this 
transgenic line, GFP is expressed under the control 
of the GAD65 promoter, allowing visual 
identification of several populations of inhibitory 

4

interneurons, including CCK basket cells. All 
experiments were conducted according to 
international guidelines on the use of experimental 
animals, as well as the Swedish Animal Welfare 
Agency guidelines, and were approved by the local 
Ethical Committee for Experimental Animals. 

Production of recombinant Adeno-
Associated Viral vectors 
An AAV-CamKIIa-ChR2-mCherry expression 
vector was constructed by excising (XbaI, EcoRI) 
the CamKIIa-ChR2-mCherry portion of a 
Lentiviral construct and cloning it in an AAV 
backbone vector containing the Woodchuck Post-
transcriptional Regulatory Element (WPRE) and 
the human growth hormone polyadenilation (hGH-
polyA) sequences flanked by inverted terminal 
repeats (ITR). Virus production was essentially 
performed as previously described (Eslamboli et al., 
2005), with minor modifications. Briefly, the 
transfer vector and the packaging plasmid, pDG5, 
were transfected into 293 cells. Seventy hours after 
transfection the cells were harvested and lysed using 
one freeze–thaw cycle. The crude lysate was clarified 
by centrifugation at 4,500g for 20 minutes and the 
vector-containing supernatant was purified using a 
iodixanol gradient and ultracentrifugation (1.5 
hours at 350,000g). The virus-containing iodixanol 
gradient fraction was further purified using an 
Acrodisc Mustang Q device (Pall Life Sciences, 
Port Washington, New York). For further 
concentration, desalting, and buffer exchange, the 
purified vector suspension was centrifuged in an 
Amicron Ultra device (Millipore). The AAV vector 
was produced as serotype 5. The final number of 
AAV particles was determined using qPCR and was 
7.4 x 1012 genomic particles/ml. 

Electrode implantation and virus injection 
Animals were anesthetized by inhalation of 
isofluorane (2.5%, Baxter Chemical AB) and fixed 
onto a stereotaxic frame (David Kopf Instruments, 
Tujunga, CA). A bipolar stainless steel 
stimulation/recording electrode (Plastics One, 
Roanoke, VA) was stereotaxically implanted in the 
ventral right hippocampus at the following 
coordinates (in mm): AP -2.9, ML 3.0, DV -3.0. A 
reference electrode was placed in the temporal 
muscle. Electrodes were placed into a pedestal 
(Plastics One Roanoke, VA) and fixed on the skull 
with dental cement (Kemdent). 
In a subset of animals, during the same surgery, 
AAV-CamKIIa-ChR2-mCherry viral vector 
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suspension was injected through a glass capillary in 
the left hippocampus (contra-lateral to the 
electrode) at the following coordinates (in mm): AP 
-3.2, ML -3.1, DV -3.6 and -3.2. 0.5 µl of viral 
suspension were injected at 0.1 µl/minute in each 
location in the DV plane. The glass pipette was left 
in place for 5 minutes after each injection, to avoid 
back-flow of viral particles trough the injection 
tract. Reference points for stereotaxic surgery were 
bregma for the AP axis, midline for the ML axis, 
and dura for the DV axis. 

Electrical rapid kindling and test stimulations 
At 7 days after electrode implantation and virus 
injection, the animals were subjected to electrical 
rapid kindling in the hippocampus, as previously 
described (Elmer et al., 1996; Sorensen et al., 2009). 
The individual threshold was determined by 
delivering stimulations (1 sec train consisting of 1 
ms bipolar square wave pulses at 100 Hz) of 
increasing current in 10 µA steps until a focal 
epileptiform afterdischarge (AD) of more than 5 sec 
duration was detected by electroencephalographic 
(EEG) recording. During rapid kindling induction, 
EEG activity was continuously recorded on a 
MacLab system (ADInstruments, Bella Vista, 
Australia) for 200 min except during stimulations, 
which consisted of 40 suprathreshold stimulation 
trains (10 s, 1 ms square wave pulses at 50 Hz, 400 
�A intensity) separated by 5 min interval between 
stimulations. Behavioral seizures were scored 
according to the Racine scale (Racine, 1972): grade 
0, arrest, normal behavior; grade 1, facial twitches 
(nose, lips, eyes); grade 2, chewing, head nodding; 
grade 3, forelimb clonus; grade 4, rearing, falling on 
forelimbs; grade 5, imbalance and falling on side or 
back. Only animals that developed at least 6 stage 3-
5 seizures were subsequently used for 
electrophysiology. 
To assess if animals achieved a hyper-excitable state 
at the time point of electrophysiology, four weeks 
after the first kindling the individual threshold was 
re-measured in a subset of animals (n=5). Animals 
were then given 5 additional stimulations using the 
same parameters of the first 5 kindling stimulations. 
Seizure grades and AD duration were assessed as 
previously. 

Slice preparation 
Four to six weeks after stimulations, animals were 
briefly anesthetized with isofluorane and 
decapitated. The head was quickly immersed in 
chilled sucrose-based cutting solution, containing 
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(in mM): sucrose 75, NaCl 67, NaHCO3 26, 
glucose 25, KCl 2.5, NaH2PO4 1.25, CaCl2 0.5, 
MgCl2 7 (pH 7.4, osmolarity 305-310 mOsm). The 
brain was removed and placed in a Sylgard-coated 
petri dish containing chilled sucrose-based solution, 
the cerebellum was discarded and the two 
hemispheres divided using a razor blade. The left 
hemisphere, contra-lateral to the stimulating 
electrode, was then positioned lying on the medial 
side and a “magic-cut” was performed on the dorsal 
cortex (Bischofberger et al., 2006). The tissue was 
subsequently glued “magic-cut” side down on a 
pedestal and transferred to a cutting chamber 
containing sucrose-based solution maintained at 2-4 
°C and constantly oxygenated with carbogen (95% 
O2/5% CO2). Transverse slices of 300 µm thickness, 
comprising the hippocampus and entorhinal cortex, 
were cut on a vibrating microtome (VT1200S, Leica 
Microsystems, advancing speed was set at 0.05 
mm/sec and amplitude at 1.7 mm), and 
immediately transferred to an incubation chamber 
containing sucrose-based solution constantly 
oxygenated with carbogen (95% O2/5% CO2) and 
maintained at 34 °C in a water bath. Slices were 
allowed to rest for 30 minutes before being 
transferred to room temperature and processed for 
electrophysiology. 

Whole-cell patch-clamp electrophysiology 
Individual slices were placed in a submerged 
recording chamber constantly perfused with gassed 
artificial cerebro-spinal fluid (aCSF) containing, in 
mM: NaCl 119, NaHCO3 26, glucose 25, KCl 2.5, 
NaH2PO4 1.25, CaCl2 2.5 and MgSO4 1.3 (pH 7.4, 
osmolarity 305-310 mOsm). The temperature in 
the recording chamber was maintained at 32-34 °C, 
unless otherwise noted. GAD65-GFP positive cells 
were visualized under fluorescent light and infrared 
differential interference contrast microscopy was 
used for visual approach of the recording pipette. 
Recording pipettes (2.5-5 MOhm resistance) were 
pulled from thick-walled (1.5 mm outer diameter, 
0.86 mm inner diameter) borosilicate glass with a 
Flaming-Brown horizontal puller (P-97, Sutter 
Instruments, CA), and contained (in mM): K-
Gluconate 122.5, KCl 12.5, KOH-HEPES 10, 
KOH-EGTA 0.2, MgATP 2, Na3GTP 0.3, NaCl 
8 (pH 7.2-7.4, mOsm 300-310) for measurements 
of intrinsic properties and for monitoring the 
response to light in ChR2-expressing cells; Cs-
Gluconate 117.5, CsCl 17.5, NaCl 8, CsOH-
HEPES 10, CsOH-EGTA 0.2, MgATP 2, 
Na3GTP 0.3, QX-314 5 (pH 7.2-7.4, mOsm 300-
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310) for spontaneous, miniature and light-evoked 
excitatory post-synaptic currents recordings 
(sEPSCs, mEPSCs and leEPSCs, respectively); 
CsCl 135, CsOH 10, CsOH-EGTA 0.2, MgATP 
2, Na3GTP 0.3, NaCl 8, QX-314 5 (pH 7.2-7.4, 
mOsm 300-310) for spontaneous, miniature and 
dual stimulation-evoked inhibitory post-synaptic 
currents recordings (sIPSCs, mIPSCs and dsIPSCs, 
respectively). Biocytin (3-5 mg/ml) was routinely 
added to the pipette solution on the day of the 
recording. Recordings typically lasted 20-30 
minutes, and biocytin was allowed to diffuse for 
additional 10 minutes at the end to assure complete 
diffusion in the axonal arbor. Uncompensated series 
resistance (typically 8-30 MOhm) was constantly 
monitored via -5 mV voltage steps and recordings 
were discontinued after changes of >20% or if the 
resting membrane potential was more positive than -
50 mV. 
Cells were held at -70 mV in voltage clamp and at 0 
pA in current clamp recordings. Firing pattern and 
accommodation were investigated by applying a 
single 1 sec, 500 pA depolarizing current step. 
Action potential threshold, amplitude and rheobase 
were measured by the first action potential of the 
train evoked with a 1 sec voltage ramp of 0-300 or 0-
500 pA. Current-voltage relationship was analyzed 
by injecting consecutive incrementing 500 ms 10 pA 
current steps, from -200 to +200 pA. 
EPSCs were recorded in the presence of 100 µM 
Picrotoxin (PTX, Tocris Bioscience, Ellisville, MI) 
to block Gamma-aminobutyric acid A (GABAA) 
receptors. 50 µM DL-2-amino-5-phosphonovaleric 
acid (D-AP5, Tocris) and 5 µM 2,3-dihydroxy-6-
nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione 
(NBQX, Tocris) were used during IPSC recordings 
to block N-Methyl-D-Aspartate (NMDA) and a-
amino-3-hydroxy-5-methylisoxazole-4-propionic 
acid (AMPA) receptors, respectively. For mEPSC 
and mIPSC recordings, 1 µM Tetrodotoxin (TTX, 
Tocris) was used to block voltage-gated sodium 
channels and prevent generation of action potentials. 
The specific metabotropic group II receptor (mGluR 
II) agonist (2S,1'S,2'S)-2-
(Carboxycyclopropyl)glycine (L-CCG-I, 10 µM, 
Tocris) was used to activate mGluR II, which are 
exclusively expressed presynaptically on mossy fibers, 
to selectively block glutamate release from mossy 
fibers and respective mossy fiber-specific EPSCs in 
postsynaptic neurons (Kokaia et al., 1998). 
For light-evoked EPSC recordings, a 400 µm thick 
optical fiber was positioned above the apex of the 
dentate gyrus. Light was generated by a 460 nm 
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wavelength LED light source (WT&T Technology, 
Quebec, Canada) and stimulation of pre-synaptic 
ChR2-expressing cells was achieved via paired 1-2 
ms light pulses with 50 ms inter-stimulation-interval 
(ISI) at 0.06 Hz.  
For dual stimulation-evoked IPSCs, two bipolar 
stainless steel stimulating electrodes were placed in 
the outer molecular layer and in the granule cell layer 
of the dentate gyrus, respectively. Paired-pulse 
stimulations were used at 0.06 Hz with 100 ms ISI. 
NPY (Schafer-N, Copenhagen, Denmark) was 
dissolved in distilled water, stored in concentrated 
aliquots, diluted to 1 µM concentration in the 
perfusion solution immediately before use and 
allowed to diffuse in the recording chamber for 7 
min before the continuation of the recordings. The 
concentration of NPY used here has been previously 
shown to be the most effective in inhibiting Schaffer 
collateral-CA1 excitatory post-synaptic potentials in 
the hippocampus (Colmers et al., 1987). Silicon-
coated tubing and bottles were used to prevent the 
peptide from adhering to the tubing and container 
walls. PTX or D-AP5 and NBQX were applied at 
the end of the experiments to verify that the synaptic 
currents were generated by respective receptor 
activation. 
Data were sampled at 20 kHz with an EPC-10 
amplifier (HEKA Elektronik, Lambrecht, 
Germany) and stored on a G4 Macintosh computer 
using PatchMaster software (HEKA) for offline 
analysis. 

Immunohistochemistry and axonal arbor 
reconstruction 
For identifying the cells recorded in this study, slices 
after electrophysiology were fixed in 4% 
Paraformaldehyde (PFA) in phosphate buffer (PB) 
for 12-24 hours and then stored in anti-freeze 
solution (ethylenglycol and glycerol in PB buffer) at 
-20°C until processed. For immunohistochemical 
staining against GFP and biocytin, slices were rinsed 
three times with KPBS and pre-incubated for 1 hour 
in blocking solution (10% normal goat serum and 
0.25% Triton X-100 in KPBS, T-KPBS). Sections 
were then incubated overnight with 1:10,000 rabbit 
anti-GFP polyclonal antibody (ab1218, Abcam) in 
blocking solution, rinsed three additional times in T-
KPBS and incubated for 2 hours in FITC-
conjugated goat anti rabbit secondary antibody 
(1:400, Jackson Immunoresearch, Suffolk, UK) and 
Cy5-conjugated streptavidin (1:200, Jackson 
Immunoresearch, Suffolk, UK) in blocking solution. 
Slices were finally rinsed three times in KPBS, 
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mounted on coated slides and cover-slipped with 
DABCO. For evaluating the expression of AAV-
CamKIIa-ChR2-mCherry, 1:1000 rat anti-mCherry 
(5F8, Chromotek, Germany) was added to the 
primary antibody incubation, and 1:400 Cy3-
conjugated donkey anti-rat was added to the 
secondary antibodies.  
For reconstruction of the axonal arborisation, labeled 
neurons were examined with a confocal laser-
scanning microscope (Leica). Confocal Z-stacks 
were obtained along the entire dendritic and axonal 
tree of the cells, and typically consisted of 40-50 
planes. 

Y2 immunohistochemistry and optical density 
measurements 
To analyze the distribution of Y2 receptors, after 
fixation in 4% PFA overnight, slices from 
electrophysiological measurements and from non-
kindled GAD65-GFP age-matched controls were 
cryoprotected in 20% sucrose in PB for two days and 
additionally cut in 50-µm sections using a 
microtome. Sections were processed for Y2 
immunohistochemistry essentially as previously 
described (Tu et al., 2006). Briefly, slices were treated 
with 1% hydrogen peroxide for 30 minutes, pre-
incubated for 1 hour in blocking solution containing 
normal goat serum (see above), incubated for 24 
hours at 4°C with 1:1000 rabbit anti-Y2 receptor 
antibody (RA14112, Neuromics, Edina, MN, USA) 
and subsequently with 1:500 biotinylated goat anti-
rabbit secondary antibody (Vector Laboratories, 
UK). Y2 immunoreactivity was visualized by 
incubating the sections in avidin-biotin conjugated 
horseradish peroxidase solution (ABC, Vector 
Laboratories, UK), and then reacting them with 0.5 
mg/ml diaminobenzidine (DAB), 0.025% cobalt 
chloride, 0.2% nickel ammonium sulfate and 
hydrogen peroxide solutions. Sections were finally 
dehydrated, mounted on coated slides and cover-
slipped with Pertex (Histolab Products AB, 
Sweden). 
Microphotographs were taken from each section 
using the same exposure time and ambient light 
conditions, on the same day. To measure optical 
density of Y2-positive fibers, images were processed 
with ImageJ software (NIH, 
http://rsbweb.nih.gov/ij/). The density reading of 
the Y2-negative hippocampal fimbria structure was 
used as an internal reference for each section, and 
subtracted from the readings of the inner and outer 
molecular layers. Values for optical density are 
presented as Arbitrary Units. 
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Data analysis and statistics 
Only cells resembling CCK basket cells morphology, 
with axonal arborization confined to the inner 
molecular and granule cell layers, and showing co-
localisation of GFP and biocytin were accepted for 
analysis. Off-line analysis was performed using 
FitMaster (HEKA Elektronik), IgorPro 
(Wavemetrics, Lake Oswego, OR) and 
MiniAnalysis (Synaptosoft Inc., Decatur, GA) 
software. 
Action potential (AP) threshold was defined as the 
point where the fastest rising phase of the first action 
potential in the ramp started. Rheobase was defined 
as the current needed in the ramp to reach AP 
threshold. AP amplitude and AP half-duration were 
defined as the difference between the threshold and 
the peak, in mV and ms respectively. Paired-pulse 
facilitation and depression (PPF and PPD, 
respectively) were expressed as the ratio between the 
amplitude of the second and the first response of the 
pair, in percentage. Before and after NPY 
application differences in resting membrane 
potential (RMP), AP threshold, AP amplitude, 
spontaneous and miniature currents frequency and 
amplitude mean values, leEPSCs and dsIPSCs 
amplitudes, PPF and PPD were assessed with two-
tailed Student’s paired t-test using SPSS software 
(IBM). Optical density Arbitrary Unit 
measurements and stimulation-evoked IPSCs rise 
time comparisons were assessed with two-tailed 
Student’s t-test. Inter-event-intervals (IEIs) and 
amplitude of spontaneous and miniature post-
synaptic currents, and sIPSC rise times (10-90%) 
were analysed using MiniAnalysis software and 
differences between the groups were calculated with 
cumulative fraction curves combined with 
Kolmogorov-Smirnov (K-S) test. Events were 
automatically recognized by the software and 
included in the analysis if their magnitude was at 
least 5 times bigger than the calculated average root 
mean square (RMS) noise. For sEPSCs and 
mEPSCs recordings, only the last 150 events before 
start of NPY application and the first 150 events 
after equilibration of NPY (7 min after start of NPY 
application) were included in the analysis. For 
sIPSCs and mIPSCs recordings, 200 events were 
included. Values are presented as means ± SEM. 
Differences are considered significant with P<0.05 
for Student’s paired and un-paired t-test and P<0.01 
for K-S test. 
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Results 

Electrical rapid kindling and assessment of 
hyper-excitability 
To induce hyper-excitability in the hippocampus, 
animals were subjected to rapid kindling 
stimulations (Elmer et al., 1996; Sorensen et al., 
2009). During the 40 rapid kindling stimulations, 
animals developed seizures ranging from stage 0 to 
5. The average number of stage 3-5 seizures was 
12.7 ± 0.3 per animal. Four weeks later, at the time 
point for electrophysiological recordings, hyper-
excitability was assessed in a subset of animals by 
delivering five additional rapid re-kindling 
stimulations. During re-kindling, the duration of 
afterdischarges at threshold stimulations was 
increased more than 2 times (68.0 ± 10.5 s for the 
re-kindling stimulations compared to 32.2 ± 5.0 s 
for the initial kindling, n=5, P=0.036, two-tailed 
Student’s t-test), and the average number of stage 3-
5 seizures was significantly higher (3.0 ± 0.2 for the 
re-kindling stimulations compared to 2.4 ± 0.4 for 
the initial five stimulations, n=5, P=0.031, two-
tailed Student’s t-test). These data show that, at the 
time point of electrophysiological recordings, the 
animals have developed a hyper-excitable state. 

Identification of CCK basket cells and effects 
of NPY on intrinsic membrane properties 
In GAD65-GFP animals, several different 
subpopulations of GABAergic interneurons express 
GFP. To identify CCK-positive basket cells, the 
following morphological criteria were used, as 
previously described (Ledri et al., 2011): (1) the cell 
soma had to be located on the border between the 
granule cell layer and the hilus, and (2) it had to be 
roughly pyramidal shaped; (3) the main apical 
dendrite had to reach the molecular layer and (4) 
the basal dendrites had to extend into the hilus (an 
example is shown in Figure 1E-G). The cells 
displayed typical low-frequency, accommodating 
action potential firing pattern upon depolarization 
(Figures 1A and 1B), and their axonal arborization 
was mostly confined to the granule cell and inner 
molecular layers (Figure 1D). These characteristics 
are consistent with the CCK-basket cell identity of 
the recorded cells. 
We first asked whether application of exogenous 
NPY could affect intrinsic membrane properties of 
CCK-basket cells in animals that have experienced 
recurrent seizures. The frequency of action potential 
firing (Figure 1A) and the degree of action potential 
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frequency accommodation (Figure 1C) were not 
affected by NPY application, as well as the mean 
rheobase (Figure 1B), resting membrane potential, 
action potential threshold, amplitude and duration 
(n=6, P>0.05, two-tailed Student’s paired t-test, 
Table 1). Thus, NPY does not seem to alter 
intrinsic membrane properties of CCK-basket cells 
in kindled animals. 

The frequency of spontaneous and miniature 
EPSCs onto the CCK-basket cells is 
decreased by NPY 
Next we asked whether NPY could modulate 
afferent excitatory synapses of the CCK-basket 
cells. We first recorded sEPSCs in voltage-clamp 
mode at -70 mV (with PTX in the perfusion 
solution to block GABAA receptors and 
pharmacologically isolate glutamate receptor-
mediated currents) before and after application of 1 
µM NPY. Figure 2A shows representative traces of 
sEPSCs recorded from CCK-basket cells. The 
mean frequency of sEPSCs was significantly 
decreased by application of NPY (5.1 ± 0.6 Hz 
before and 3.9 ± 0.7 Hz after NPY application, n=6, 
P=0.008, two-tailed Student’s paired t-test, Figure 
2B left) while the mean amplitude was not affected 
(17.9 ± 1.2 pA before and 19.4 ± 3.6 after NPY 
application, n=6, P=0.69, two-tailed Student’s 
paired t-test, Figure 2B right). The subsequent K-S 
analysis of cumulative fraction of sEPSCs 
confirmed that the frequency was decreased 
(increase of IEIs, n=6, P<0.001, K-S test, Figure 
2C) and that the amplitude was not affected (n=6, 
P>0.01, K-S test, Figure 2D). We then asked 
whether the observed effect of NPY was due to 
decrease in action potential generation, and applied 
NPY while recording action potential-independent 
mEPSCs by adding TTX in the perfusion solution 
to block voltage-gated sodium channels, and 
thereby action potentials, in all neurons. Figure 2E 
shows representative mEPSCs recordings. Similar 

 Baseline (n=6) NPY (n=6) 
RMP -57.5±2.7 mV -56.2±2.7 mV 
Input Resistance 256.5±51.8 MΩ 244.5±51.6 MΩ 
AP threshold -35.0±1.6 mV -36.2±1.6 mV 
AP amplitude 72.9±1.5 mV 71.3±2.2 mV 
AP half-duration 1.4±0.1 ms 1.6±0.1 ms 
Rheobase 106.7±25.5 pA 93.3±22.1 pA 
 

Table 1: NPY does not affect the intrinsic membrane 
properties of CCK-basket cells in the dentate gyrus of kindled 
animals. RMP, Resting Membrane Potential; AP, Action 
Potential. 
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to sEPSCs, the mean frequency of mEPSCs was 
decreased by application of NPY (4.2 ± 0.7 Hz 
before and 2.6 ± 0.4 Hz after NPY application, n=5, 
P=0.031, two-tailed Student’s paired t-test, Figure 
2F left) but the mean amplitude was unaffected 
(17.6 ± 1.3 pA before and 18.0 ± 1.1 pA after NPY 
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application, n=5, P=0.48, two-tailed Student’s 
paired t-test, Figure 2F right). The subsequent K-S 
analysis of cumulative fraction for mEPSCs 
confirmed these results (Figures 2G and 2H). 
Taken together, these data demonstrate that NPY 
decreases the frequency of both action potential-

Figure 1. NPY does not affect intrinsic membrane properties of CCK-basket cells in the dentate gyrus.  
A, The typical regular-spiking accommodating response of a representative CCK-basket cell to a single 1 s, 500 pA depolarizing 
pulse injected trough the patch pipette was not different between baseline (left, black trace) and after NPY application (right, red 
trace). B, Representative traces showing the response of a CCK-basket cell to a current ramp consisting of 300 pA over 1 s. Action 
potential threshold (dashed line) and rheobase of CCK-basket cells did not differ before (left, black trace) and after (right, red trace) 
NPY application. C, Action potential firing frequency and degree of frequency accommodation were not changed by NPY 
application. Action potential frequency was measured at three time points during the 1 s depolarization pulse as in A. D, Neuronal 
reconstruction of a CCK-basket cell included in the study showing the typical distribution of dendritic (red) and axonal (black) 
arborizations. E, The same cell as in D shows immunostaining for biocytin and GFP (F). Merge is shown in G. Scale bars in D-G 
are 100 μm. 
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dependent and independent excitatory postsynaptic 
currents and suggest that NPY might act pre-
synaptically by decreasing glutamate release. 

Effects of NPY on short-term synaptic 
plasticity of EPSCs onto CCK-basket cells 
The observed NPY-induced decrease in the 
frequency of both sEPSCs and mEPSCs could be 
explained by the reduction of pre-synaptic release 
probability (Pr) of glutamate. An indirect indication 
of changes in Pr could be obtained by measuring the 
ratio of EPSCs during paired-pulse stimulations. A 
paired-pulse facilitation (PPF) of EPSCs is a most 
common form of short-term synaptic plasticity 
observed in central excitatory synapses (Zucker & 
Regehr, 2002). An increase in PPF indicates 
decreased Pr, while a decrease in PPF indicates an 
increase in Pr. Therefore, possible effects of NPY 
on Pr of glutamate in afferent excitatory synapses on 
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CCK-basket cells were explored by evaluating 
afferent stimulation-induced PPF. 
CCK-basket cells in the dentate gyrus receive 
numerous excitatory inputs: from granule cell mossy 
fiber collaterals on their basal dendrites in the hilus; 
from perforant path fibers on their apical dendrites 
in the molecular layer (Freund & Buzsaki, 1996); 
from hilar mossy cells (Scharfman, 1995), and 
possibly from CA3 pyramidal cells by axons back-
propagating to the dentate gyrus (Scharfman, 2007). 
Current conventional electrical stimulation 
techniques do not allow for collective or selective 
studies on these excitatory inputs and their 
modulation. Therefore, we used optogenetics to 
explore excitatory inputs of the CCK basket cells 
originating from all afferent synapses. To achieve 
this goal we used an optogenetic approach with 
Channelrhodopsin-2 (ChR2). ChR2 is a microbial 
light-sensitive cation channel, which when 

Figure 2. NPY decreases the 
frequency of spontaneous and 
miniature EPSCs on CCK-basket 
cells but does not alter their 
amplitude.  
A, Representative traces of sEPSCs 
recorded from CCK-basket cells 
during baseline (top) and after NPY 
application (bottom). B, The mean 
frequency of sEPSCs was decreased 
by NPY application (left, *P<0.05), 
but the amplitude was not changed 
(right, P>0.05). Grey lines and open 
circles represent individual 
recordings, black lines and solid 
circles represent mean values. C-D, 
Cumulative fraction analysis of Inter 
Event Intervals (IEIs) and 
amplitudes of sEPSCs during 
baseline (solid line) and after NPY 
application (dashed line). IEIs were 
significantly increased by NPY 
application (***P<0.001) while 
amplitudes were not affected 
(P>0.01). E, Representative traces of 
mEPSCs recorded from CCK-
basket cells in the presence of 1 μM 
TTX before (top) and after (bottom) 
NPY application. Note the reduced 
frequency of events compared to 
sEPSCs (A). F, NPY decreased the 
mean frequency of mEPSCs (left, 
*P<0.05), but did not affect their 
amplitudes (right, P>0.05). G, 
Cumulative fraction curves showing 
that IEIs of mEPSCs were increased 
after NPY application (***P<0.001), 
and H, amplitudes were not affected 
(P>0.01). 
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expressed in the membrane of neurons and exposed 
to ∼470 nm blue light, is able to depolarize the cell 
membrane and generate action potentials in a very 
timely-precise and controllable manner (Boyden et 
al., 2005). Using AAV vectors, we expressed the 
ChR2 gene under the CamKIIa promoter in all 
populations of neurons producing afferent excitatory 
inputs onto the CCK basket cells, as CamKIIa is 
selectively expressed in excitatory principal neurons 
in the hippocampus (CA1-CA3, dentate granule 
cells) and mossy cells in the dentate gyrus (Monory 
et al., 2006). Thus, when activated by blue light, 
ChR2 generates synchronous action potentials in all 
these populations of neurons at millisecond 
temporal precision. This results in EPSCs generated 
in CCK basket cells from all excitatory inputs at the 
same time, a scenario that could very well be similar 
to what takes place during highly synchronized 
seizure activity in the hippocampus.  
By using two injection sites targeting the ventral 
hippocampus, we could achieve robust and long-
lasting expression of ChR2 in CA3 pyramidal cells, 
hilar mossy cells and dentate gyrus granule cells 
(Figure 3A). In addition, fibers in the middle third 
of the molecular layer in the dentate gyrus and their 
cell bodies in layers II/III of the medial entorhinal 
cortex were also expressing ChR2 (Figure 3, A and 
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E). The latter was consistent with the findings that 
AAV vectors can be transported retrogradely to the 
entorhinal cortex neurons by their axons in the 
molecular layer of the dentate gyrus (perforant path) 
(Kaspar et al., 2002). This pattern of expression 
ensured that exclusively excitatory synapses onto the 
CCK basket cells were activated by blue light 
illumination of the entire slice. Such selective 
stimulation of excitatory inputs would not be 
possible without optogenetic approach. 
To activate ChR2, we used a 400 µm core optical 
fiber connected to a 460 nm wavelength LED light 
source, and placed it on the apex of the dentate 
gyrus, above the molecular layer (a schematic 
drawing of the experimental setup is depicted in 
Figure 3B). We then recorded from CCK-basket 
cells in voltage-clamp configuration at -70 mV. 
Two brief light stimulations, 1-2 ms duration and 
50 ms inter-stimulation-interval (ISI), could reliably 
and efficiently generate action potentials in ChR2-
positive cells (Figure 4A, top) and evoke synaptic 
currents (light-evoked excitatory post-synaptic 
currents, leEPSCs) in the post-synaptic CCK 
basket cells. All recorded paired leEPSCs exhibited 
PPF (Figure 4A, bottom). Application of 1 �M 
NPY (Figure 4B) caused more pronounced decrease 
in the amplitude of the first leEPSC (by 22.3 % 

Figure 3. Expression of AAV-CamKIIa-ChR2-mCherry in GAD65-GFP mice and experimental design.  
A, Immunostaining against mCherry showing the extent of ChR2 expression in the hippocampus of virus-injected mice. Transgene 
expression was highest in the dentate gyrus (DG) and CA3 areas, but spread to CA1 and Medial Entorhinal Cortex (MEC). B, 
Schematic diagram depicting the experimental approach. A 400 µm thick core optical fiber connected to a 460 nm blue LED light 
source was placed on top of the apex of the dentate gyrus to activate ChR2-expressing cells and fibers, while recordings were 
performed from GFP-positive CCK-basket cells. C-F, Confocal stacks showing immunostaining against GFP (C), biocytin (D), 
mCherry (E) and merged images (F). Scale bars are 50 µm. mol, molecular layer; gcl, granule cell layer; h, hilus. 
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from baseline, n=13, P=0.0001, two-tailed Student’s 
paired t-test) than of the second one (by 8.4 % from 
baseline, n=13, P=0.047, two-tailed Student’s paired 
t-test), resulting in increase of the PPF (from 111.7 
± 6.7 % before to 132.7 ± 9.3 % after NPY 
application, n=13, P=0.002, two-tailed Student’s 
paired t-test). NPY application did not affect the 
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ability of ChR2 to induce action potentials in the 
pre-synaptic cells by light illumination (n=6, P>0.05, 
two-tailed Student’s paired t-test, data not shown). 
These results indicate overall decreased Pr of 
glutamate release from afferent synapses of CCK 
basket cells. 
To evaluate the relative contribution of granule cell 
mossy fiber-related excitatory inputs in the gross 
leEPSCs recorded in CCK-basket cells, we 
subsequently applied the selective mGluR II agonist 
L-CCG-I, which can suppress glutamate release 
selectively in mossy fibers of mice (Kokaia et al., 
1998; Armstrong et al., 2002; Marchal & Mulle, 
2004). The amplitude of both the first and the 
second leEPSCs of the pair was markedly decreased 
by L-CCG-I application (62.7 ± 3.7 % of baseline 
for the first response, P<0.001, and 68.0 ± 3.7 % for 
the second, P<0.001, n=11, two-tailed Student’s 
paired t-test, Figure 4C) but the PPF ratio was 
unaltered (134.3 ± 8.4 % before and 144.8 ± 7.7 % 
after NPY application, n=11, P=0.19, two-tailed 
Student’s paired t-test), indicating that mossy fiber 
contribution to the total leEPSCs was 
approximately 35%. 

NPY decreases the frequency of spontaneous 
and miniature IPSCs onto CCK-basket cells 
Next we investigated whether NPY can modulate 
inhibitory synaptic transmission onto CCK-basket 
cells in hyper-excitable hippocampus. We started by 
recording spontaneous IPSCs in voltage-clamp 
configuration at -70 mV with NBQX and D-AP5 
in the perfusion solution to block AMPA and 
NMDA glutamate receptors and isolate 
GABAergic transmission. Figure 5A shows 
representative traces of sIPSCs recordings, before 
and after NPY application. The mean frequency of 
sIPSCs was significantly decreased by application of 
NPY (from 5.9 ± 0.9 Hz before to 3.9 ± 0.8 after 
NPY application, n=9, P=0.046, two-tailed 
Student’s paired t-test, Figure 5B left) but the mean 
amplitude was not affected (56.5 ± 6.4 pA before 
and 58.1 ± 5.7 pA after NPY application, n=9, 
P=0.54, two-tailed Student’s paired t-test, Figure 
5B right). The K-S analysis of cumulative fraction 
confirmed that the sIPSC frequency was 
significantly decreased (as shown by the increase of 
IEIs, n=9, P<0.001, K-S test, Figure 5C), while the 
amplitudes were not changed (Figure 5D, n=9, 
P>0.01, K-S test). 
To determine whether this effect of NPY was 
attributable to decrease in action potential firing of 
presynaptic GABAergic interneurons synapsing on 

Figure 4. Effects of NPY on light-evoked EPSCs recorded 
from CCK-basket cells.  
A, top, representative trace (average of 16) showing the action 
potentials evoked by two paired 1 ms blue light pulses with 50 
ms ISI in a ChR2-positive granule cell (blue lines on top 
indicate the moment of light stimulation); bottom, 
representative post-synaptic responses (average of 16) to blue 
light stimulations recorded in a CCK-basket cell in the 
presence of 100 µM PTX, during baseline (black trace), after 
NPY application (blue trace), and after application of 10 µM 
L-CCG-I (red trace). Action potentials and post-synaptic 
responses were not recorded simultaneously. B, left, mean 
amplitude of light-evoked EPSCs (leEPSCs). Both the first 
and second response of the pair were significantly reduced by 
application of NPY (blue bars) compared to baseline (white 
bars) (*P<0.05); right, the PPF ratio was significantly 
increased after NPY application (*P<0.05). C, Subsequent L-
CCG-I application (red bars) further decreased the amplitude 
of leEPSCs (left, *P<0.05), but left the PPF ratio unchanged 
(right, P>0.05). 
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CCK-basket cells, we blocked action potentials by 
adding TTX in the perfusion solution and recorded 
miniature IPSCs in CCK basket cells (Figure 5E, 
note the smaller amplitudes of mIPSCs compared 
to sIPSCs in Figure 5A). In these conditions, NPY 
application still decreased the frequency of mIPSCs 
(from 4.3 ± 0.7 Hz before to 3.0 ± 0.5 Hz after 
NPY application, n=8, P=0.017, two-tailed 
Student’s paired t-test, Figure 5F left) without 
affecting the mIPSC amplitudes (42.3 ± 2.3 pA 
before and 45.5 ± 2.3 pA after NPY application, 
n=8, P=0.23, two-tailed Student’s paired t-test, 
Figure 5F right). The K-S analysis of cumulative 
fraction confirmed these results (Figures 5G and 
H). 
Taken together, these data suggest that NPY 

22

decreases pre-synaptic release of GABA, 
independently from action potentials, in afferent 
GABAergic synapses of CCK-basket cells. 

NPY preferentially affects peri-somatic 
inhibitory synapses onto CCK-basket cells 
CCK-basket cells receive inhibitory afferents from 
several different classes of GABAergic interneurons, 
including other CCK-basket cells, PV-positive 
basket cells and Calretinin-positive interneuron-
specific interneurons (CR-IS), at synapses across the 
entire dendritic tree (Nunzi et al., 1985; Freund & 
Buzsaki, 1996; Gulyas et al., 1996). The NPY-
mediated decrease in the frequency of sIPSCs and 
mIPSCs described above does not indicate whether 
peri-somatic or distal dendritic inhibitory synapses 

Figure 5. NPY reduces the 
frequency of sIPSCs and mIPSCs 
recorded from CCK-basket cells.  
A, Representative traces showing 
sIPSCs recorded during baseline 
(top) and after NPY application 
(bottom). B, The mean frequency of 
sIPSCs was significantly decreased 
by NPY application (left, *P<0.05), 
but the amplitude was not affected 
(right, P>0.05). Grey lines and open 
circles represent individual 
recordings, black lines and solid 
circles represent mean values. C, 
Cumulative fraction analysis 
showing an increase in the IEIs of 
sIPSCs after NPY application 
(dashed line) compared to baseline 
(solid line, ***P<0.001). D, 
Amplitudes of sIPSCs were not 
affected (P>0.01). E, Representative 
traces of mIPSCs recorded in the 
presence of 1 µM TTX during 
baseline (top) and after NPY 
application (bottom). Notice the 
lower frequency and smaller 
amplitudes of mIPSCs compared to 
sIPSCs in A. F, NPY application 
significantly decreased the mean 
frequency of mIPSCs (left, 
*P<0.05), but did not affect the 
mean amplitude (right, P>0.05). G, 
Cumulative fraction analysis 
confirming the observed decrease in 
mIPSCs frequency after NPY 
application (increase of IEIs, 
***P<0.001), while amplitudes were 
not affected (H, P>0.01). 
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are differentially modulated by 
NPY. Peri-somatic inhibitory 
synapses are thought to exert 
much stronger control over the 
ability of neurons to generate 
action potentials due to spatial 
shunting of excitatory currents 
originating mostly from the 
remote dendritic tree. 
Therefore, preferential 
modulation of peri-somatic 
inhibitory synapses by NPY 
would have stronger 
consequences for ability of the 
CCK basket cells to generate 
action potentials. To address 
this question, we analyzed 
relative contribution of 
spontaneous and miniature 
IPSCs with fast and slow rise-
time kinetics to the overall 
inhibitory drive onto the CCK 
basket cells. Assuming that all 
IPSCs are generated by 
GABAA receptors which have 
similar activation-deactivation 
kinetics, and that GABA 
release kinetics in the synapses 
are also similar, a faster rise time 
of IPSCs would indicate that 
the current is generated by peri-
somatic inhibitory synapses 

close to the recording electrode 
(placed on the cell soma), while 
a slower rise time of IPSCs 
would indicate dendritic 
localization farther away from 
the electrode (e.g. distal apical 
dendrites) (Kobayashi & 
Buckmaster, 2003). Frequency 
distribution histograms for 
sIPSCs indicated that the 
percentage of events with fast rise times (10-90 %) 
were markedly decreased by NPY application 
(Figure 6A), while for mIPSCs the curves for 
baseline and NPY application appeared largely 
overlapping (Figure 6B). Quantitative K-S analysis 
of cumulative fraction showed that both sIPSC and 
mIPSC rise-times were significantly increased after 
NPY application compared to baseline (Figure 6C 
and 6D, n=9 for sIPSCs and n=8 for mIPSCs, 
P<0.001, K-S test), indicating that NPY might 
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preferentially act on peri-somatic afferent inhibitory 
synapses of the CCK-basket cells. The detailed 
analysis also revealed that rise-times of mIPSCs 
were slower than sIPSCs (notice the smaller peak 
during baseline in Figure 6C compared to the same 
peak in Figure 6A, black traces). Comparison of rise 
time values of sIPSCs and mIPSCs confirmed that 
mIPSCs were significantly slower, both during 
baseline conditions (Figure 6E, n=9 for sIPSCs and 
n=8 for mIPSCs, P<0.001, K-S test) and after NPY 

Figure 6. NPY preferentially acts on peri-somatic inhibitory synapses onto CCK-basket 
cells. 
A-B, Frequency distribution histograms of sIPSCs (A) and mIPSCs (B), before and 
after NPY application. NPY (gray traces) decreased the number of sIPSCs with fast rise 
time values compared to baseline (black traces), but curves for mIPSCs are largely 
overlapping. Also, notice the smaller peak during baseline in B compared to A. C-D, 
Cumulative fraction analysis reveals that rise time values of both sIPSCs (C, ***P<0.001) 
and mIPSCs (D, **P<0.001) are significantly increased by NPY application. E-F, 
mIPSCs (grey traces) are significantly slower than sIPSCs (black traces), as indicated by 
larger rise time values, both during baseline (E, ***P<0.001) and after NPY application 
(F, ***P<0.001). 
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application (Figure 6F, n=9 for sIPSCs and n=8 for 
mIPSCs, P<0.001, K-S test), suggesting that those 
inhibitory interneurons, which form peri-somatic 
synapses on CCK basket cells, are relatively more 
spontaneously active. Taken together, these data 
suggest that in the hyper-excitable hippocampus 
NPY primarily acts on those inhibitory synapses 
that are close to the cell soma of CCK-basket cells 
compared to those on the dendrites. 

Figure 7. NPY decreases the amplitude of peri-somatic and 
dendritic stimulation-induced IPSCs.  
A, Schematic illustration of the experimental setup. Bipolar 
stimulating electrodes were placed in the granule cell layer 
(GCL, p1), to activate peri-somatic inhibitory synapses, and in 
the outer molecular layer (OML, p2), to activate dendritic 
inhibitory synapses, while recording from CCK-basket cells in 
the presence of 5 µM NBQX and 50 µM D-AP5. Paired pulses 
were delivered in both pathways with 100 ms ISI. B, 
Representative traces (average of 16) showing paired post-
synaptic responses evoked by p1 stimulation, during baseline 
(black trace) and after NPY application (grey trace). C, left, the 
amplitudes of both responses of the pair were significantly 
decreased by NPY application (white bars, *P<0.05) compared 
to baseline (black bars); right, PPD ratio was unchanged 
(P>0.05). D, Representative traces (average of 16) showing 
paired responses evoked by p2 stimulation, during baseline 
(black trace) and after application of NPY (grey trace). E, 
Application of NPY significantly decreased the amplitude of 
both the first and the second responses of the pair (left, 
*P<0.05), but the PPD ratio was not altered (right, P>0.05). 
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NPY decreases the amplitude of stimulation-
evoked IPSCs 
Since the data described above suggest that NPY 
predominantly affects peri-somatic inhibitory 
synapses onto CCK-basket cells, we explored 
whether NPY was able to act also on 
distal/dendritic inhibitory synapses. To address this 
question, we placed stimulating electrodes in the 
granule cell layer (GCL, p1) of the dentate gyrus to 
stimulate peri-somatic inhibitory afferent fibers to 
CCK-basket cells, and in the outer molecular layer 
(OML, p2) to stimulate distal dendritic afferent 
fibers (a schematic illustration of the experimental 
setup is depicted in Figure 7A). In the presence of 
NBQX and D-AP5 to block glutamate receptors 
and isolate monosynaptic GABAergic transmission, 
paired stimulations with 100 ms ISI were delivered 
in both pathways, eliciting paired IPSCs, which 
expressed PPD (representative traces are shown in 
Figure 7B and 7C). Application of NPY caused a 
significant and proportional decrease in the 
amplitude of IPSC pairs (for GCL stimulation, 
85.2 ± 1.7 % of baseline for the first response, 
P=0.018, and 85.5 ± 2.7 % of baseline for the second 
response, P=0.031, Figure 7C left, n=11; for OML 
stimulation, 78.2 ± 3.8 % of baseline for the first 
response, P=0.001, and 78.6 ± 5.0 % of baseline for 
the second response, P=0.011, Figure 7E left, n=10; 
two-tailed Student’s paired t-test). The PPD ratio 
was not altered (for GCL stimulation, 74.9 ± 2.7 % 
during baseline and 74.8 ± 3.5 % after NPY 
application, n=11, P=0.98, two-tailed Student’s 
paired t-test, Figure 7C right; for OML 
stimulation, 67.9 ± 4.9 % during baseline and 67.9 ± 
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5.3 % after NPY application, n=10, P=0.99, two-
tailed Student’s paired t-test, Figure 7E right). The 
analysis of the rise times (10-90%) of the 
stimulation-evoked IPSCs revealed that the mean 
rise time of GCL-evoked IPSCs was significantly 
faster compared to that of OML-evoked IPSCs (for 
GCL stimulation, 4.7 ± 0.7 ms for the first response 
of the pair and 4.7 ± 0.6 ms for the second response, 
n=11; for OML stimulation, 7.0 ± 0.9 ms for the 
first response and 6.8 ± 1.2 ms for the second 
response, n=10; P<0.05 in both cases, two-tailed 
Student’s t-test, data not shown), confirming the 
spatial segregation of two different sets of afferent 
inhibitory synapses on CCK-basket cells (peri-
somatic and dendritic, respectively) activated by this 
particular stimulation paradigm.  

Y2 receptor expression is up-regulated after 
recurrent seizures 
One possible explanation for the preferential action 
of NPY on peri-somatic inhibitory afferent synapses 
of CCK basket cells could be a re-distribution of 
presynaptic NPY receptors in these terminals caused 
by hyper-excitable conditions of the hippocampus. 
Between the three NPY receptors highly expressed 
in the hippocampus (Y1, Y2 and Y5), we chose to 
study the distribution of Y2 receptors, that we have 
previously shown to be involved in the regulation of 
inhibitory synapses onto CCK-basket cells by NPY 
(Ledri et al., 2011). 
We performed immunohistochemistry for Y2 
receptor distribution in slices from hyper-excitable 
animals and age-matched controls, and analyzed the 
immunoreactive fiber density in the inner and outer 
molecular layers of the dentate gyrus. Representative 
immunostainings of slices from both groups are 
shown in Figure 8A and 8B. Immunoreactive fiber 
density (optical densitometry) analysis revealed that 
Y2 expression in hyper-excitable animals was 
significantly increased in the inner molecular layer 
of the dentate gyrus (34.6 ± 3.2 A.U. in the normal, 
n=14, and 60.2 ± 8.6 A.U. in the kindling animals, 
n=11, corresponding to an increase of 74.0 ± 12.0 %, 
Figure 8C IML; P<0.001, two-tailed Student’s t-
test). Overall Y2 expression was lower in the outer 
molecular layer of the control animals, and the 
increase tended to be slightly less pronounced in 
hyper-excitable animals (19.6 ± 1.5 A.U. in normal, 
n=14, and 33.7 ± 2.4 A.U. in kindled animals, n=11, 
corresponding to 71.5 ± 10.2 % increase, Figure 8C 
OML; P<0.001, two-tailed Student’s t-test). 
Comparisons between the reference optical density 
values measured in the fimbria showed no difference 

28

between the two groups (Figure 8A and 8B, insets, 
P>0.05, two-tailed Student’s t-test, data not shown). 
 

Figure 8. Y2-immunopositive fiber density is increased in the 
hyper-excitable hippocampus.  
A-B, Microphotographs showing the distribution of Y2-positive 
fibers in the hippocampus of a control (A) and an animal that 
has been subjected to rapid kindling (RK, B). Arrow is pointing 
to the inner molecular layer (IML), arrowhead to the outer 
molecular layer (OML). Insets on top-left show the fimbria, 
used as reference in the optical density measurements. Scale bar 
is 100 µm. C, Y2-positive fiber density in RK animals is 
significantly increased in both IML and OML of the dentate 
gyrus, compared to age-matched controls (*P<0.05). 
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Discussion 
Here, using optogenetic and two-pathway 
stimulation approaches, we demonstrate that in 
hyper-excitable hippocampus, afferent synapses on 
CCK-basket cells are altered and respond to the 
excitability modulator neuropeptide Y, by decreased 
probability of glutamate release and decreased 
inhibitory drive on peri-somatic area. This effect of 
NPY may impact action potential generation 
probability in CCK-basket cells, and thereby 
downstream inhibition of principal cells. 

Generation of hyper-excitability and 
identification of CCK-basket cells 
In this study we explored whether hyper-excitable 
state of hippocampus alters afferent synapses to 
CCK-basket cells, which play a major role in 
modulating frequency oscillations and dentate gyrus 
excitability. To reveal such possible modifications, 
we challenged CCK-basket cell afferent synapses by 
endogenous excitability modulator NPY, which is 
upregulated in and released from granule cells by 
seizure activity (Marksteiner et al., 1990; Schwarzer 
et al., 1998). We induced hyper-excitable state in 
the hippocampus by exposing animals to a well-
established rapid kindling stimulation protocol. The 
resulted hyper-excitability was assessed by 
stimulation-induced seizure susceptibility. Four 
weeks after the initial rapid kindling stimulations, at 
the time point of electrophysiological investigations, 
the animals displayed an increase in duration of 
afterdischarges elicited by threshold stimulations 
and an increased number of stage 3-5 seizures, 
which was consistent with previous results (Elmer et 
al., 1996) demonstrating hyper-excitability. 
To identify CCK-basket cells for 
electrophysiological recordings in GAD65-GFP 
mice, we used morphological criteria as previously 
described (Ledri et al., 2011). Electrophysiological 
and morphological evidence convincingly 
demonstrated the CCK-basket cell identity of the 
recorded cells. Cells displayed regular-spiking 
phenotype and strongly accommodating action 
potential trains, and the distribution of their axonal 
process was mostly confined to the granule cell and 
inner molecular layers, as previously described 
(Hefft & Jonas, 2005).  
Moreover, we have shown earlier that cells selected 
with these criteria express functional alpha7 
nicotinic acetylcholine receptors and are 
immunoreactive for CCK (Ledri et al., 2011). 
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Excitatory input onto CCK-basket cells 
Application of NPY decreased the frequency of 
spontaneous and miniature EPSCs recorded from 
CCK-basket cells. Changes in the frequency of 
spontaneous currents, and not in their amplitude, is 
usually indicative of processes affecting the pre-
synaptic site, and therefore suggest NPY-induced 
decrease of glutamate release in excitatory synapses 
onto CCK-basket cells. Supporting decreased 
glutamate release, the PPF ratio of EPSCs induced 
by optogenetic stimulation of afferents onto CCK-
basket cells was increased by application of NPY, 
indicating a decreased glutamate Pr. 
CCK-basket cells receive excitatory inputs from 
mossy fiber collaterals on their basal dendrites in the 
hilus, perforant path and associational-commissural 
fibers (from mossy cells) on their apical dendrites in 
the molecular layer (Scharfman, 1995; Freund & 
Buzsaki, 1996). Some inputs also possibly arise from 
CA3 pyramidal cell axons back-projecting to the 
dentate gyrus (Scharfman, 2007). Our data show 
that at least some of these inputs are affected by 
NPY. Mossy fibers express Y2 receptors, as 
previously demonstrated by electrophysiology and 
immunohistochemistry (McQuiston & Colmers, 
1996; Stanic et al., 2006), and contribute to 
approximately 35% of the total excitatory input to 
CCK-basket cells (Figure 4C). On the other hand, 
perforant path and associational fibers are thought 
to lack Y2 receptors, as NPY failed to alter 
stimulation-induced EPSPs and EPSCs recorded in 
the granule cell layer and in single granule cells, 
respectively (Klapstein & Colmers, 1993). However, 
it is not known whether associational fiber synapses 
on interneurons differ from those on principle cells. 
The inner molecular layer, where associational fibers 
are arriving, do express Y2 receptors (Tu et al., 
2006) (Figure 8), therefore it cannot be excluded 
that NPY may act on these synapses as well. 

Inhibitory input to CCK-basket cells 
In the present study, NPY reduced the frequency of 
spontaneous and miniature IPSCs recorded from 
CCK-basket cells in the hyper-excitable 
hippocampus. Such changes are attributable to a 
pre-synaptic site of action (Behr et al., 2002). CCK-
basket cells receive inhibitory input on their apical 
dendrites in the molecular layer, from HICAP and 
HIPP cells, and peri-somatically from PV- and 
CCK-basket cells (Nunzi et al., 1985; Freund & 
Buzsaki, 1996). In addition, they receive inhibitory 
input in the inner molecular layer from a subtype of 
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interneuron-specific interneurons positive for 
Calretinin (CR-IS) (Gulyas et al., 1996). Y2 
receptor immunohistochemistry together with 
electrophysiological evidence suggests that synapses 
from CCK-basket cells and from CR-IS cells, both 
of which terminate in the inner molecular layer, may 
be affected by NPY, since this region seems to 
contain more Y2-immunoreactive fibers compared 
to the outer part of the molecular layer (Figure 8A 
and 8B). In support, NPY shifted the rise-time 
values of sIPSCs recorded from CCK-basket cells 
to slower values. The observed decrease in the 
frequency of sIPSCs does not seem to be exclusively 
related to inhibition of HIPP cells by NPY (Paredes 
et al., 2003), since in our study the effect persisted in 
the presence of TTX. 

Functional implications 
CCK-basket cells are proposed to act as fine-tuning 
devices of network activity, partly due to the variety 
of modulatory receptors they selectively express. In 
particular, CCK-basket cells seem to be important 
in the regulation of learning-related gamma-
frequency oscillations, which are thought to be 
generated by PV-basket cells and have been shown 
to convert into higher-frequency epileptiform 
activity (Traub et al., 2005). Taken together, our 
data support the idea that CCK-basket cells may 

Figure 9. Possible functional implications of NPY effect on CCK-basket cells afferents. Light blue and dashed lines represent 
baseline conditions, before NPY application. Dark blue and solid lines represent NPY-induced effects. Peri-somatic inhibitory 
inputs to CCK-basket cells are decreased by NPY application. This effect could result in three different scenarios: 1, GABA release 
from CCK-basket cells to dentate gyrus granule cells is increased; 2, Increased inhibition of PV-basket cells by CCK-basket cells 
results in lowered granule cell inhibition by PV-basket cells; 3, Increased CCK release from CCK-basket cells causes depolarization 
of PV-basket cells and increased synchronization of granule cells. 
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play an important role in this frequency conversion. 
In support of this notion, we demonstrate that 
afferents to CCK-basket cells in hyper-excitable 
hippocampus are modulated by NPY, which is 
upregulated and/or is de novo expressed in some 
neuron populations (see below) by seizure activity, 
and is one of the most effective modulators of 
hippocampal excitability. 
The hyper-excitable states of the brain, including 
epilepsy, are associated with massive changes in 
neuronal networks. Some interneuron subtypes 
undergo cell death, while synaptic connections to 
surviving interneurons are rearranged (Bausch, 
2005). The expression of NPY and its receptors is 
also dramatically altered. NPY and Y2 receptor are 
up-regulated in granule cells, mossy fibers and hilar 
interneurons (Marksteiner et al., 1990; Schwarzer et 
al., 1998; Vezzani et al., 1999), while Y1 expression 
is down-regulated in granule cell dendrites (Kofler 
et al., 1997). Since NPY acts as a volume 
transmitter, alterations in its expression and release 
patterns may change local access of CCK-basket 
cells to NPY, and thereby change the way they react 
to NPY released during high-frequency activity. 
This in turn would influence overall impact of 
CCK-basket cells on the network, and possibly their 
modulatory action on network oscillations.  
The observed effects of NPY on CCK-basket cell 
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afferent synapses in the hyper-excitable 
environment can result in three possible scenarios. 
(i) Since peri-somatic inhibitory synapses are 
strategically located to efficiently control the output 
of the post-synaptic neuron, the NPY-mediated 
decrease of peri-somatic inhibitory input onto 
CCK-basket cells might increase the probability of 
action potential generation by CCK-basket cells, 
counteracting the parallel decrease in dendritic 
excitatory inputs. In case decreased inhibitory peri-
somatic drive prevails, it will result in increased 
output (and GABA release) from CCK-basket cells 
to pyramidal neurons (Figure 9-1). Such action of 
NPY would favor normalization of increased 
excitability of the network.  
(ii) Inhibitory action on the network excitability 
exerted by release of GABA may not be the only 
mechanism by which inhibitory interneurons could 
regulate epileptiform activity and seizures (Avoli & 
de Curtis, 2011). Excessive synchrony of certain 
populations of interneurons, e.g. PV-basket cells, 
promoted by their highly synchronized GABA 
release, could support generation of epileptiform 
discharges. The CCK-basket cell axons are known 
to target not only granule cells but also PV-basket 
cells (Karson et al., 2009). Therefore, increased 
inhibitory influence of CCK-basket cells on PV-
basket cells due to NPY action would diminish PV-
basket cells contribution in synchronizing pyramidal 
cell ensembles (Figure 9-2). This could be an 
additional NPY-related mechanism by which 
CCK-basket cells would counteract development of 
high-frequency epileptiform activity. 
Another alternative scenario could be envisaged in 
relation to release of CCK from CCK-basket cells 
during high frequency activity in the hippocampus 
(Ghijsen et al., 2001). In CA1, CCK has been 
shown to depolarize PV-basket cells, and increase 
their synchronizing impact onto CA1 pyramidal 
cells (Foldy et al., 2007). Similarly, CCK has been 
shown to increase firing of hilar interneurons (Deng 
& Lei, 2006). In this scenario, higher probability of 
CCK-basket cell activation induced by NPY may 
lead to increased release of CCK, which 
consequently would depolarize PV-basket cells. 
This in turn could promote granule cell 
synchronization and development of epileptiform 
activity (Figure 9-3). Finally, further studies are 
needed to explore whether altered synaptic 
responsiveness of CCK-basket cells to NPY in 
hyper-excitable states is a cause or an adaptive 
response of the network to the hyper-excitability. 
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Abstract

Perisomatic inhibitory interneurons constitute a class of GABAergic cells specialized in 
innervating target neurons in the perisomatic area, a region that includes cell soma, proximal 
dendrites and axon initial segment. Th e strategic location of their synapses allows them to 
effi  ciently control the output and synchronize oscillatory activity of large numbers of principal 
cells. Two classes of so-called basket cells, PV- and CCK-containing, comprise the most abundant 
perisomatic interneurons of the hippocampus. PV-basket cells are important for the generation 
of gamma frequency (30-90 Hz) oscillations, while CCK-basket cells act as fi ne-tuning devices 
that modulate hippocampal network activity by conveying information from extrahippocampal 
aff erents. Gamma frequency oscillations can convert into higher frequency epileptiform activity, 
therefore perisomatic inhibitory cells could play an important role in this process. In addition, 
recent evidence suggests that perisomatic inhibition provided by PV cells is preserved in 
conditions where other interneuron subtypes die, such as hyperexcitable states associated with 
epilepsy, but whether this functions as compensatory or epileptogenic mechanism is still unclear. 
Here, using selective optogenetic activation of PV cells in the hippocampus, we show that 
hyperexcitability, induced by rapid kindling stimulations, enhances GABA release from PV cells 
onto dentate gyrus granule cells. PV-GC synapses did not diff er between controls and kindled 
animals in terms of GABA release probability and sensitivity to neuropeptide Y, one of the major 
hippocampal excitability modulators. However, when challenged by repetitive high-frequency 
optogenetic stimulations, PV synapses responded with enhanced GABA release onto granule 
cells, unveiling a mechanism that might possibly contribute to the generation of the abnormal 
synchrony and maintenance of epileptic seizures observed in hyperexcitable states and epilepsy.

Introduction
Perisomatic inhibition comprises a variety of diff erent 
GABAergic cell types that innervate target cells in 
the region that includes the cell soma, axon initial 
segment and proximal dendrites. As opposed to 
dendritic inhibition, which regulates the effi  cacy 
and plasticity of incoming glutamatergic inputs, 
perisomatic inhibition is important for controlling 
the output of its targets, and the synchrony of large 
principal cell populations, due to the strategic location 
of its contacts (Cobb et al., 1995; Miles et al., 1996). 
Th e most abundant perisomatic inhibitory 
GABAergic cell types are the so-called basket cells. 
Th ere are two major subpopulations of basket cells 
in the hippocampus, the Parvalbumin (PV-) and 
the Cholecystokinin (CCK-) containing basket cells 
(Somogyi and Klausberger, 2005). Although their 
location and morphology are similar, their electrical 

properties and roles in the hippocampal network are 
remarkably diff erent (Freund and Katona, 2007). PV-
basket cells fi re high-frequency non-accomodating 
action potentials, receive three times more local 
glutamatergic input (Gulyas et al., 1999), release 
GABA with higher synchrony (Heff t and Jonas, 
2005), and are thought to act as clockworks that 
generate learning-related gamma-frequency (30-90 
Hz) oscillations (Freund, 2003), by functioning as 
an ensemble connected via chemical and electrical 
synapses (Galarreta and Hestrin, 1999; Traub et al., 
2001). On the other hand, CCK-basket cells fi re 
accomodating action potentials, express a variety of 
modulatory receptors (e. g., 5-HT3, nicotinic alpha4 
and alpha7, and CB1 receptors) (Freedman et al., 
1993; Katona et al., 1999; Porter et al., 1999; Ferezou 
et al., 2002), and are thought to be fi ne-tuning devices 
of network activity (Freund, 2003). Since gamma-
frequency oscillations have been shown to convert 
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into higher-frequency epileptiform activity (Traub et 
al., 2005), in conditions associated with hyperexcitable 
states, perisomatic inhibitory cell types could play an 
important role in this process. 
Th e appearance of hyperexcitable states, and epilepsy, 
is associated with a number of dramatic changes in the 
network, such as cell death, infl ammation, alterations 
in neurogenesis and synaptogenesis. In particular, 
hyperexcitable states underlie several changes in 
the expression of various factors, and especially of 
powerful endogenous excitability regulators such 
as neuropeptide Y (NPY). In the hippocampus, the 
expression of NPY and one of its receptors (Y2) is 
up-regulated in hilar interneurons, granule cells 
and mossy-fi bers (Marksteiner et al., 1990; Gruber 
et al., 1994; Schwarzer et al., 1998; Vezzani et al., 
1999), while expression of Y1 receptor seem to be 
down-regulated (Kofl er et al., 1997; Gobbi et al., 
1998). Moreover, NPY has been shown to modulate 
neurotransmission at aff erents to CCK-basket cells 
in the dentate gyrus (Ledri et al., 2011), possibly 
changing the impact CCK-cells have on regulating 
hippocampal activity, but it remains to be determined 
whether NPY can directly modulate the output of 
perisomatic inhibitory cells.
Together with changes in expression of diff erent 
factors, hyperexcitability is associated with a massive 
reorganization of inhibitory networks, as various 
interneurons subtypes undergo cell death and others 
alter their connectivity (Bausch, 2005). However, 
recent evidence suggests that perisomatic inhibition 
provided by PV cells is to some extent preserved. In 
animal models of epilepsy, a selective reduction in 
CA1 pyramidal cell innervation from CCK-basket 
cell, but not from PV-basket cells, has been observed 
(Wyeth et al., 2010). Similarly, PV-positive axons 
seem to be preserved in CA1 and dentate gyrus of the 
human epileptic hippocampus (Wittner et al., 2001; 
Wittner et al., 2005), suggesting that PV cells might 
contribute to the generation of abnormal synchrony 
and maintenance of epileptic seizures. 
In this study, we fi rst wanted to determine whether 
NPY could directly modulate the output from PV 
cells onto dentate granule cells. Secondly, we aimed 
to examine whether hyper-excitable conditions aff ect 
the strength of inhibition mediated by the whole PV 
cell ensemble.

Materials and Methods

Animals
For experiments involving expression of ChR2 in PV-
positive cells, PV-Cre mice (Hippenmeyer et al., 2005), 
age of 6-8 weeks at the beginning of the experimental 
procedures, were used. Control experiments where 

the eff ect of NPY was tested in aff erent synapses 
onto PV-positive cells were conducted in 17-23 
days old PV-tdTomato mice, generated by crossing 
homozygote PV-Cre mice with homozygote CAG-
lox-STOP-lox-tdTomato (Ai14) mice (Madisen et 
al., 2010). All experiments were conducted according 
to international guidelines on the use of experimental 
animals, as well as the Swedish Animal Welfare 
Agency guidelines, and were approved by the local 
Ethical Committee for Experimental Animals.

Production of recombinant Adeno-Associated 
Viral vectors
AAV-Ef1a-DIO-ChR2(H134R)-mCherry viral 
vector production was essentially performed as 
previously described (Eslamboli et al., 2005), with 
minor modifi cations. Briefl y, the transfer vector and 
the packaging plasmid, pDG5, were transfected into 
293 cells. Seventy hours after transfection the cells 
were harvested and lysed using one freeze–thaw 
cycle. Th e crude lysate was clarifi ed by centrifugation 
at 4,500g for 20 minutes and the vector-containing 
supernatant was purifi ed using a iodixanol gradient 
and ultracentrifugation (1.5 hours at 350,000g). Th e 
virus-containing iodixanol gradient fraction was 
further purifi ed using an Acrodisc Mustang Q device 
(Pall Life Sciences, Port Washington, New York). For 
further concentration, desalting, and buff er exchange, 
the purifi ed vector suspension was centrifuged in an 
Amicron Ultra device (Millipore). Th e AAV vector 
was produced as serotype 5. Th e fi nal number of AAV 
particles was determined using qPCR and was 1.4 x 
10¹³ genomic particles/ml.

Electrode implantation and virus injection
Animals were anesthetized by inhalation of 
isofl uorane (2.5%, Baxter Chemical AB) and fi xed 
onto a stereotaxic frame (David Kopf Instruments, 
Tujunga, CA). A bipolar stainless steel stimulation/
recording electrode (Plastics One, Roanoke, VA) 
was stereotaxically implanted in the ventral right 
hippocampus at the following coordinates (in mm): 
AP -2.9, ML 3.0, DV -3.0. A reference electrode was 
placed in the temporal muscle. Electrodes were placed 
into a pedestal (Plastics One Roanoke, VA) and fi xed 
on the skull with dental cement (Kemdent).
In a subset of animals, during the same surgery, AAV-
Ef1a-DIO-ChR2(H134R)-mCherry viral vector 
suspension was injected through a glass capillary in 
the left hippocampus (contra-lateral to the electrode) 
at the following coordinates (in mm): AP -3.2, ML 
-3.1, DV -3.6 and -3.2. 0.5 µl of viral suspension were 
injected at 0.1 µl/minute in each location in the DV 
plane. Th e glass pipette was left in place for 5 minutes 
after each injection, to avoid back-fl ow of viral 
particles trough the injection tract. Reference points 
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for stereotaxic surgery were bregma for the AP axis, 
midline for the ML axis, and dura for the DV axis.

Electrical rapid kindling
At 7 days after electrode implantation and virus 
injection, the animals were subjected to electrical 
rapid kindling in the hippocampus, as previously 
described (Elmer et al., 1996; Sorensen et al., 2009). 
Th e individual threshold was determined by delivering 
stimulations (1 sec train consisting of 1 ms bipolar 
square wave pulses at 100 Hz) of increasing current in 
10 µA steps until a focal epileptiform afterdischarge 
(AD) of more than 5 sec duration was detected 
by electroencephalographic (EEG) recording. 
During rapid kindling induction, EEG activity 
was continuously recorded on a MacLab system 
(ADInstruments, Bella Vista, Australia) for 200 min 
except during stimulations, which consisted of 40 
suprathreshold stimulation trains (10 s, 1 ms square 
wave pulses at 50 Hz, 400 µA intensity) separated 
by 5 min interval between stimulations. Behavioral 
seizures were scored according to the Racine scale 
(Racine, 1972): grade 0, arrest, normal behavior; grade 
1, facial twitches (nose, lips, eyes); grade 2, chewing, 
head nodding; grade 3, forelimb clonus; grade 4, 
rearing, falling on forelimbs; grade 5, imbalance and 
falling on side or back. Only animals that developed 
at least 6 stage 3-5 seizures were subsequently used for 
electrophysiology.

Slice preparation
Four to six weeks after stimulations, animals were 
briefl y anesthetized with isofl uorane and decapitated. 
Th e head was quickly immersed in chilled sucrose-
based cutting solution, containing (in mM): sucrose 
75, NaCl 67, NaHCO₃ 26, glucose 25, KCl 2.5, 
NaH₂PO₄ 1.25, CaCl₂ 0.5, MgCl₂ 7 (pH 7.4, 
osmolarity 305-310 mOsm). Th e brain was removed 
and placed in a Sylgard-coated petri dish containing 
chilled sucrose-based solution, the cerebellum was 
discarded and the two hemispheres divided using 
a razor blade. Th e left hemisphere, contra-lateral to 
the stimulating electrode, was then positioned lying 
on the medial side and a “magic-cut” was performed 
on the dorsal cortex (Bischofberger et al., 2006). Th e 
tissue was subsequently glued “magic-cut” side down 
on a pedestal and transferred to a cutting chamber 
containing sucrose-based solution maintained at 2-4 
°C and constantly oxygenated with carbogen (95% 
O₂/5% CO₂). Transverse slices of 300 µm thickness, 
comprising the hippocampus and entorhinal cortex, 
were cut on a vibrating microtome (VT1200S, Leica 
Microsystems, advancing speed was set at 0.05 mm/
sec and amplitude at 1.7 mm), and immediately 
transferred to an incubation chamber containing 
sucrose-based solution constantly oxygenated with 

carbogen (95% O₂/5% CO₂) and maintained at 34 
°C in a water bath. Slices were allowed to rest for 30 
minutes before being transferred to room temperature 
and processed for electrophysiology.

Whole-cell patch-clamp electrophysiology
Individual slices were placed in a submerged recording 
chamber constantly perfused with gassed artifi cial 
cerebro-spinal fl uid (aCSF) containing, in mM: NaCl 
119, NaHCO₃ 26, glucose 25, KCl 2.5, NaH₂PO₄ 
1.25, CaCl₂ 2.5 and MgSO₄ 1.3 (pH 7.4, osmolarity 
305-310 mOsm). Th e temperature in the recording 
chamber was maintained at 32-34 °C, unless otherwise 
noted.
TdTomato-positive cells were visualized under 
fl uorescent light and infrared diff erential interference 
contrast microscopy was used for visual approach of 
the recording pipette.
Recording pipettes (2.5-5 MΩ resistance) were pulled 
from thick-walled (1.5 mm outer diameter, 0.86 mm 
inner diameter) borosilicate glass with a Flaming-
Brown horizontal puller (P-97, Sutter Instruments, 
CA), and contained (in mM): K-Gluconate 122.5, 
KCl 12.5, KOH-HEPES 10, KOH-EGTA 0.2, 
MgATP 2, Na₃GTP 0.3, NaCl 8 (pH 7.2-7.4, mOsm 
300-310) for measurements of  spiking patterns in 
PV-tdTomato-positive cells; Cs-Gluconate 117.5, 
CsCl 17.5, NaCl 8, CsOH-HEPES 10, CsOH-
EGTA 0.2, MgATP 2, Na₃GTP 0.3, QX-314 5 
(pH 7.2-7.4, mOsm 300-310) for recordings of 
spontaneous excitatory post-synaptic currents in  
dentate gyrus granule cells (sEPSCs); CsCl 135, 
CsOH 10, CsOH-EGTA 0.2, MgATP 2, Na₃GTP 
0.3, NaCl 8, QX-314 5 (pH 7.2-7.4, mOsm 300-310) 
for light-evoked inhibitory post-synaptic currents 
recordings (leIPSCs). Biocytin (3-5 mg/ml) was 
routinely added to the pipette solution on the day 
of the recording. Recordings typically lasted 20-
30 minutes, and biocytin was allowed to diff use for 
additional 10 minutes at the end to assure complete 
diff usion in the axonal arbor of PV-tdTomato-positive 
cells. Uncompensated series resistance (typically 8-30 
MΩ) was constantly monitored via -5 mV voltage 
steps and recordings were discontinued after changes 
of >20% or if the resting membrane potential was 
more positive than -50 mV.
Cells were held at -70 mV in voltage clamp and at 0 
pA in current clamp recordings. Firing pattern was 
investigated by applying a single 1 sec, 500-1000 pA 
depolarizing current step.
sEPSCs were recorded in the presence of 100 µM 
Picrotoxin (PTX, Tocris Bioscience, Ellisville, MI) 
to block Gamma-aminobutyric acid A (GABAA) 
receptors. 50 µM DL-2-amino-5-phosphonovaleric 
acid (D-AP5, Tocris) and 5 µM 2,3-dihydroxy-6-
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nitro-7-sulfamoyl-benzo[f ]quinoxaline-2,3-dione 
(NBQX, Tocris) were used during leIPSC recordings 
to block N-Methyl-D-Aspartate (NMDA) and 
α-amino-3-hydroxy-5-methylisoxazole-4-propionic 
acid (AMPA) receptors, respectively.
For leIPSC recordings, a 400 µm thick optical fi ber 
was positioned above the apex of the dentate gyrus. 
Light was generated by a 460 nm wavelength LED 
light source (Prizmatix, Modiin Ilite, Israel) and 
stimulation of pre-synaptic PV-ChR2-expressing 
cells was achieved via 1 ms width light pulses. Paired 
stimulations with 100, 250 and 500 ms Inter Stimulus 
Interval (ISI) were used to assess paired pulse 
depression (PPD). Trains of 10 light pulses at 10 and 
20 Hz frequency were used to study GABA release 
effi  ciency from PV-positive cells ensembles. 
NPY (Schafer-N, Copenhagen, Denmark) was 
dissolved in distilled water, stored in concentrated 
aliquots, diluted to 1 µM concentration in the 
perfusion solution immediately before use and allowed 
to diff use in the recording chamber for 7 min before 
the continuation of the recordings. Silicon-coated 
tubing and bottles were used to prevent the peptide 
from adhering to the tubing and container walls. PTX 
or D-AP5 and NBQX were applied at the end of the 
experiments to verify that the synaptic currents were 
generated by respective receptor activation.
Data were sampled at 20 kHz with an EPC-10 
amplifi er (HEKA Elektronik, Lambrecht, Germany) 
and stored on a G4 Macintosh computer using 
PatchMaster software (HEKA) for offl  ine analysis.

Immunohistochemistry and axonal arbor 
reconstruction
For identifying the cells recorded in this study, 
slices after electrophysiology were fi xed in 4% 
Paraformaldehyde (PFA) in phosphate buff er (PB) for 
12-24 hours and then stored in anti-freeze solution 
(ethylenglycol and glycerol in PB buff er) at -20°C 
until processed. For immunohistochemical staining 
against, mCherry/tdTomato and biocytin, slices were 
rinsed three times with KPBS and pre-incubated 
for 1 hour in blocking solution (10% normal donkey 
serum and 0.25% Triton X-100 in KPBS, T-KPBS). 
Sections were then incubated overnight with 1:1000 
rat anti-mRFP (5F8, Chromotek, Germany) in 5% 
serum blocking solution, rinsed three additional 
times in T-KPBS and incubated for 2 hours in 
Cy3-conjugated donkey anti-rat secondary antibody 
(1:400, Jackson Immunoresearch, Suff olk, UK) and 
Alexa 488-conjugated tavidin-D (1:200, Molecular 
Probes) in 5% serum blocking solution. Slices were 
fi nally rinsed three times in KPBS, mounted on coated 
slides and cover-slipped with DABCO. 
For reconstruction of the axonal arborization of 

PV-tdTomato-positive neurons, labeled cells were 
examined with a confocal laser-scanning microscope 
(Leica). Confocal Z-stacks were obtained along the 
entire dendritic and axonal tree of the cells.

Data analysis and statistics
For recordings from PV-tdTomato-positive cells, 
only cells resembling PV basket cells morphology 
with axonal arborization confi ned to the granule 
cell layer/hilus regions were accepted for analysis. 
For leIPSCs recordings, only granule cells showing 
mature morphology with apical dendrites extending 
to the outer molecular layer were accepted. Off -line 
analysis was performed using FitMaster (HEKA 
Elektronik), IgorPro (Wavemetrics, Lake Oswego, 
OR), MiniAnalysis (Synaptosoft Inc., Decatur, GA), 
and GraphPad Prism (GraphPad software, San Diego, 
CA) softwares.
Paired-pulse depression was expressed as the ratio 
between the amplitude of the second and the fi rst 
response of the pair, in percentage. To quantify 
GABA release effi  ciency, traces were averaged and 
the amplitude of each leIPSC in a train was measured 
from the baseline directly preceding the rising phase.
Before and after NPY application diff erences in 
sEPSCs frequency and amplitude mean values and 
PPD were assessed with Student’s paired t-test. 
Comparison of PPD and high-frequency stimulation 
leIPSCs between control and kindled animals were 
assessed with Student’s un-paired t-test. Inter-event-
intervals (IEIs) and amplitude of sEPSCs were 
analysed using MiniAnalysis software and diff erences 
between the groups were calculated with cumulative 
fraction curves combined with Kolmogorov-Smirnov 
(K-S) test. Events were automatically recognized 
by the software and included in the analysis if 
their magnitude was at least 5 times bigger than 
the calculated average root mean square (RMS) 
noise. Only the last 150 events before start of NPY 
application and the fi rst 150 events after equilibration 
of NPY (7 min after start of NPY application) were 
included in the analysis. Values are presented as means 
± SEM. Diff erences are considered signifi cant with 
p<0.05 for paired t-test and p<0.01 for K-S test.

Results

Expression of ChR2 in PV+ cells
Th e fi rst objective of the present study was to evaluate 
whether NPY, a known modulator of excitability and 
neurotransmitter release in the hippocampus, aff ects 
GABA release from PV cells onto dentate gyrus 
granule cells (GC). Th e properties of Parvalbumin- 
to granule cell (PV-GC) synapses have been 
extensively studied using paired recordings in normal 
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(Kraushaar and Jonas, 2000; Heff t and Jonas, 2005), 
and epileptic animals (Zhang and Buckmaster, 
2009).  However, PV cells form ensembles via gap 
junctions that function synergistically to control 
oscillatory activity of principal cells (Galarreta and 
Hestrin, 1999). Th erefore, more holistic and perhaps 
more physiological approach would be to explore 
post-synaptic responses in single granule cells 
evoked by stimulation of multiple interconnected 
PV cells at the same time. To achieve this goal, we 
used an optogenetic approach and expressed ChR2 
selectively in PV cells of the hippocampus. ChR2 
is a light-sensitive cation channel able to depolarize 
neuronal membranes with millisecond precision 
when exposed to ≈470 nm blue light (Boyden et 
al., 2005). To express ChR2 in PV-positive cells, we 
injected a Cre-dependent Adeno-Associated viral 
vector (AAV-Ef1a-DIO-ChR2(H134R)-mCherry), 
carrying a ChR2 variant (H134R) (Nagel et al., 2005) 
–mCherry fusion construct under the control of the 
general Elongation Factor 1 alpha (EF1a) promoter, 
in PV-Cre mice, a strategy previously used in the 
barrel (Cardin et al., 2009) and infralimbic pre-frontal 
cortices (Sohal et al., 2009). In the AAV-Ef1a-DIO-
ChR2(H134R)-mCherry construct, the direction of 
the ChR2(H134R)-mCherry transgene is inverted, 
and fl anked by two nested pairs of incompatible lox 
sites (loxP and lox2722, (Atasoy et al., 2008)). In Cre-
expressing cells, the transgene is fi rst reversibly fl ipped 
into the sense orientation using either pair of lox sites 
(Figure 1A), allowing gene expression; subsequently, 
an irreversible excision occurs between the other lox 
site pair, preventing further recombination (Figure 
1A). 
Using two injection sites in the ventral and 
medial hippocampus, we achieved high level of 
ChR2(H134R)-mCherry expression in all areas of 
the hippocampus, including dentate gyrus, CA3 and 
CA1 (Figure 1B).

PV-GC synapses are not affected by NPY in 
normal animals
To assess whether NPY aff ects PV-GC synapses, 
we recorded from granule cells in the presence of 
NBQX and D-AP5 to block glutamate receptors and 
isolate GABAergic synaptic transmission. Granule 
cells were held in voltage clamp at -70 mV. In order 
to activate ChR2(H134R)-mCherry expressing PV 
cells in the slices, we placed an optical fi ber above 
the apex of the dentate gyrus, at a vertical distance of 
approximately 50 µm from the tissue, and delivered 1 
ms blue light fl ashes (schematic experimental setup 
is shown in Figure 1C). In these conditions, paired 
light pulses with 100 ms Inter Stimulus Interval (ISI) 
evoked synaptic currents (light-evoked inhibitory 
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S
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Figure 1. Expression of ChR2(H134R)-mCherry in PV cells 
and experimental setup.
A, AAV-EF1a-DIO-ChR2(H134R)-mCherry recombination 
in Cre-expressing cells. In the presence of Cre, ChR2(H134R)-
mCherry is inverted in the sense orientation and expressed 
under the control of the EF1a promoter. ITR, Inverted 
Terminal Repeats; WPRE, Woodchuck Post-Regulatory 
Element; pA, poly(A). B, ChR2(H134R)-mCherry was 
highly expressed in all area of the hippocampus; CA, Cornus 
Ammonis; DG, Dentate Gyrus; MEC, Medial Entorhinal 
Cortex; S, Subiculum; scale bar is 200 µm. Note the preferential 
location of mCherry expression in all hippocampal cell layers. 
C, Schematic experimental setup for leIPSCs recordings. A 
400 µm optical fi ber connected to a 460 nm wavelength LED 
light source was placed above the apex of the dentate gyrus to 
activate ChR2(H134R)-mCherry expressing cells and fi bers, 
while recordings were performed from granule cells.
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post-synaptic currents, leIPSCs) in post-synaptic 
granule cells that exhibited paired-pulse depression 
(a representative trace is shown in Figure 2B). 
Application of 1 µM NPY did not alter the amplitude 
of neither the fi rst (105.5 ± 5.7 % of baseline, p>0.05, 
Student’s paired t-test) nor the second (103.0 ± 7.5 % 
of baseline, p>0.05, Student’s paired t-test) response of 
the pair (Figure 2C, left). Similarly, the PPD ratio was 
also unchanged (from 59.2 ± 2.5 % during baseline to 
57.7 ± 3.7 % after NPY application, p>0.05, Student’s 
paired t-test, Figure 2C, right). Taken together, these 
data indicate that NPY does not aff ect peri-somatic 

inhibitory synapses from PV cells onto granule cells 
in the dentate gyrus of normal animals.

NPY decreases sEPSCs recorded from PV-cells
Th e lack of eff ect by NPY on PV-GC leIPSCs 
could be explained by an absence of pre-synaptic 
NPY receptors on PV terminals, or a low biological 
activity of the peptide when applied in our recording 
conditions. It has been previously shown that NPY 
can decrease the frequency of mossy-fi ber mediated 
spontaneous excitatory post-synaptic currents 
(sEPSCs) recorded from CA3 pyramidal cells 
(McQuiston and Colmers, 1996) and CCK-basket 
cells (Ledri et al., 2011). Since PV cells receive one 
of their major excitatory inputs from mossy fi bers 
(Blasco-Ibanez et al., 2000), as part of their feedback 
inhibitory function, we sought to investigate whether 
NPY could decrease the frequency of sEPSCs recorded 
from PV cells in the dentate gyrus. To identify PV 
cells for recordings, we used a transgenic mouse line 
created by crossing PV-Cre mice with the reporter 
mouse line CAG-lox-STOP-lox-tdTomato (Ai14) 
(Madisen et al., 2010). In the resulting off spring, 
the red fl uorescent protein tdTomato is expressed in 
PV cells, and allows prospective identifi cation of PV 
cells for electrophysiological recordings. To confi rm 
the identity of the recorded cells, we examined the 
morphological and electrophysiological properties of 
PV/tdTomato+ cells. Biocytin staining revealed that 
the axonal arborization was largely confi ned to the 
granule cell layer/hilar regions (Buhl et al., 1994; Heff t 
and Jonas, 2005) (Figure 3A), and cells responded with 
high-frequency fi ring upon depolarization induced by 
current injection (Figure 3B), confi rming the identity 
of the recorded cells.
We then recorded sEPSCs from PV/tdTomato+ cells 
in voltage clamp confi guration at -70 mV, with PTX 
in the perfusion solution to block GABAA receptors 
and isolate glutamatergic synaptic transmission, 
before and after application of NPY. Th e mean 
frequency of sEPSCs was signifi cantly decreased by 
NPY application (from 8.6 ± 1.4 Hz during baseline 
to 6.6 ± 1.3 Hz after NPY application, p<0.05, 
Student’s paired t-test, Figure 3C), but their mean 
amplitude was not aff ected (22.8 ± 2.6 pA during 
baseline, 20.1 ± 3.0 after NPY application, p>0.05, 
Student’s paired t-test, Figure 3E). Th e following K-S 
analysis of cumulative fraction of sEPSCs confi rmed 
that the frequency was decreased (increase of IEI, 
p<0.01, Figure 3D) and the amplitude was unaff ected 
(p>0.01, Figure 3F).
Th ese data show that the frequency of sEPSCs 
recorded from PV cells is decreased by NPY, and 
demonstrate that the applied peptide is biologically 
active in our recording conditions. 

A

B

C

gcl

mol

h

biocytin
mCherry

Figure 2. NPY does not alter leIPSCs recorded from granule 
cells in normal animals.
A, Confocal stacks showing immunostaining against biocytin 
(green) and mCherry (red). Cells for leIPSCs recordings 
showed typical mature granule cell morphology. Th e density of 
ChR2(H134R)-mCherry fi bers was highest in the granule cell 
layer, preferential location of PV-positive axons. mol, molecular 
layer; gcl, granule cell layer; h, hilus; scale bar is 100 µm. B, 
Representative traces of leIPSCs recorded from granule cells, 
before (black trace) and after NPY application (gray trace). 
Average of 16 consecutive traces. Th e blue dots represent the 
time of the light pulse application. C, NPY does not aff ect 
the amplitudes of leIPSCs (left, n=5), and the PPF ratio is 
unchanged (right).
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NPY does not affect PV-GC synapses in hyper-
excitable conditions
Since NPY failed to alter PV-GC leIPSCs in normal 
animals, PV terminals onto granule cells may not 
express NPY pre-synaptic receptors. However, the 
expression of NPY and its receptors is highly regulated 
by seizures and hyperexcitable states, and therefore we 
hypothesized that PV-GC synapses might become 
sensitive to NPY in hyperexcitable conditions 
where NPY receptors are up-regulated. To induce 
hyperexcitability, we used a well-characterized rapid 
kindling (RK) protocol, consisting of 40 electrical 
stimulations, one every fi ve minutes (Elmer et al., 
1996; Sorensen et al., 2009), on the same day. During 
the rapid kindling stimulations, animals developed 
behavioral seizures ranging from stage 0 to 5, with an 
average of 13 ± 0.2 stage 3-5 seizures per animal (data 
not shown). Electrophysiological investigations were 
performed four weeks later, at the time point where 
animals have reached the peak of hyperexcitability 
(Elmer et al., 1996).
We then recorded leIPSCs from granule cells in 
the hyperexcitable hippocampus, before and after 
application of NPY. Two brief, 1 ms light pulses 
with 100 ms ISI evoked large amplitude leIPSCs 
in granule cells that exhibited PPD (representative 
traces are shown in Figure 4A). Similarly to what was 
previously seen in normal animals, application of NPY 
did not change the amplitude of neither response of 

the pair (98.5 ± 3.5 % of baseline for the fi rst response, 
97.5 ± 4.7 % for the second response, p>0.05 in both 
cases, Student’s paired t-test, Figure 4B), and did not 
alter the PPD ratio (from 63.6 ± 2.3 during baseline 
to 62.5 ± 1.3 after NPY application, p>0.05, Student’s 
paired t-test, Figure 4B).
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Figure 3. NPY reduces the frequency of sEPSCs recorded from PV cells.
A, Biocytin staining showing the axonal arborization of a PV cell, localized to the granule cell layer and hilus. Insets are showing 
co-localization (bottom) of biocytin (green, top) with tdTomato (red, middle). Scale bars are 100 µm and 10 µm for the insets. B, 
Typical fast-spiking response of a PV cell to a 1 s, 1000 pA depolarizing pulse injected via the patch pipette. C, Th e mean frequency 
of sEPSCs recorded from PV cells is decreased by NPY application (*p<0.05, n=8). D, Cumulative fraction analysis showing an 
increase in the IEIs of sEPSCs after NPY application (dashed line) compared to baseline (solid line, ***p<0.001, n=8). E-F, Mean 
amplitude and cumulative fraction analysis of sEPSCs amplitudes before and after NPY application do not reveal signifi cant 
diff erences.
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Figure 4. NPY does not aff ect PV-GC leIPSCs in 
hyperexcitable animals.
A, Representative traces of leIPSCs recorded from granule 
cells, before (black trace) and after NPY application (gray trace). 
Average of 16 consecutive traces. Th e blue dots represent the 
time of the 1 ms light pulse application. B, NPY does not aff ect 
the amplitudes of leIPSCs (left, n=8), and the PPF ratio is 
unchanged (right).
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Th ese data demonstrate that NPY does not aff ect 
PV-GC synapses in hyperexcitable conditions, and 
indicate that PV terminals onto granule cells might 
not express pre-synaptic NPY receptors.

Hyper-excitability increases GABA release at 
PV-GC synapses
Th e second objective of this study was to investigate 
whether hyperexcitable conditions alone could alter 
the properties of PV-GC synapses. We recorded 
from granule cells in both normal and hyperexcitable 
animals, and fi rst stimulated pre-synaptic PV cells 
by paired 1 ms light pulses at 100, 250 and 500 ms 
ISI (representative traces are shown in Figure 5). 
Granule cells were held at -70 mV in voltage clamp 
confi guration, in the presence of NBQX and D-AP5 
to block glutamate receptors and pharmacologically 
isolate GABAA-mediated currents. To investigate 
short-term plasticity at PV-GC synapses, and more 
specifi cally GABA release probability (Pr) (Baldelli et 
al., 2005), we analyzed the PPD ratio at the diff erent 
ISI and found no diff erence between the groups (65.7 
± 2.4 % in control and 63.2 ± 1.4 in RK animals for 
100 ms ISI, Figure 5A; 63.1 ± 2.0 % in control and 
68.1 ± 2.7 in RK animals for 250 ms ISI, Figure 5B; 
69.9 ± 1.4 % in control and 70.4 ± 3.2 in RK animals 
for 500 ms ISI; p>0.05 in all cases, Student’s un-
paired t-test, Figure 5C). 
Since alterations in paired-pulse ratios are a very crude 
measure of release probability for GABA, and may be 

masked by activation of presynaptic GABAB receptors, 
we sought to adopt repetitive stimulations by trains of 
pulses, which may reveal changes in GABA release 
over longer time due to altered release or changes 
in releasable pool of GABA vesicles. We delivered 
a train of 10 light pulses at 10 Hz (Figure 6B), and 
quantifi ed the extent of depression of each response 
by analyzing the leIPSCn/leIPSC1 ratio. We found 
that the ratio at the 10th stimulation was signifi cantly 
lower in controls compared to RK animals (28.2 ± 5.9 
% in control and 42.9 ± 3.2 in RK animals, p<0.05, 
Student’s un-paired t-test, Figure 6A), but the ratios at 
all other stimulations were not signifi cantly diff erent 
(p>0.05, Student’s un-paired t-test, Figure 6A). We 
speculated that increasing the stimulation frequency, 
and therefore the speed of depression, would unveil 
and strengthen further diff erences between the two 
groups. We then delivered a train of 10 light pulses 
at 20 Hz (Figure 6D), and found that the leIPSCn/
leIPSC1 ratio was signifi cantly decreased in control 
animals compared to RK from the 5th stimulation 
onwards (34.9 ± 4.2 in control and 43.0 ± 1.9 in RK 
for leIPSC5/leIPSC1; 35.7 ± 4.4 in control and 44.1 ± 
2.6 in RK for leIPSC6/leIPSC1; 26.2 ± 4.2 in control 
and 40.2 ± 3.7 in RK for leIPSC7/leIPSC1; 25.4 ± 
4.8 in control and 40.2 ± 3.0 in RK for leIPSC8/
leIPSC1; 25.9 ± 4.6 in control and 39.2 ± 3.1 in RK 
for leIPSC9/leIPSC1; 23.8 ± 3.8 in control and 38.2 ± 
3.1 in RK for leIPSC10/leIPSC1; p<0.05 in all cases, 
Student’s un-paired t-test, Figure 6C).
Taken together, these data indicate increased 
endurance of GABA release in hyperexcitable states.

Discussion
Th e main fi nding of this study shows that synchronous 
GABA release from the PV cell ensembles onto 
granule cells is not altered by NPY in the hyperexcitable 
hippocampus, suggesting that NPY does not directly 
regulate inhibitory inputs from multiple PV cells to 
granule cells in these conditions.  Of particular interest 
is though the discovery of increased endurance of 
GABA release from PV cells in hyperexcitable states of 
the hippocampus induced by recurrent seizures. Such 
strengthening of GABA release at high frequency 
activity may promote synchronization of granule cell 
– PV cell based oscillations in the dentate gyrus, and 
thereby contribute to the generation of seizures. 

Selective stimulation of PV cells
Here we used an optogenetic approach to selectively 
and synchronously stimulate PV cells of the 
hippocampus as an interconnected network, in a way 
that may represent more a physiological pattern of 
hippocampal activity. Such approach has been made 
possible the injection of a Cre-dependent AAV carrying 

Figure 5. Paired-pulse short-term plasticity at PV-GC synapses 
is not aff ected by hyperexcitability.
A-C, Representative traces of leIPSCs evoked by paired blue 
light stimulation (blue dots) with 100 (A), 250 (B) and 500 ms 
(C), in control (orange trace) and RK animals (black trace). Traces 
are average of 16 consecutive responses and normalized to peak 
amplitudes. D-F, the mean PPD ratio at all ISI is not diff erent 
in control and RK animals (p>0.05, n=9 for controls and n=6 
for RK).
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ChR2 in PV-Cre mice. Two subclasses of perisomatic 
interneurons express PV in the hippocampus: basket 
cells and axo-axonic (or chandelier) cells. Basket 
cells innervate an area comprising the cell soma and 
proximal dendrites of target cells, while chandelier cells 
are specialized in innervating the axon initial segment 
of principal cells. It has been previously shown that the 
large amplitude inhibitory post-synaptic potentials 
evoked in pyramidal cells by the stimulation of these 
two cell types are indistinguishable from each other 
(Buhl et al., 1994), and that they share similar spiking 
pattern during gamma oscillations (Tukker et al., 
2007) and theta activity (Klausberger et al., 2003) 
recorded in vivo. However, it has also been reported 
that GABAergic inputs targeting the axon initial 
segment have a more depolarized reversal potential 
compared to those targeting the soma and proximal 
dendrites (Szabadics et al., 2006). Th us, axo-axonic 
cells may fulfi ll a diff erent function as compared to 
PV-basket cells, but this needs further clarifi cations. 
In our experimental conditions, both subclasses 
express ChR2, since recombination is driven by the 
PV promoter, and light stimulation would therefore 
induce action potentials in both basket cells and 
chandelier cells.

Effects of NPY on PV-GC synapses
Inhibitory post-synaptic currents evoked by 
optogenetic stimulation of PV cells ensembles recorded 
from granule cells were not aff ected by NPY in normal 
animals, as well as in animals where hyperexcitability 
was induced by RK.  Th e failure of NPY to aff ect 
inhibitory transmission onto granule cells in the 
normal hippocampus has been described previously 
(Klapstein and Colmers, 1993), though the relatively 
unspecifi c electrical stimulation approach used in the 
previous studies could have masked possible changes 
in specifi c inputs. Here, the optogenetic stimulation 
of selective PV expressing inhibitory neurons did not 
reveal any eff ect of NPY on these synaptic inputs 
either. Low biological activity of the applied peptide 
does not seem to be a likely explanation, since NPY 
could effi  ciently decrease sEPSCs recorded from PV 
cells. Th erefore, lack of expression of NPY receptors in 
PV-GC presynaptic terminals could account for the 
absence of NPY eff ect. Among all NPY receptors, Y1 
and Y2 are the most abundant in the hippocampus, 
and NPY acting via Y2 receptors have been already 
shown to modulate GABAergic transmission in the 
dentate gyrus (Ledri et al., 2011). Although moderate 
levels of Y2 expression have been demonstrated in 

Figure 6. Hyperexcitability reduces the degree of PV-GC leIPSCs depression during sustained stimulation.
A-B, XY plots summarizing leIPSCs recorded from granule cells evoked by trains of 10 light pulses at 10 (A) and 20 Hz (B), in 
control (orange trace) and RK animals (black trace). Th e ratio between the amplitude of any given response in the train and the fi rst 
(leIPSCn/leIPSC1) is plotted against the response number. Th e degree of leIPSC depression is reduced in RK animals (*p<0.05, 
n=9 for controls and n=6 for RK). C-D, Representative traces showing leIPSCs evoked by trains of light pulses (blue dots) at 10 (C) 
and 20 Hz (D), in control (orange trace) and RK (black trace) animals. Traces are averages of 20 consecutive responses and normalized 
to peak amplitudes.
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the granule cell layer of the hippocampus (Stanic 
et al., 2006), the area where most PV cell axons are 
present, our present data suggest that cell types other 
than PV might be responsible for Y2 expression, e.g. 
CCK-basket cells. Nevertheless, despite the fact that 
NPY does not aff ect PV-GC synapses directly, its 
modulation of incoming aff erent excitatory synapses 
onto PV cells might alter their excitability and 
therefore potentially infl uence overall inhibition of 
granule cells.

Hyperexcitability enhances GABA release at 
PV-GC synapses
Th e second fi nding of this study is increased 
endurance of GABA release from PV-GC synapses 
in hyperexcitable conditions during high frequency 
optogenetic stimulations. Some insights on basic release 
mechanisms of GABA, such as release probability 
(Pr), can be obtained by measuring the ratio between 
two responses evoked by paired stimulation with brief 
(50-800 ms) ISI (Baldelli et al., 2005). We found no 
diff erences in PPD of leIPSCs at 100, 250 and 500 
ms ISI between RK and control animals, indicating 
that Pr of GABA is not altered by hyperexcitable 
conditions. Another measure of effi  cacy of GABA 
release is usually obtained by analyzing the amplitude 
and degree of depression of 10 or more consecutive 
responses at 10-50 Hz (Baldelli et al., 2005; Heff t 
and Jonas, 2005). At a stimulation frequency of 10 
Hz, we found that only leIPSC10/leIPSC1 was 
diff erent between controls and RK animals, but 
stimulating PV cells at 20 Hz unveiled an increase 
in the leIPSCn/leIPSC1 from the 5th stimulation 
onwards, indicating that, during periods of sustained 
high frequency activity in hyperexcitable conditions, 
PV cells respond with increased GABA release over 
time of stimulation. Th is fi nding suggests that the 
readily released pool (RRP) of GABA may be higher 
in hyperexcitable animals. However, quantifying RRP 
is not possible in our conditions, since the amplitudes 
of leIPSCs cannot be directly compared between 
diff erent recordings. Th e amplitude of a given leIPSC 
is directly proportional to the number of pre-synaptic 
PV cells or their fi bers activated by the light pulses, 
which is to some extent dependent on the precision 
and effi  ciency of viral infection in the particular slice 
and is not quantifi able.
A possible explanation underlying the increased 
GABA release observed here during repetitive 
stimulation could be an increased expression of 
ChR2 in RK animals compared to controls. After 
Cre-mediated recombination, which reaches the 
maximum at 7 days from viral injection (Kaspar et al., 
2002), the expression levels of ChR2 are controlled 
by the strength of the EF1a promoter, therefore 

diff erences in the expression of PV, and consequently 
activity of PV promoter, would not account for a 
change in ChR2 expression. Moreover, expression of 
PV seems to be decreased rather than increased in 
animal models of epilepsy and tissue from epilepsy 
patients (Sloviter et al., 2003; Wittner et al., 2005), 
and a hyperexcitability-mediated modulation of the 
strength of the general EF1a promoter seems unlikely, 
although it cannot be completely excluded.
An alternative explanation could be due to diff erences 
in GABAB receptor expression between controls and 
kindled animals. In fact, activation of pre-synaptic 
GABAB receptors induces inhibition of GABA 
release, and selective blockade of GABAB receptors 
reduces PPD (Davies et al., 1990), therefore decreased 
levels of GABAB receptor expression in RK animals 
could be responsible for the decreased depression of 
leIPSCs observed here during repetitive stimulations. 
Although GABAB receptor expression is highly 
modulated by seizures (Furtinger et al., 2003a; 
Furtinger et al., 2003b; Straessle et al., 2003), they 
are not expressed by PV cell terminals (Sloviter et al., 
1999), and therefore it seems unlikely that changes 
in GABAB expression could explain the diff erence 
in leIPSCs depression at high frequencies described 
here.
Th e present fi ndings seem to be in contrast with what 
was previously described in the pilocarpine model of 
epilepsy, where transmission at PV-GC synapses has 
been shown to be impaired, as measured by a trend 
towards decreased RRP and increased failure rate 
using paired recordings between PV-basket cell and 
granule cell (Zhang and Buckmaster, 2009). However, 
the diff erences in design of the two studies might 
explain this controversy. First, systemic pilocarpine 
injection produces high levels of cell death and 
infl ammation (Voutsinos-Porche et al., 2004), along 
with hyperthermia and ischemic damage (Fabene 
et al., 2007), and therefore alterations in synaptic 
transmission observed in this model might not only be 
dependent on increased excitability. On the contrary, 
the RK model used here induces hyperexcitability 
with minimal cell death and infl ammation (Wood 
et al., 2011). Second, paired recordings only allow 
to study the interaction between two cells, while the 
optogenetic approach used here permits to investigate 
the eff ect of stimulating the entire PV ensemble, in 
a more physiological, and more sensitive manner 
(Galarreta and Hestrin, 1999).

Functional implications
Here we show that hyperexcitability induces an 
increase in GABA release endurance at PV-GC 
synapses during sustained activity. Th is observation 
might result in two possible scenarios. (i) Overall 
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inhibitory drive of granule cells seems to be 
decreased in animal models of epilepsy, as measured 
by a decrease in the frequency of spontaneous and 
miniature IPSCs (Kobayashi and Buckmaster, 2003; 
Jakubs et al., 2006), but new evidence suggests that 
perisomatic inhibitory input is preserved, and that PV 
cells might be resistant to seizure-induced cell death 
(Wyeth et al., 2010). Th erefore, increased GABA 
release from PV cells could partially respond to the 
loss of inhibition from other cell types and counteract 
the increased excitability of the network.
(ii) On the other hand, inhibitory action exerted 
by GABA is not the only mechanism by which 
inhibitory interneurons could regulate epileptiform 
activity and seizures (Avoli and de Curtis, 2011). 
Due to the strategic location of their inhibitory 
synapses, onto the soma, proximal dendrites and 
axon initial segment of principal cells, perisomatic 
interneurons are highly suited to control synchrony 
of principal cells ensembles. Th erefore, an increased 
GABA release from PV cells onto granule cells would 
consequently support more effi  cient synchronization 
of high number of granule cells, and promote the 
development of epileptiform discharges. In addition, 
collaterals of aberrant sprouted mossy fi bers, that 
develop in hyperexcitable environments (Elmer et al., 
1996; Nadler, 2003), make synaptic contacts with both 
granule cells and PV cells (Kotti et al., 1997; Sloviter 
et al., 2006), and might further increase the intrinsic 
resonance of the oscillatory network.

References
Atasoy D, Aponte Y, Su HH, Sternson SM (2008) A FLEX 

switch targets Channelrhodopsin-2 to multiple cell types for 
imaging and long-range circuit mapping. J Neurosci 28:7025-
7030.

Avoli M, de Curtis M (2011) GABAergic synchronization in the 
limbic system and its role in the generation of epileptiform 
activity. Progress in neurobiology 95:104-132.

Baldelli P, Hernandez-Guijo JM, Carabelli V, Carbone E (2005) 
Brain-derived neurotrophic factor enhances GABA release 
probability and nonuniform distribution of N- and P/Q-type 
channels on release sites of hippocampal inhibitory synapses. 
J Neurosci 25:3358-3368.

Bausch SB (2005) Axonal sprouting of GABAergic interneurons 
in temporal lobe epilepsy. Epilepsy & behavior : E&B 7:390-
400.

Bischofberger J, Engel D, Li L, Geiger JR, Jonas P (2006) Patch-
clamp recording from mossy fi ber terminals in hippocampal 
slices. Nat Protoc 1:2075-2081.

Blasco-Ibanez JM, Martinez-Guijarro FJ, Freund TF (2000) 
Recurrent mossy fi bers preferentially innervate parvalbumin-
immunoreactive interneurons in the granule cell layer of the 
rat dentate gyrus. Neuroreport 11:3219-3225.

Boyden ES, Zhang F, Bamberg E, Nagel G, Deisseroth K (2005) 
Millisecond-timescale, genetically targeted optical control of 
neural activity. Nature neuroscience 8:1263-1268.

Buhl EH, Halasy K, Somogyi P (1994) Diverse sources of 
hippocampal unitary inhibitory postsynaptic potentials and 

the number of synaptic release sites. Nature 368:823-828.
Cardin JA, Carlen M, Meletis K, Knoblich U, Zhang F, Deisseroth 

K, Tsai LH, Moore CI (2009) Driving fast-spiking cells 
induces gamma rhythm and controls sensory responses. 
Nature 459:663-667.

Cobb SR, Buhl EH, Halasy K, Paulsen O, Somogyi P (1995) 
Synchronization of neuronal activity in hippocampus by 
individual GABAergic interneurons. Nature 378:75-78.

Davies CH, Davies SN, Collingridge GL (1990) Paired-pulse 
depression of monosynaptic GABA-mediated inhibitory 
postsynaptic responses in rat hippocampus. Th e Journal of 
physiology 424:513-531.

Elmer E, Kokaia M, Kokaia Z, Ferencz I, Lindvall O (1996) 
Delayed kindling development after rapidly recurring seizures: 
relation to mossy fi ber sprouting and neurotrophin, GAP-43 
and dynorphin gene expression. Brain Res 712:19-34.

Eslamboli A, Georgievska B, Ridley RM, Baker HF, Muzyczka N, 
Burger C, Mandel RJ, Annett L, Kirik D (2005) Continuous 
low-level glial cell line-derived neurotrophic factor delivery 
using recombinant adeno-associated viral vectors provides 
neuroprotection and induces behavioral recovery in a primate 
model of Parkinson’s disease. J Neurosci 25:769-777.

Fabene PF, Merigo F, Galie M, Benati D, Bernardi P, Farace 
P, Nicolato E, Marzola P, Sbarbati A (2007) Pilocarpine-
induced status epilepticus in rats involves ischemic and 
excitotoxic mechanisms. PloS one 2:e1105.

Ferezou I, Cauli B, Hill EL, Rossier J, Hamel E, Lambolez B 
(2002) 5-HT3 receptors mediate serotonergic fast synaptic 
excitation of neocortical vasoactive intestinal peptide/
cholecystokinin interneurons. J Neurosci 22:7389-7397.

Freedman R, Wetmore C, Stromberg I, Leonard S, Olson L (1993) 
Alpha-bungarotoxin binding to hippocampal interneurons: 
immunocytochemical characterization and eff ects on growth 
factor expression. J Neurosci 13:1965-1975.

Freund TF (2003) Interneuron Diversity series: Rhythm and 
mood in perisomatic inhibition. Trends in neurosciences 
26:489-495.

Freund TF, Katona I (2007) Perisomatic inhibition. Neuron 
56:33-42.

Furtinger S, Bettler B, Sperk G (2003a) Altered expression of 
GABAB receptors in the hippocampus after kainic-acid-
induced seizures in rats. Brain research Molecular brain 
research 113:107-115.

Furtinger S, Pirker S, Czech T, Baumgartner C, Sperk G (2003b) 
Increased expression of gamma-aminobutyric acid type B 
receptors in the hippocampus of patients with temporal lobe 
epilepsy. Neurosci Lett 352:141-145.

Galarreta M, Hestrin S (1999) A network of fast-spiking cells 
in the neocortex connected by electrical synapses. Nature 
402:72-75.

Gobbi M, Gariboldi M, Piwko C, Hoyer D, Sperk G, Vezzani 
A (1998) Distinct changes in peptide YY binding to, and 
mRNA levels of, Y1 and Y2 receptors in the rat hippocampus 
associated with kindling epileptogenesis. Journal of 
neurochemistry 70:1615-1622.

Gruber B, Greber S, Rupp E, Sperk G (1994) Diff erential NPY 
mRNA expression in granule cells and interneurons of the rat 
dentate gyrus after kainic acid injection. Hippocampus 4:474-
482.

Gulyas AI, Megias M, Emri Z, Freund TF (1999) Total number 
and ratio of excitatory and inhibitory synapses converging 
onto single interneurons of diff erent types in the CA1 area of 
the rat hippocampus. J Neurosci 19:10082-10097.

Heff t S, Jonas P (2005) Asynchronous GABA release generates 
long-lasting inhibition at a hippocampal interneuron-
principal neuron synapse. Nature neuroscience 8:1319-1328.

Hippenmeyer S, Vrieseling E, Sigrist M, Portmann T, Laengle 



132 Paper III

Manuscript

12

C, Ladle DR, Arber S (2005) A developmental switch in 
the response of DRG neurons to ETS transcription factor 
signaling. PLoS biology 3:e159.

Jakubs K, Nanobashvili A, Bonde S, Ekdahl CT, Kokaia Z, 
Kokaia M, Lindvall O (2006) Environment matters: synaptic 
properties of neurons born in the epileptic adult brain develop 
to reduce excitability. Neuron 52:1047-1059.

Kaspar BK, Vissel B, Bengoechea T, Crone S, Randolph-Moore 
L, Muller R, Brandon EP, Schaff er D, Verma IM, Lee KF, 
Heinemann SF, Gage FH (2002) Adeno-associated virus 
eff ectively mediates conditional gene modifi cation in the 
brain. Proceedings of the National Academy of Sciences of 
the United States of America 99:2320-2325.

Katona I, Sperlagh B, Sik A, Kafalvi A, Vizi ES, Mackie K, 
Freund TF (1999) Presynaptically located CB1 cannabinoid 
receptors regulate GABA release from axon terminals of 
specifi c hippocampal interneurons. J Neurosci 19:4544-4558.

Klapstein GJ, Colmers WF (1993) On the sites of presynaptic 
inhibition by neuropeptide Y in rat hippocampus in vitro. 
Hippocampus 3:103-111.

Klausberger T, Magill PJ, Marton LF, Roberts JD, Cobden PM, 
Buzsaki G, Somogyi P (2003) Brain-state- and cell-type-
specifi c fi ring of hippocampal interneurons in vivo. Nature 
421:844-848.

Kobayashi M, Buckmaster PS (2003) Reduced inhibition of 
dentate granule cells in a model of temporal lobe epilepsy. Th e 
Journal of neuroscience : the offi  cial journal of the Society for 
Neuroscience 23:2440-2452.

Kofl er N, Kirchmair E, Schwarzer C, Sperk G (1997) Altered 
expression of NPY-Y1 receptors in kainic acid induced 
epilepsy in rats. Neurosci Lett 230:129-132.

Kotti T, Riekkinen PJ, Sr., Miettinen R (1997) Characterization of 
target cells for aberrant mossy fi ber collaterals in the dentate 
gyrus of epileptic rat. Exp Neurol 146:323-330.

Kraushaar U, Jonas P (2000) Effi  cacy and stability of quantal 
GABA release at a hippocampal interneuron-principal 
neuron synapse. J Neurosci 20:5594-5607.

Ledri M, Sorensen AT, Erdelyi F, Szabo G, Kokaia M (2011) 
Tuning aff erent synapses of hippocampal interneurons by 
neuropeptide Y. Hippocampus 21:198-211.

Madisen L, Zwingman TA, Sunkin SM, Oh SW, Zariwala HA, 
Gu H, Ng LL, Palmiter RD, Hawrylycz MJ, Jones AR, Lein 
ES, Zeng H (2010) A robust and high-throughput Cre 
reporting and characterization system for the whole mouse 
brain. Nature neuroscience 13:133-140.

Marksteiner J, Ortler M, Bellmann R, Sperk G (1990) 
Neuropeptide Y biosynthesis is markedly induced in mossy 
fi bers during temporal lobe epilepsy of the rat. Neurosci Lett 
112:143-148.

McQuiston AR, Colmers WF (1996) Neuropeptide Y2 receptors 
inhibit the frequency of spontaneous but not miniature 
EPSCs in CA3 pyramidal cells of rat hippocampus. Journal of 
neurophysiology 76:3159-3168.

Miles R, Toth K, Gulyas AI, Hajos N, Freund TF (1996) 
Diff erences between somatic and dendritic inhibition in the 
hippocampus. Neuron 16:815-823.

Nadler JV (2003) Th e recurrent mossy fi ber pathway of the 
epileptic brain. Neurochemical research 28:1649-1658.

Nagel G, Brauner M, Liewald JF, Adeishvili N, Bamberg E, 
Gottschalk A (2005) Light activation of channelrhodopsin-2 
in excitable cells of Caenorhabditis elegans triggers rapid 
behavioral responses. Current biology : CB 15:2279-2284.

Porter JT, Cauli B, Tsuzuki K, Lambolez B, Rossier J, Audinat 
E (1999) Selective excitation of subtypes of neocortical 
interneurons by nicotinic receptors. J Neurosci 19:5228-5235.

Racine RJ (1972) Modifi cation of seizure activity by electrical 
stimulation. II. Motor seizure. Electroencephalogr Clin 

Neurophysiol 32:281-294.
Schwarzer C, Kofl er N, Sperk G (1998) Up-regulation of 

neuropeptide Y-Y2 receptors in an animal model of temporal 
lobe epilepsy. Mol Pharmacol 53:6-13.

Sloviter RS, Zappone CA, Harvey BD, Frotscher M (2006) Kainic 
acid-induced recurrent mossy fi ber innervation of dentate 
gyrus inhibitory interneurons: possible anatomical substrate 
of granule cell hyper-inhibition in chronically epileptic rats. 
Th e Journal of comparative neurology 494:944-960.

Sloviter RS, Ali-Akbarian L, Elliott RC, Bowery BJ, Bowery NG 
(1999) Localization of GABA(B) (R1) receptors in the rat 
hippocampus by immunocytochemistry and high resolution 
autoradiography, with specifi c reference to its localization 
in identifi ed hippocampal interneuron subpopulations. 
Neuropharmacology 38:1707-1721.

Sloviter RS, Zappone CA, Harvey BD, Bumanglag AV, Bender 
RA, Frotscher M (2003) “Dormant basket cell” hypothesis 
revisited: relative vulnerabilities of dentate gyrus mossy 
cells and inhibitory interneurons after hippocampal status 
epilepticus in the rat. Th e Journal of comparative neurology 
459:44-76.

Sohal VS, Zhang F, Yizhar O, Deisseroth K (2009) Parvalbumin 
neurons and gamma rhythms enhance cortical circuit 
performance. Nature 459:698-702.

Somogyi P, Klausberger T (2005) Defi ned types of cortical 
interneurone structure space and spike timing in the 
hippocampus. Th e Journal of physiology 562:9-26.

Sorensen AT, Nikitidou L, Ledri M, Lin EJ, During MJ, Kanter-
Schlifke I, Kokaia M (2009) Hippocampal NPY gene transfer 
attenuates seizures without aff ecting epilepsy-induced 
impairment of LTP. Exp Neurol 215:328-333.

Stanic D, Brumovsky P, Fetissov S, Shuster S, Herzog H, Hokfelt 
T (2006) Characterization of neuropeptide Y2 receptor 
protein expression in the mouse brain. I. Distribution in 
cell bodies and nerve terminals. Th e Journal of comparative 
neurology 499:357-390.

Straessle A, Loup F, Arabadzisz D, Ohning GV, Fritschy JM 
(2003) Rapid and long-term alterations of hippocampal 
GABAB receptors in a mouse model of temporal lobe 
epilepsy. Th e European journal of neuroscience 18:2213-2226.

Szabadics J, Varga C, Molnar G, Olah S, Barzo P, Tamas G (2006) 
Excitatory eff ect of GABAergic axo-axonic cells in cortical 
microcircuits. Science 311:233-235.

Traub RD, Kopell N, Bibbig A, Buhl EH, LeBeau FE, 
Whittington MA (2001) Gap junctions between interneuron 
dendrites can enhance synchrony of gamma oscillations in 
distributed networks. J Neurosci 21:9478-9486.

Traub RD, Pais I, Bibbig A, Lebeau FE, Buhl EH, Garner H, 
Monyer H, Whittington MA (2005) Transient depression 
of excitatory synapses on interneurons contributes to 
epileptiform bursts during gamma oscillations in the mouse 
hippocampal slice. Journal of neurophysiology 94:1225-1235.

Tukker JJ, Fuentealba P, Hartwich K, Somogyi P, Klausberger T 
(2007) Cell type-specifi c tuning of hippocampal interneuron 
fi ring during gamma oscillations in vivo. J Neurosci 27:8184-
8189.

Vezzani A, Sperk G, Colmers WF (1999) Neuropeptide Y: 
emerging evidence for a functional role in seizure modulation. 
Trends in neurosciences 22:25-30.

Voutsinos-Porche B, Koning E, Kaplan H, Ferrandon A, 
Guenounou M, Nehlig A, Motte J (2004) Temporal patterns 
of the cerebral infl ammatory response in the rat lithium-
pilocarpine model of temporal lobe epilepsy. Neurobiology of 
disease 17:385-402.

Wittner L, Eross L, Czirjak S, Halasz P, Freund TF, Magloczky 
Z (2005) Surviving CA1 pyramidal cells receive intact 
perisomatic inhibitory input in the human epileptic 



Paper III      133

Manuscript

13

hippocampus. Brain : a journal of neurology 128:138-152.
Wittner L, Magloczky Z, Borhegyi Z, Halasz P, Toth S, Eross 

L, Szabo Z, Freund TF (2001) Preservation of perisomatic 
inhibitory input of granule cells in the epileptic human 
dentate gyrus. Neuroscience 108:587-600.

Wood JC, Jackson JS, Jakubs K, Chapman KZ, Ekdahl CT, Kokaia 
Z, Kokaia M, Lindvall O (2011) Functional integration of 
new hippocampal neurons following insults to the adult brain 

is determined by characteristics of pathological environment. 
Exp Neurol 229:484-493.

Wyeth MS, Zhang N, Mody I, Houser CR (2010) Selective 
reduction of cholecystokinin-positive basket cell innervation 
in a model of temporal lobe epilepsy. J Neurosci 30:8993-
9006.

Zhang W, Buckmaster PS (2009) Dysfunction of the dentate 
basket cell circuit in a rat model of temporal lobe epilepsy. J 
Neurosci 29:7846-7856.


