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Abstract 
Spatiotemporal coordination of neuronal activity is a fundamental principle underlying 

cognitive functions such as working memory and decision making. GABAergic interneurons 

providing tightly controlled synaptic inputs at millisecond precision onto distinct subcellular 

domains of pyramidal neurons are key to synchronise brain activity. 

By performing in vivo extracellular recording followed by juxtacellular labelling in the medial 

prefrontal cortex of anaesthetised rats, I have demonstrated that PV expressing basket and 

axo-axonic cells display distinct spike timing during cortical slow oscillations. Moreover, I 

have shown that basket, but not axo-axonic cells are temporally correlated with the 

occurrence of thalamocortical sleep spindles suggesting a pivotal role of basket cells in the 

generation of prefrontal spindle oscillations. 

Anaesthetised animals have been proven useful as a model for a number of different 

network states of the drug-free brain and yet always have limited potential interpretations. 

Therefore, I started employing juxtacellular recordings in freely-moving rats. In the dorsal 

CA1 region of the rodent hippocampus I contributed in showing that PV expressing basket, 

but not Ivy cells dynamically change their firing activity during different behavioural states. 

Encouraged not only by the spike timing specificity of identified prefrontal interneurons 

observed in my previous project, but also by a number of recent studies pointing at their cell 

type specific cognitive implications, I started to apply freely-moving juxtacellular recordings 

to rats performing a behavioural paradigm engaging working memory and decision making. I 

have shown that the firing activity of PV expressing interneurons in the prelimbic cortex is 

modulated by the different aspects of a working memory task. I have found heterogeneity 

among PV expressing interneurons that correlated with the layer-specific axo-dendritic 

arborisation of some of the cells.  

Altogether, the findings presented in this thesis indicate that distinct types of GABAergic 

interneuron in the medial prefrontal cortex contribute to network oscillations, behavioural and 

cognitive states in a distinct manner. 

 

Zusammenfassung 
Die räumliche und zeitliche Koordination neuronaler Aktivität ist ein grundlegendes Prinzip 

kognitiver Prozesse wie Kurzzeitgedächtnis oder Entscheidungsfindung. GABAerge 

Interneurone mit ihrer zeitlich präzise kontrollierten synaptischen Transmitterfreisetzung auf 

spezifische subzelluläre Bereiche der Membran von Pyramidalneuronen sind der Schlüssel 

zum Verständnis synchronisierter Gehirnaktivität. 

Mittels in vivo extrazellulärer Aufnahmen gefolgt von juxtazellulärer Zellfärbung im medialen 

präfrontalen Kortex narkotisierter Ratten habe ich gezeigt, dass Parvalbumin expremierende 

Korbzellen und Axo-axonic Zellen unterschiedliche Feueraktivitäten während kortikaler 1Hz-
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Oszillationen besitzen. Außerdem weisen meine Daten darauf hin, dass die Aktivität von 

Korbzellen, nicht aber von Axo-axonic Zellen zeitlich mit dem Auftreten von Schlafspindeln, 

ein EEG-Signal charakteristisch für bestimmte Schlafphasen, korreliert. 

Experimente mit anästhesierten Tieren haben sich als Modell für eine Reihe verschiedener 

Netzwerkoszillationen des wachen Gehirns bewährt, doch ist das Interpretationspotential der 

daraus resultierenden Daten immer durch etwaige Effekte der Anästhesie selbst beschränkt 

geblieben. Daher habe ich begonnen juxtazelluläre Aufnahmen in frei beweglichen Ratten 

durchzuführen. In der CA1 Region des dorsalen Hippocampus habe ich dazu beigetragen 

nachzuweisen, dass sich die Aktivität von Parvalbumin expremierende Korbzellen abhängig 

vom Verhalten der Ratte dynamisch verändert. Wie wir gezeigt haben, steht das im 

Gegensatz zur Aktivität von so genannten Ivy-Zellen, die ihre Aktionspotentialsfrequenz 

während unterschiedlicher Verhaltenszustände konstant halten und stattdessen vermutlich 

eine bedeutende Rolle in der Aufrechterhaltung der Homöostase des neuronalen 

Netzwerkes inne haben. 

Nicht nur durch die im vorhergegangenen Projekt beobachtete Spezifizität der Aktivität 

bestimmter Interneurone, sondern auch durch die steigende Anzahl aktueller Studien, die 

auf eine Zelltypen-spezifische Beteiligung an kognitiven Prozessen hinweisen, habe ich mich 

dazu entschlossen juxtazelluläre Aufnahmen an Ratten durchzuführen, die gelernt haben 

eine Gedächtnisaufgabe zu meistern. Durch diese Experimente wird es mir möglich sein, die 

Aktivität von identifizierten Interneuron-Typen mit bestimmten kognitiven Prozessen zu 

korrelieren. Bisher zeigen meine Resultate, dass die Aktivität von Parvalbumin 

expremierenden Interneuronen durch bestimmte Aspekte der Gedächtnisaufgabe beeinflusst 

wird. Wichtig ist dabei darauf hinzuweisen, dass ich unter den bisher analysierten 

Aktivitätsmustern Heterogenität festgestellt habe, die zum Teil mit bestimmten 

Eigenschaften der Neurone, wie axo-dendritische Verästelungen in bestimmten kortikalen 

Schichten, übereinstimmt.  

Insgesamt weisen die Ergebnisse meiner Arbeit darauf hin, dass verschiedenen Typen von 

GABAergen Interneuronen im medialen präfrontalen Kortex an Netzwerkoszillationen und 

kognitiven Prozessen in spezifischer Weise beteiligt sind.  
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1. Introduction 

The mammalian nervous system evolved to allow flexible adaptations to ever changing 

environmental conditions. In order to achieve that, the central nervous system needs to 

integrate information across long time spans lasting from past memories to present 

perceptions, ultimately leading to appropriate future actions. Such goal-directed behaviour 

crucially depends on the extraction, maintenance and integration of goal-relevant 

information. In the mammalian brain one of the cure structures fulfilling this task is the 

prefrontal cortex. 

 
1.1. The prefrontal cortex 
The mammalian cerebral cortex is structured in a hierarchical way. Primary sensory and 

motor areas positioned at the bottom of the system serving modality specific functions. 

Areas that are increasingly higher positioned within the hierarchical system of the cortex and 

that evolved phylogenetically later serve increasingly more integrative functions. Positioned 

at the highest level of cortical hierarchy the prefrontal cortex is dedicated to the temporal 

integration of perceptions and actions necessary to support goal-directed behaviour (Fuster, 

2001).  

According to the cytoarchitectonic map of Brodmann the prefrontal cortex of primates 

comprises of the areas 8-13, 24, 32, 46 and 47 (Brodmann 1909) and it is the association 

cortex of the frontal lobe. The prefrontal cortex belongs in both humans and other primates 

to one of the late developing cortical regions reaching its full maturation only after 

adolescence. This goes in line with its high order behavioural correlates. Within the human 

brain the prefrontal cortex underwent the largest relative growth constituting roughly one 

third of the neocortex (Fuster, 2001). 

Cortical differentiation and specialisation are strongly dependent on thalamocortical 

projections. Therefore, thalamocortical projections to specific cortical areas have been used 

as classification criteria for the cerebral cortex. In case of the prefrontal cortex, though a 

variety of different thalamic nuclei give rise to projections to the prefrontal cortex, the vast 

majority of reciprocal projections originate from the mediodorsal thalamic nucleus 

(Groenewegen, 1988; Krettek & Price, 1977; Uylings & van Eden, 1990). 

Macroscopically the prefrontal cortex is organised in vertical columns and horizontal layers. 

Columns consist of neurons that can collaborate by sharing the response to a specific stimuli 

(Hubel & Wiesel, 1962) and in rodents a cortical column contains about 7500 neurons 

(Beaulieu, 1993; Ren et al, 1992). The diameter of a cortical column is typically defined by 

the horizontal extend of the axo-dendritic arbours of the pyramidal cells within the column 

and on average spans between 300 and 500µm (Wang et al, 2004). In general the 
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neocortex comprises of 6 layers. However, some cortical regions, including the prefrontal 

cortex, are devoid of layer 4 and are therefore called agranular cortices. The rodent 

prefrontal cortex can be separated in 3 agranular regions: the orbital, insular and medial part 

of the frontal cerebral hemisphere. The medial prefrontal cortex can be then further 

subdivided from dorsal to ventral into the anterior cingulate, prelimbic, infralmbic and medial 

orbitofrontal cortex (Gabbott et al, 1997). 

Based on comparative studies of thalamic inputs, the rodent pre- and infralimbic cortices are 

analogoues to the human dorsal anterior cingulate cortex, specifically to Brodmann areas 32 

and 25 (Gass & Chandler, 2013). However, lesion studies have indicated that the rodent 

medial prefrontal cortex carries primate orbital-like features (i.e. socioaffective behaviour), 

primate cingulate-like features (i.e. visceromotor behaviour) and primate dorsolateral-like 

features (i.e. working memory) alike (Uylings et al, 2003). 

 

1.1.1. Afferent projections to the medial prefrontal cortex 
Common afferent projections to all parts of the medial prefrontal cortex arise from the basal 

forebrain, thalamus, amygdala, dorsal raphe nucleus, locus coeruleus and ventral tegmental 

area (Hoover & Vertes, 2007), which is the major source of dopaminergic input to the medial 

prefrontal cortex (Kalsbeek et al, 1987). Importantly, the dopaminergic projection fields of the 

ventral tegmental area mainly restricted to the prefrontal and entorhinal cortex (Carr & 

Sesack, 2000a; Carr & Sesack, 2000b). 

Using retrograde tracing techniques it has been shown that afferent projections to the medial 

prefrontal cortex change along the dorsoventral axis. In particular, the anterior cingulate 

cortex receives inputs mainly from cortical areas and associated thalamic nuclei that 

represent sensory modalities. On the contrary, the prelimbic and infralimbic cortex receive 

significantly less sensorimotor related, but more input from areas associated with the limbic 

system including the entorhinal cortex and hippocampus.  

Several other tracing studies have shown that both pyramidal neurons and PV expressing 

interneurons in the medial prefrontal cortex receive monosynaptic input from the ventral CA1 

region of the hippocampus and subiculum (Gabbott et al, 2002; Jay & Witter, 1991; 

Swanson, 1981). Electrical stimulation in the hippocampus reporting early fixed latency 

EPSPs in most pyramidal neurons (Degenetais et al, 2003; Tierney et al, 2004) and short 

latency excitatory responses in interneurons (Tierney et al, 2004). Additionally, prefrontal 

pyramidal neurons and PV expressing basket cells have been found to fire at the same theta 

phase as ventral CA1 pyramidal neurons, namely at the peak of the dorsal CA1 theta 

oscillation (Hartwich et al, 2009). Altogether these findings support the monosynaptic 

connectivity between hippocampus and prefrontal cortex. 
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In contrast to the ventral hippocampus, which recently has been implicated in routing fear 

information to the prefrontal cortex (Courtin et al, 2014), the dorsal hippocampus is 

predominantly involved in spatial memory (Moser & Moser, 1998). However, as the presence 

of monosynaptic connections from the dorsal hippocampus to the prefrontal cortex is much 

less pronounced than for the ventral hippocampus, the dorsal hippocampus-prefrontal cortex 

information routing is not entirely clear. Nevertheless, studies in anaesthetised (Klausberger 

et al, 2003) and freely-moving rats (Siapas et al, 2005) have shown that prefrontal and 

hippocampal pyramidal neurons preserve a certain phase coupling relationship (peak and 

trough, respectively) independent of the theta oscillation frequency. This led to the 

hypothesis that the dorsal hippocampal-prefrontal communication might be mediated by 

conduction delays (Lubenov & Siapas, 2008) or intermediate structures such as the 

subiculum, entorhinal cortex and thalamus (Hoover & Vertes, 2007) that link inputs, local 

activity and hippocampal theta oscillations, rather than being the result of monosynaptic 

connectivity (Hartwich et al, 2009). 

 

1.1.2. Efferent Projections from the medial prefrontal cortex 
Associational cortico-cortical projections are predominantly formed by pyramidal neurons 

located in layer 2 and 3 of the prefrontal cortex, whereas layer 5 pyramidal neurons mainly 

project to subcortical areas. Thalamic projections mostly arise from layer 6 (Vertes, 2004). 

These differential projection patterns and laminar positions of prefrontal pyramidal neurons is 

also reflected by differences in their gene expression profiles (Watakabe, 2009). 

In contrast to the anterior cingulate cortex, which has been functionally and anatomically 

linked to various motor cortices, pre- and infralimbic cortex have been associated with the 

limbic system. The common targets of pre- and infralimbic cortex involve within the 

neocortex the medial prefrontal cortex, agranular insular cortex, entorhinal cortex and 

piriform cortex. Shared projections are also found in the olfactory forebrain, to various 

thalamic nuclei, mostly to the mediodorsal nucleus of the thalamus, to the caudate putamen, 

locus coeruleus and ventral tegmental area (Gabbott et al, 2005; Vertes, 2004). 

However, despite a large number of shared projections, pre- and infralimbic projections 

distribute very differently in the brain. Using anterograd tracing it has been shown that the 

prelimbic but not the infralimbic cortex sends projections to the nucleus accumbens, 

basolateral nucleus of the amygdala and dorsal raphe nucleus (Vertes, 2004). 

On the contrary exclusive projections from the infralmbic cortex are sent to the medial, 

basomedial and cortical nucleus of the amygdala, to the lateral septum, supramammillary 

nucleus of the hypothalamus and the parabranchial and solitary nucleus of the brainstem. 

Projections to the latter target areas are consistent with the infralimbic cortex being involved 

in the control of autonomic and visceral functions (Vertes, 2004). 



 

4 
 

Though the noradrenergic and serotoninergic inputs from the locus locus coeruleus and the 

dorsal raphe nucleus, respectively, can be widely found over nearly the entire neocortex, the 

dorsolateral prefrontal cortex of primates as well as the medial prefrontal cortex of rats is the 

only cortical regions being reciprocally connected to these brainstem nuclei (Arnsten, 1997; 

Jodo et al, 1998). 

 
1.1.3. Behavioural implications of the medial prefrontal cortex 

The different parts of the medial prefrontal cortex are also implicated in distinct behavioural 

and cognitive functions. The dorsal regions of the medial prefrontal cortex (anterior cingulate 

cortex) are associated with temporal organisation and motor sequencing of behaviour 

(Delatour & Gisquet-Verrier, 2001). In contrast to that, the ventral part (prelimbic and 

infralimbic cortex) is connected with cognitive and emotional processes (Granon et al, 1998; 

Granon & Poucet, 1995; Granon et al, 1996; Granon et al, 1994) consistent with its 

anatomical and functional linkage to the limbic system. 

Specifically, the prelimbic cortex has a direct role in cognitive functions comparable to the 

dorsolateral prefrontal cortex of primates (Ongur & Price, 2000). Higher order cognitive 

functions such as goal-directed behaviour, decision-making and working memory are well 

established to be associated with the primate dorsolateral prefrontal cortex (Goldman-Rakic, 

1995; Seamans et al, 1995). A growing number of studies accumulates evidence that the 

rodent medial prefrontal cortex, and especially the prelimbic cortex, is similarly involved in 

cognitive tasks as the primate dorsolateral prefrontal cortex. In rats the prelimbic cortex has 

been associated with behavioural flexibility (Benchenane et al, 2010), temporal ordering of 

spatial and nonspatial events and the organisation and planning of responses (Thierry et al, 

2000), as well as working memory and decision making (Baeg et al, 2003; Fujisawa et al, 

2008; Fujisawa & Buzsaki, 2011; Jones & Wilson, 2005). 

By contrast with the prelimbic cortex, the infralimbic cortex has been reported to strongly 

influence visceromotor and autonomic activities such as respiration, heartbeat, blood 

pressure and gastrointestinal activity (Vertes, 2004). Moreover, neurons in the infralimbic 

cortex, but neither in the prelimbic, nor in the medial orbitofrontal cortex, have been shown to 

fire selectively during the period of fear extinction. It is hypothesised that the increased 

activity in the infralimbic cortex during fear extinction suppresses the central nucleus of the 

amygdala consequently leading to a dampening of the fear response (Milad & Quirk, 2002). 

However, recent studies have been reporting the importance of parvalbumin positive 

interneurons in the dorsomedial prefrontal cortex (cingulate and dorsal prelimbic cortex) for 

the control of fear expression (Courtin et al, 2013) and involvement of the pathway between 

the dorsomedial prefrontal cortex and the ventral hippocampus for anxiety-related behaviour 

(Adhikari et al, 2011). Such control over fear responses might originate from specific 



 

5 
 

projections from the mediodorsal prefrontal cortex to the basolateral nucleus of the 

amygdala, a nucleus that encodes traces of associative fear (Knapska et al, 2012; LeDoux, 

2000; Pape & Pare, 2010). 

 
1.1.4. Working memory and the prefrontal cortex 
Working memory comprises of a set of elementary cognitive processes including not only the 

short term maintenance of memory but also the temporal organisation, internal manipulation 

and preparation of information serving the planning and execution of future goal-directed 

behaviour (Baddeley, 2003). 

Neurons in the dorsolateral prefrontal cortex of monkeys have been shown to fire 

persistently during the delay period of memory guided oculomotor tasks. Therefore these 

cells were described as delay cells. In these tasks a visual cue is briefly presented followed 

by a delay period, when the monkey has to maintain the location of the previously presented 

stimulus. During this period no apparent contaminations by stimulus related sensory inputs 

or goal-relevant motor processing is detectable. Subsequently, in order to receive reward the 

monkey has to make a saccade to the past location of the (Funahashi et al, 1989). The 

sustained firing of prefrontal delay neurons lasts until the generation of the behavioural 

response when the representation of the stimuli is no longer needed (Srimal & Curtis, 2008). 

Specifically, the firing of prefrontal neurons during the delay period is spatially tuned 

meaning that a specific cell responds most strongly to a particular stimulus orientation and 

much less or even inhibited to the opposite stimulus orientation. This phenomenon in the 

primate dorsolateral prefrontal cortex was termed 'memory fields' (Goldman-Rakic, 1995). 

Interestingly, memory fields have not only been observed in pyramidal neurons, but also in 

fast spiking interneurons (Rao et al, 1999). Moreover, the blockade  of GABAergic 

transmission via iontophoretic bicuculline application led to destruction of spatial tuning of 

previously tuned neurons (Rao et al, 2000). Finally, these observations led to the hypothesis 

that the prefrontal cortex of primates might act as a working memory compartment that is 

able to actively keep items of goal related information ready to be used once goal directed 

behaviour can be expressed (Goldman-Rakic, 1995). 

However, recent findings suggest that the persistent activity of prefrontal neurons might not 

underlie high-fidelity representations of a certain working memory content, but of a multitude 

of goal-related variables biasing stimulus specific activity encoded in the sensory cortices 

(Sreenivasan et al, 2014). 

Working memory related information coding has been also reported for the rodent medial 

prefrontal cortex. First, using an eight-arm radial maze, where rats had to learn to visit each 

arm only once and thus to avoid repeated visits, it has been shown that substantial fraction 

of neurons in the medial prefrontal cortex are selectively activated before either the first or 
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second visit irrespective of whether the arms were previously baited with reward or not. This 

has been interpreted as a temporal memory code or as tagging of already visited arms (de 

Saint Blanquat et al, 2010). Supporting the evidence that the rodent prefrontal cortex 

contributes to working memory, it has been reported that the firing activity of single neurons 

as well as the dynamic modulation of monosynaptic interactions predict behavioural choices 

and therefore represent the future goal decision in a cue-place matching task. In contrast to 

the previous studies the cue-place matching task uses non-spatial stimuli (Fujisawa et al, 

2008). However, neurons coding for previous and future goal choices have been also found 

in the medial prefrontal cortex of rats performing a purely spatial working memory task (Baeg 

et al, 2003). Altogether this indicates that working memory in the rodent prefrontal cortex 

might be mediated by sequential activation of different neuronal assemblies. 

Subsequently, performing a similar set of experiments it has been noted that a 4 Hz network 

oscillation in the prefrontal cortex increased and got more coherent with the oscillation in the 

ventral tegmental area specifically during the working memory part of the cue-place 

matching task. This might indicate the implication of the prefrontal/ventral tegmental area 

pathway in processing information important for working memory (Fujisawa & Buzsaki, 

2011). Furthermore, correlated firing and coherence in the theta frequency range between 

the medial prefrontal cortex and the hippocampus have been observed during tasks 

recruiting working memory. These mechanisms might support the routing of spatial 

information from the hippocampus into the network of the prefrontal cortex controlling goal-

directed behaviour (Jones & Wilson, 2005; Sigurdsson et al, 2010). 

 

1.2. Cell types in the neocortex 
Neurons in the mammalian neocortex are broadly divided into two classes. About 70 - 80 % 

of the cortical neurons are excitatory neurons called pyramidal or principal cells. The 

remaining 20 - 30 % fall into the class of mostly inhibitory interneurons. Glutamate is the 

main neurotransmitter of pyramidal neurons, whereas GABA is released by the majority of 

interneurons. The synapses of pyramidal neurons form extensive postsynaptic densities and 

thus are often referred to as asymmetric or type 1 synapses. This is in contrast to the 

GABAergic type 2 synapses of interneurons that have much less postsynaptic density than 

type 1 synapses (Gray, 1959). Pyramidal neurons form both local and long-range projection 

axons, whereas most interneurons give rise to locally restricted axonal arborisation. 

Typically, pyramidal neurons form a single or multiple apical dendrite that gives rise to 

oblique dendrites and that can reach layer 1, where it bifurcates into a tuft of branches. In 

addition, basal dendrites emerge from the base of the soma (DeFelipe & Farinas, 1992). 

Proximal dendrites of pyramidal neurons predominantly receive local input, while distal 

dendritic compartments often get targeted by afferents from distant sources  (Spruston, 
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2008). Unlike the spiny dendrites of pyramidal neurons, the dendrites of interneurons are 

sparsely spiny or totally devoid of spines (Ascoli et al, 2008; Markram et al, 2004).  

Although, there are different types of pyramidal neurons in the cortex, they display relative 

uniformity of their axonal and dendritic arborisation. In contrast to that as already revealed by 

Golgi staining, interneurons exhibit great diversity (Ramón y Cajal 1991) that can be 

subdivided into distinct types selectively targeting specific compartments of pyramidal 

neurons. In particular, distinct types of interneuron are characterised by distinct in vitro and 

in vivo firing patterns, axonal targets, dendritic arborisation, expression profiles of signalling 

molecules, including calcium binding proteins, transcription factors, neuropeptides, 

neurotransmitter receptors and ion channels (Klausberger & Somogyi, 2008; 

ToledoRodriguez et al, 2005a; ToledoRodriguez et al, 2005b). 

For instance, in the dorsal CA1 hippocampal region of the rat 21 distinct types of GABAergic 

interneuron coexist with 3 different types of pyramidal neuron. This diversity of interneurons 

evolved to serve a division of labour in providing spatiotemporally controlled GABAergic 

input onto discrete sub-cellular target domains of pyramidal neurons (Klausberger & 

Somogyi, 2008). 

 

1.2.1. Diversity of Interneurons in the neocortex 
Interneurons can be found within all layers of the prefrontal cortex with highest density in 

layer 2 (Gabbott et al, 1997). The diversity of interneurons emerges from several neuronal 

features. However, most importantly none of these features can stand alone to reliably 

define a cell type. Therefore, only the combination of features allows the unequivocal 

identification of distinct types of interneuron. 

First, similar to hippocampal interneurons cortical interneurons target specific subcellular 

domains of their postsynaptic cell. Thereby, interneuron synapses cover almost the entire 

membrane surface of pyramidal neurons (Makara et al, 2007). Most specifically among all 

cortical interneurons, axo-axonic cells exclusively target the axon initial segment of 

pyramidal neurons. On the contrary, basket cells in the neocortex predominantly innervate 

the perisomatic domain including the soma and proximal dendrites of the postsynaptic cell. 

Another group of interneurons, termed Martinotti cells, target thin dendritic branches of the 

apical tuft of pyramidal neurons. The residual group of mostly dendritic-targeting 

interneurons forms a heterogeneous population of interneurons including bipolar, bitufted, 

double bouquet, neurogliaform and arcade cells (Markram et al, 2004). Unlike pyramidal 

neurons, which display heterogeneous synaptic transmission even onto target neurons 

belonging to the same cell type, interneurons transmit synaptic signals to different neurons 

of a specific cell type in a homogeneous manner (Gupta et al, 2000). 
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Second, cortical interneurons show a diverse expression profile of marker proteins that has 

been described to distinguish between GABAergic cell populations. The majority of cortical 

interneurons expresses at least one of the following marker proteins including the calcium 

binding proteins parvalbumin (PV), calbindin (CB) and calretinin (CR), the neurotransmitters 

somatostatin (SOM), vasoactive intestinal peptide (VIP) and cholecystokinin (CCK) and 

corticotropin releasing factor (CRF), the neurotransmitter enzyme notric oxide synthase 

(NOS), neuropeptide Y (NPY), substance P receptor (SPR) and the cytoskeletal protein 

alpha-actinin-2 (AAc). Within those marker proteins only CB and CCK are also widely 

expressed in pyramidal neurons (DeFelipe, 1993; Gabbott et al, 1997; Kubota et al, 2011b).  

Among the listed molecular markers PV, SOM and VIP are expressed in GABAergic cell 

populations with minimal overlap in the neocortex. In superficial layers most PV expressing 

interneurons co-express CB, which can either be strongly (11%), or weakly (80%) expressed 

in the PV expressing interneurons. However, in deep layers only few (6%) PV expressing 

interneurons have been found to co-express CB. Conversely, SOM expressing interneurons 

can co-express a variety of other molecular markers such as CB, NPY, SPR and NOS in 

both superficial and deep layers (DeFelipe & Jones, 1992; Kawaguchi & Kubota, 1997). 

A subset of NPY expressing interneurons also co-expresses SPR, NOS, SOM and AAc. 

However, SOM and AAc are never co-expressed (Kaneko et al, 1994; Kubota et al, 2011a; 

Vruwink et al, 2001). Regarding VIP expressing interneurons, roughly 70% in superficial and 

90% in deep layers co-express CR. Within all cortical layers CCK expressing interneurons 

appear to form two subpopulations: CCK expressing interneurons with small somata that co-

express VIP and CCK expressing interneurons with large somata that lack the expression of 

VIP (Kubota & Kawaguchi, 1997). CRF can be co-expressed with VIP, CCK and CR. CRF-

SOM co-expression can only be found in deep layers. NOS expressing interneurons can be 

divided in strongly and weakly NOS immunopositive cells. Strongly immunopositve NOS 

cells can co-express SOM, NPY and SPR. Alternatively, interneurons that express NOS only 

weakly have been found to co-express PV and AAc. Except for layer 1, most interneurons 

expressing AAc co-express NPY (Kubota et al, 2011a). 

Third, various studies have shown distinct in vitro firing patterns for different morphologically 

and molecularly defined types of cortical interneuron. Among those are cells that express a 

fast-spiking, non-adapting phenotype with low input resistances and action potentials of 

short duration. Cells displaying this electrophysiological profile contain PV expressing basket 

and axo-axonic cells. On the contrary, cells that show slowly increasing depolarisation, so 

called late spiking, include neurogliaform cells. The remaining group of interneurons 

comprise of cells that either show burst, or regular spiking. Both firing patterns relate to a 

large number of different interneuron types such as Martinotti, double boquet and arcade 

cells (Kawaguchi & Kubota, 1997). 
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Fourth, there is growing evidence that distinct types of interneuron in the neocortex display 

distinct firing patterns during different brain states and are distinctly coupled to network 

oscillations in vivo. For example, PV/CB expressing basket cells, but not CB expressing 

dendritic targeting interneurons in the medial prefrontal cortex have been shown to be 

coupled to hippocampal theta and local spindle oscillations (Hartwich et al, 2009). Moreover, 

among interneurons displaying the fast spiking phenotype two different populations have 

been distinguished based on the firing patterns cortical UP and DOWN states and periods of 

desynchronisation (Puig et al, 2008). Employing immediate early gene expression analysis it 

has been shown that a populations of NOS expressing interneurons is activated during 

sleep. In particular, the activity of these interneurons correlates with the intensity of the slow 

wave activity (Gerashchenko et al, 2008).  

Last, a number of recent studies has demonstrated that different types of cortical and 

hippocampal interneuron play distinct roles during different behavioural states (Courtin et al, 

2014; Hangya et al, 2014; Kaifosh et al, 2013; Kvitsiani et al, 2013; Lapray et al, 2012; 

Letzkus et al, 2011; Lovett-Barron et al, 2014; Pi et al, 2013; Royer et al, 2012). 

 

1.2.2. Interneurons targeting the axonal domain 

1.2.3. Axo-axonic cells 
Axo-axonic cells have been first discovered by János Szentágothai in 1974 and named 

chandelier cells as their axon terminals form short radially oriented rows of so called 

cartridges resembling the candles of a chandelier (Szentagothai & Arbib, 1974). However, at 

that time the precise identity of their axonal targets remained elusive. Three years after their 

discovery the postsynaptic targets have been identified as the axon initial segments of 

pyramidal neurons therefore giving these cells their name, axo-axonic cells (Somogyi, 1977). 

Therefore, their presynaptic terminals are strategically located at the place where low 

threshold sodium channels (Nav1.6) are accumulated and action potentials are initiated. 

Moreover, GABAA receptors with the alpha2 subunit are enriched within the axon initial 

segment (Nusser et al, 1996). This indicates the role of axo-axonic cells in controlling the 

output of pyramidal cell firing (Kawaguchi, 1995). 

A single pyramidal neuron receives synaptic input at the axon initial segment from 3 to 6 

axo-axonic cells with 3-5 boutons per axonal cartridge (Buhl et al, 1994; Inan et al, 2013a; 

Tamas & Szabadics, 2004). However, the specific number of synapses depends on the 

projection subtype of pyramidal neurons (Farinas & DeFelipe, 1991). A single axo-axonic cell 

innervates hundreds of pyramidal neurons (Taniguchi et al, 2013) representing 35-50% of 

the pyramidal neurons located within the area that is covered by the axonal arbour of the 

axo-axonic cell (Inan et al, 2013a). Therefore, axo-axonic cells innervate pyramidal neurons 

in a dense and overlapping way. Additionally, upper layer 2 axo-axonic cells have been 
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shown to be electrically coupled (Taniguchi et al, 2013). Altogether, this might facilitate the 

formation of a coherent axo-axonic cell network and therefore the temporal coordination of 

GABAergic inputs at the axon initial segment of pyramidal neurons (Woodruff et al, 2011). 

However, the precise role of axo-axonic cells within a cortical circuitry and the postsynaptic 

effects on their distinctly defined target domains is still discussed controversially. Recent 

studies have demonstrated that axo-axonic cells can generate GABAergic depolarising post 

synaptic potentials at the axon initial segment of pyramidal neurons in the rodent and human 

cortex (Szabadics et al, 2006; Woodruff et al, 2009). These depolarising potentials have also 

been shown to occasionally drive action potential firing of the postsynaptic neuron. These 

axo-axonic cell-mediated depolarising postsynaptic potentials have been linked to the lower 

expression of potassium chloride transporter 2 (KCC2) and the resulting higher GABA 

reversal potential at the axon initial segment than at the soma or dendrites of pyramidal 

neurons (Szabadics et al, 2006). 

On the contrary, studies performed in the rodent hippocampus have suggested that axo-

axonic cells give rise to hyperpolarising postsynaptic potentials and therefore might serve an 

inhibitory role on the firing activity of postsynaptic neurons (Glickfeld et al, 2009). 

Alternatively, other studies have reported that dependent on the state of activity axo-axonic 

cells can produce both de- and hyperpolarising postsynaptic potentials and thus might serve 

a dynamic role on the firing of postsynaptic neurons. In detail, it has been shown that in 

quiescent slice preparations GABA release from axo-axonic cells can lead to depolarising 

postsynaptic potentials as well as facilitation of postsynaptic action potential firing, if the 

membrane potential of the postsynaptic pyramidal neuron is below the GABA reversal 

potential. This might be especially important just before pyramidal neurons receive the 

barrage of excitatory input at the transition from DOWN- to UP-states. However, under 

constant membrane potential fluctuations resembling the state of awake animals, only 

hyperpolarising postsynaptic potentials and spike inhibition have been observed. In 

conclusion, axo-axonic cell inputs to pyramidal neurons might dynamically change from 

excitation to inhibition dependent on the activity state of the local circuitry (Woodruff et al, 

2011). 

In contrast to basket cells, upper layer 2 axo-axonic cells have been shown to form 

asymmetrical dendrites that extensively sample layer 1 inputs (Kawaguchi, 1995; Woodruff 

et al, 2011). This might indicate differential sources of afferent input to these two 

parvalbumin expressing cell types. However, dendrites of axo-axonic cells have been found 

to substantially overlap with apical dendrites of pyramidal neurons (Kawaguchi, 1995; 

Woodruff et al, 2011). 

Both axo-axonic and basket cell display a fast spiking, non-adapting phenotype upon 

depolarising current injection (Kawaguchi 1993, Kawaguchi 1995). However, recently 
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differences in the excitability of these two cell types have been reported. Specifically, it has 

been shown that axo-axonic cells have a lower action potential threshold and higher 

amplitude of fast and medium afterhypolarisation than basket cells. The stronger 

afterhyperpolarisation of axo-axonic cells likely also explains their lower action potential 

duration and higher firing frequency after a depolarising current pulse. Altogether, these in 

vitro results suggest that axo-axonic cells have a higher membrane excitability than basket 

cells (Povysheva et al, 2013). 

Interneurons emerge from the medial and caudal ganglionic eminence of the basal ganglia 

and preoptic area (Gelman et al, 2011; Gelman et al, 2012; Gelman & Marin, 2010; Gelman 

et al, 2009). Although axo-axonic cell production starts by E15 in the medial ganglionic 

eminence (Inan et al, 2012), the peak production has been recently reported to occur during 

a developmental stage, when the medial ganglionic eminence has morphologically already 

disappeared. Further, in the same study it has been shown that axo-axonic cells derive from 

a newly discovered source of cortical interneurons. The source was identified as the ventral 

germinal zone of the lateral ventricle, which likely represents a remnant of the medial 

ganglionic eminence that persists into the first postnatal week. It has been also 

demonstrated that axo-axonic cells reach the cortex late during embryonic development or 

even just after birth and thus might be the last group of cortical neurogenesis. Additionally, 

superficial and deep layer axo-axonic cells share similar birthdates and therefore don't follow 

the inside out sequence of laminar migration, which further differentiates them from 

interneurons derived from the medial and caudal ganglionic eminence (Taniguchi et al, 

2013). 

As shown in knock out experiments axo-axonic cell differentiation including the precise 

targeting of the axon initial segment and the dendritic asymmetry requires the homeodomain 

protein NKX2.1. Furthermore, NKX2.1 expressing cells derived from the ventral germinal 

zone transplanted into the somatosensory cortex of postnatal rats differentiated axonal and 

dendritic arbours typical for axo-axonic cells and migrated into appropriate laminar positions. 

This indicates that axo-axonic cell identity might be determined by a spatio-temporal profile 

of origin and that laminar positioning might follow a cell-intrinsic program and might be 

completed before axo-axonic cells start to innervate the axon initial segment of pyramidal 

neurons (Taniguchi et al, 2013). 

A widely accepted conception considers axo-axonic cells as subset of parvalbumin 

expressing interneurons, of which the majority is formed by basket cells. However, only 15-

50% of the axo-axonic cells in the cortex, that derived from the ventral germinal zone have 

been tested immunopositive for parvalbumin (Taniguchi et al, 2013). In line with this finding it 

has been shown earlier that axo-axonic cell synapses can express PV, CRF, or are devoid 

of both of these marker proteins (DeFelipe & Farinas, 1992; Lewis & Lund, 1990). 
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1.2.4. Interneurons targeting the perisomatic domain 
1.2.5. Basket cells 
Roughly half of all cortical interneurons belong to the group of basket cells, that place a large 

proportion of their synapses onto somata and proximal dendrites of pyramidal neurons and 

other interneurons. This organisation of their axonal terminals and the converging 

innervation of single pyramidal somata by multiple basket cells lead to an appearance similar 

to baskets giving these cells their name. The perisomatic domain is defined as the region of 

the neuronal membrane that receives primarily GABAergic and hardly any glutamatergic 

input. This includes the soma and the proximal apical and basal dendrites up to a distance of 

approximately 100 µm, where these dendritic segments have a very low spine density 

(Makara et al, 2007). By innervating the perisomatic domain basket cells are considered to 

be suitable for controlling the gain of integration of synaptic inputs at the somatic level in 

close proximity to the output region of pyramidal neurons. Therefore, basket cells may be 

most notably involved in synchronising the action potential firing of large pyramidal cell 

populations (Druga, 2009; Makara et al, 2007; Marin-Padilla, 1969; Markram et al, 2004). 

In terms of the axo-dendritic arborisation basket cells can be differentiated into 3 subtypes: 

Large, small and nest basket cells. Large basket cells display extensive axo-dendritic 

arborisation often reaching into both upper and lower layers. The horizontal axon collaterals 

of large basket cells frequently cross multiple columns within the same layer the soma is 

located. In comparison to other basket cells the spine density of large basket cells is 

relatively sparse. On the contrary, small basket cells form dense axonal arborisation that is 

spatially more restricted within the layer and column than the axon of large basket cells. Nest 

basket cells have been described to be a hybrid of large and small basket cells. In particular, 

nest basket cells form dense local and sparse distant axonal arborisation (Gupta et al, 2000; 

Markram et al, 2004). In the medial prefrontal cortex PV expressing basket cells located in 

layer 2 or 3 concentrate their axonal arborisation at the layer 2/3 and the layer 3/5 border, 

but never send axon into layer 1. Similarly, the dendrites of these basket cells span from 

layer 2 to 5, but never enter layer 1 (Hartwich et al, 2009). 

Most commonly, basket cells express PV or alternatively CCK. In PV expressing basket cells 

CB is frequently co-expressed in various degrees (Hartwich et al, 2009). However, it has 

been reported that the extend of PV-CB co-expression might differ among large, small and 

nested basket cells (Druga, 2009). In contrast to all other basket cells small basket cells on 

the mRNA level have been shown to co-express PV and VIP (Markram et al, 2004; Wang et 

al, 2002). 

While PV expressing basket cells act as clockworks of neuronal network activity, CCK 

expressing basket cells operate as modulators of cortical activity. In line with that growing 

evidence indicates that PV expressing basket cells are involved in the generation of gamma 
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oscillations. Especially the fast action potential firing and signalling properties, the high 

intrinsic resonance frequency and the dense mutual chemical and electrical interconnection 

of PV expressing basket cells (Galarreta & Hestrin, 2002) make them prone to set the timing 

signal for pyramidal cell ensembles (Bartos et al, 2007). The fast signalling properties of PV 

expressing basket cells have been linked to their high endogenous calcium binding 

capabilities that sharpen the duration of local calcium signals and prolonging the decay of 

global calcium signals (Aponte et al, 2008). 

In the prefrontal cortex PV expressing basket cells have been found to be coupled to 

hippocampal theta and local spindle oscillations. Specifically, during theta oscillations PV 

expressing basket cells and pyramidal neurons in the prefrontal cortex have been shown to 

fire the most during the peak of the oscillation. Therefore, by firing at the same theta phase, 

it has been hypothesized that in the prefrontal cortex PV expressing basket cells don't 

contribute to the generation of theta oscillations, but rather modulate the activity of pyramidal 

neurons during their ongoing depolarisation (Hartwich et al, 2009). 

By contrast, the modulating action of CCK expressing basket cells can be driven by local or 

subcortical inputs routing emotional or motivational signals by acting for example on 

postsynaptic 5-HT3, nicotinic alpha 4 and 7 and presynaptic CB1 receptors (Makara et al, 

2007). 

 

1.2.6. Interneurons targeting the dendritic domain 
Interneurons that target the dendritic domain of the pyramidal cell membrane are prone to 

control the efficacy and plasticity of incoming glutamatergic inputs (Freund & Katona, 2007). 

 

1.2.7. PV expressing multipolar bursting interneurons  
In contrast to PV expressing basket cells these interneurons have been reported to innervate 

dendrites and spines. Besides PV multipolar bursting cells co-express CB. The soma of 

these cells is reported to be located at the border of layer 1 and 2. Moreover, multipolar 

bursting cells are reciprocally connected with layer 2 and 3 pyramidal neurons and are 

mutually connected via chemical and electrical synapses. As indicated by their name 

multipolar bursting cells respond to a depolarising current injection with an initial burst of 2 or 

3 action potentials succeeded by a pronounced afterhyperpolarisation and are therefore 

fundamentally different from the fast spiking phenotype of PV expressing basket cells 

(Blatow et al, 2003).  

 
1.2.8. Martinotti cells 
Martinotti cells first have been named by Ramón y Cajal after Carlo Martinotti, who first 

discovered this cell type in 1889 (DeFelipe, 2002). Most striking, besides their local axon 
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collaterals, Martinotti cells form ascending axonal arborisations. Particularly, Martinotti cells 

located in supragranular layers of the somatosensory cortex mostly target layer 1. 

Alternatively, infragranular Martinotti cells in the somatosensory preferentially target both 

layer 1 and 4, but avoid targeting the layer their somata are located in (Wang et al, 2004). 

The subcellular postsynaptic target domains of Martinotti cells are the apical dendritic tuft, 

but also proximal dendrites and even somata (Markram et al, 2004). Moreover, Martinotti 

cells have been also found to give rise to en passant boutons in layers below layer 1. 

Notably, in comparison to other interneuron dendrites Martinotti cell dendrites have a 

relatively high spine density (Kawaguchi et al, 2006). 

Martinotti cells always express SOM and never express PV or VIP. On the mRNA level it has 

been reported that Martinotti cells can co-express CB, CR, NPY and CCK. Though Martinotti 

cells display a certain heterogeneity of firing patterns in response to somatic depolarising 

current injections, the majority of Martinotti cells respond with spike frequency and spike 

amplitude accommodation that can be preceded by initial burst firing (Ascoli et al, 2008; 

Silberberg & Markram, 2007; Wang et al, 2004). 

 

1.2.9. Bipolar cells 
Bipolar cells form horizontally restricted dendrites that span vertically through multiple layers. 

Their dendrites can extend into layer 1 and 6. The axon of bipolar cells runs in a narrow 

band (<50µm) and similar to their dendrites it crosses various layers. The bouton density of 

bipolar cells is low in comparison to other interneuron types. Bipolar cells either express VIP, 

CR or both of the marker proteins. Bipolar cells are GABAergic interneurons and therefore 

mainly act inhibitory on the postsynaptic neuron. However, by only releasing VIP bipolar 

cells have been also reported to be excitatory (Markram et al, 2004). 

 

1.2.10. Bitufted cells 
Bitufted cells are similar to bipolar cells except that they form a more pronounced horizontal 

but less extensive vertical axo-dendritic arborisation than bipolar cells. Besides VIP and CR 

bitufted cells can also express CB, NPY, SOM and CCK (Markram et al, 2004). 

 
1.2.11. Double-Bouquet cells 
The most characteristic feature of double-bouquet cells is their axonal arborisation forming a 

narrow bundles of parallel axon collaterals that are highly varicose and thicker than the main 

axon. Most of these axon collaterals are descending and their appearance reassembles a 

horse tail. The axon of double-bouquet cells branches frequently and shows a high density 

of synaptic terminals that mostly target dendritic spines and shafts (Somogyi & Cowey, 
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1981). Double-bouquet cells uniquely co-express CR and CB, but they can also express 

VIP, NPY, SOM and CCK (Markram et al, 2004). 

 
1.2.12. CB expressing interneurons 
These GABAergic cell type has been found in layer 2 of the medial prefrontal cortex with 

dendrites branching mainly in layer 2, but also reaching into layer 1 and upper layer 3. 

Moreover, the dendrites of CB expressing cells have been reported to be medium spiny. 

Axon has been mostly found in layer 2 and 1, where it overlaps with the apical dendritic tuft 

of pyramidal neurons. Synaptic targets of CB expressing cells have been identified as small 

dendritic shafts and spines. Therefore, in contrast to basket cells CB expressing cells avoid 

targeting somata and proximal apical dendrites. CB expressing cells fire sparsely during 

theta oscillations and are neither phase locked to theta, nor spindle oscillations (Hartwich et 

al, 2009). 

 

1.2.13. Neurogliaform cells 
Typically, neurogliaform cells form a symmetrical and spherical dendritic arborisation with a 

large number of rarely branching dendrites. The axon of neurogliaform cells short after 

originating from the soma or a proximal dendrite breaks up into a dense axonal cloud 

restricted to layer 1 (Markram et al, 2004), where it might provide feed-forward inhibition to 

the apical dendritic tuft of pyramidal neurons (Wozny & Williams, 2011). Additionally, 

neurogliaform cells have been shown to be densely interconnected and connected to other 

types of interneuron including basket and axo-axonic cells via gap junctions (Simon et al, 

2005). 

Individual neurogliaform cells have been found to release enough GABA to induce volume 

transmission within their axonal cloud. Therefore, neurogliaform cells don't need to form 

synapses with their target cells to induce IPSPs. Moreover, neurogliaform cells have been 

shown to express insulin (Molnar et al, 2014) and the delta subunit containing GABAA 

receptors making these interneurons sensitive to neurosteroids (Olah et al, 2009). 

In the neocortex neurogliaform cells have been reported to express NOS (Karagiannis et al, 

2009) and/or alpha actinin 2 (Uematsu et al, 2008). 

 

1.2.14. Cajal Retzius cells 
Characteristically, Cajal Retzius are unique to layer 1 and cells have a main dendrite that 

emerges from the opposite side of the soma than the main axon. The dendrites are 

restricted to layer 1, whereas the axon of Cajal Retzius cells has been found to extend to 

layer 2 and 3. After postnatal day 6 the number of Cajal Retzies cells has been reported to 

decrease (Markram et al, 2004; Zhou & Hablitz, 1996). 
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1.3. Network oscillations in neocortex 

Network oscillations measured as Electroencephalograms (EEGs) or local field potentials 

(LFPs) represent highly coordinated neuronal activity and occur rhythmically over a variety of 

frequency bands (<1Hz to up to 500 Hz) in the intact mammalian brain. As brain oscillations 

are widely preserved within mammalian evolution, they might be mediated by ubiquitous 

mechanisms in brains of various species (Buzsaki & Draguhn, 2004).  

Initially human EEG recordings were conducted in 1924 by the psychiatrist Hans Berger. He 

first described an oscillatory activity in a frequency band between 8 and 12 Hz. He therefore 

termed this oscillation alpha (Berger 1929). Following this initial observation, researchers 

soon identified a large number of other oscillatory activity patterns. Since then, the 

temporally coordinated activity of a synchronously active neuronal network has been 

considered as the link between single cell activity and behaviour (Buzsaki & Draguhn, 2004). 

On a logarithmic scale the mean frequencies of the empirically defined oscillation classes 

evenly increase. Thus, the frequency ratios of adjacent oscillation classes are constant along 

the entire range. This ensures a clear separation of distinct classes of oscillation protected 

from genuine crosstalk and mutual entrainment. If 2 neighbouring oscillation bands occur 

within the same neuronal network, they are usually linked to different brain or behavioural 

states leading to either co-existence, or competition (Engel et al, 2001) 

In the frequency domain the frequency and power of an oscillation follow an inverse 

relationship. Consequently, lower frequency oscillations can modulate faster frequency 

oscillations. Moreover, as neuronal recruitment is usually restricted to a single cycle, the 

period of an oscillation provides the constraining factor for the size of the neuronal 

population accessible to be entrained by the particular oscillation. Hence, slow oscillations 

have the ability to recruit large neuronal assemblies, whereas fast oscillations stay locally 

restricted within a confined neuronal space. This relationship between neuronal oscillations 

and network design defines the fundamental principle, how functional boundaries between 

brain areas can be set by various rhythms and how information flow between distinct brain 

areas can operate simultaneously at various time scales and spatial proximities (Buzsaki & 

Draguhn, 2004). 

For example, in the hippocampus theta (5-12Hz) oscillations can co-occur with different 

types of gamma (30-90Hz) oscillations. Interestingly, each type of gamma oscillation is 

amplitude-modulated by distinct phases of a theta cycle (Belluscio et al, 2012). 

Throughout the brain, network oscillations act as temporal reference signal to which the 

action potential firing of neurons is referenced. Synchronised activity between distant brain 

areas indicates functional interaction, whereas disrupted synchronisation has been 

repeatedly shown to be associated with conditions of cognitive dysfunctions present in 
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schizophrenia (Friston & Frith, 1995; Spencer et al, 2003; Uhlhaas & Singer, 2010) or 

deficit/hyperactivity disorder (Barry et al, 2003; Mann et al, 1992; Willis & Weiler, 2005). 

Each behavioural state of an animal is characterised by a specific EEG pattern. For 

instance, theta oscillations stand for the online state of the hippocampus and related 

structures and can be detected during various types of locomotor activity as well as during 

REM sleep and mnemonic processes (Buzsaki, 2002). In addition to theta oscillations, also 

gamma oscillations are a characteristic field pattern of the intact working brain as they are 

thought to transiently bind distributed cell assemblies processing related information (Colgin 

et al, 2009). 

In contrast, during the offline state of the mammalian brain, like during slow wave or so-

called non-REM sleep, slow (0.025 - 1.4 Hz) oscillations represent the predominant 

spontaneous EEG pattern in the neocortex (Steriade, 2006). However, slow oscillations have 

been also found in subcortical structures as for example in the striatum, thalamus (Steriade 

et al, 1993a), locus coeruleus (Eschenko et al, 2006), dorsal raphe nucleus (Schweimer et 

al, 2011) and brainstem nuclei such as the pedunculopontine nucleus (Dang-Vu et al, 2008; 

Mena-Segovia et al, 2008; Ros et al, 2010). 

 

1.3.1. EEG patterns during slow wave sleep 
1.3.2. Slow oscillations 
Measured in the local field potential slow oscillations reflect the highly synchronised activity 

of the vast majority (around 90%) of cortical neurons undergoing bi-stable membrane 

potential fluctuations (Hoffman et al, 2007). During these fluctuations the membrane 

potential of cortical neurons transiently shifts from hyperpolarised DOWN- to depolarised 

UP-states by a difference of 10 to 20mV (Steriade et al, 1993c). Only during the UP-state 

neurons reach membrane potentials close to the firing threshold, where synaptic inputs can 

be integrated. Therefore, UP-states generally are referred to as periods of activity, DOWN-

states as periods of silence. In deep layers of the cortex DOWN-states are characterised by 

positive deflections of the local field potential. In EEG recordings from the brain surface or 

superficial layer1 this polarity is inverted and DOWN-states are reflected as negative 

deflections (Steriade, 2006). 

The mechanisms responsible for the generation of slow oscillations are not entirely 

understood. One possible explanation for the step-like transitions from DOWN- to UP-states 

assumes their emergence as a consequence of self-sustained depolarisation caused by 

excitatory re-entrant loops of layer 5 pyramidal neurons (Sanchez-Vives & McCormick, 

2000). Furthermore, balanced excitation and inhibition seems to be a major prerequisite for 

the persistent activity during the UP-state (Steriade et al, 1993c). In terms of the UP to 

DOWN-state transition, a number of contributing factors have been discussed.  
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Interestingly, synaptic inhibition has a major role in terminating the UP-state as well as in 

synchronising the onsets of DOWN-states. However, under conditions where synaptic 

inhibition is reduced, the UP-state termination can be mediated by intrinsic hyperpolarising 

conductances (Chen et al, 2012), or by disfacilitation including for instance a gradual 

depletion of extracellular calcium and therefore a dampening of synaptic transmission 

(Massimini & Amzica, 2001), inactivation of HCN channels (Luthi & McCormick, 1998) as 

well as metabolic constraints (Vyazovskiy & Harris, 2013). The UP-state duration has been 

linked to intrinsic properties and thalamocortical inputs (Hughes et al, 2002; Sanchez-Vives 

& McCormick, 2000). 

The cortical origin of slow oscillations has been supported by their presence in animals that 

underwent thalamectomy, their presence in cortical slices kept in vitro and their absence in 

decorticated animals (Steriade, 2006). In accordance with that it has been reported that 

typically slow wave activity originates in deep cortical layers followed by superficial pyramidal 

neurons with a delay in the range of tens of milliseconds. The middle cortical layers appear 

to follow the slow wave synchrony as latest. Altogether these results are in line with the 

hypothesis that the switch from silent to active states during slow wave activity is caused by 

spontaneous synaptic events, whereby any neuron might start to initiated slow oscillations. 

Assuming the stochastic nature of the UP-state onset, large layer 5 pyramidal neurons with 

their large number of synaptic inputs and extensive projection fields, might have the largest 

odds to start the active state and switch the entire network (Chauvette et al, 2010). However, 

the probabilistic interpretation of the UP-state onset is inconsistent with the finding of 

sequentially activated cascades of pyramidal neurons that are stereotyped within a given 

slow oscillation period (for further explanation see below, (Luczak et al, 2007; Peyrache et 

al, 2010).  

Furthermore, the delay between UP-state onsets in superficial and deep layers is often 

longer than between onsets in deep layers of distant brain areas. This appears 

counterintuitive as distal intercortical projections emerge from pyramidal neurons located in 

superficial layers. However, this might further support the local and recurrent generation of 

slow oscillations in circuits of cortical layer 5 (Luczak et al, 2007; Shu et al, 2003). Slow 

oscillations spread coherently almost throughout the entire cortex (Isomura et al, 2006; 

Steriade et al, 1993a) and at least a subset of UP-states has been shown to propagate as a 

travelling wave (Luczak et al, 2007). Specifically, DOWN/UP-state transitions appear to form 

travelling waves (Massimini et al, 2004), whereas the less synchronous DOWN-states 

appear to be generated locally (Sirota & Buzsaki, 2005). However, the sequence of single 

cell activity during an UP-state follows a stereotyped pattern independent of the direction of 

the wave propagation. Additionally, both pyramidal neuron and interneuron populations 

display a complex, but stereotypically organised profile of firing latencies to the UP-state 
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onset. This suggests a cascade of cell assemblies within a local cortical network that are 

getting persistently and sequentially activated upon the arrival of a DOWN/UP-state 

transition. A possible interpretation of the sequential nature of spontaneous neocortical 

activity might be the temporal separation of distinct steps of information processing within an 

UP-state, similar to what has been described for the visual system (Luczak et al, 2007; 

Peyrache et al, 2010; Sugase et al, 1999). 

It is proposed that slow wave sleep serves a particular role in memory consolidation 

facilitating the information flow between brain regions that were functionally correlated during 

the preceding wake period. Specifically, slow oscillations might act as 'carrier waves' 

supporting the information transfer between distant brain areas such as the hippocampus 

and the neocortex (Logothetis et al, 2012). Another proposed role for slow oscillations 

associates this oscillation pattern with a renormalisation of cortical firing activities and 

network excitability by eliminating weak connections and preserving strong ones (Tononi & 

Cirelli, 2006). 

Interestingly, different types of anaesthesia, including urethane and ketamin/xylazine 

anaesthesia, can also lead to brain states that closely resemble the EEG pattern of natural 

slow wave sleep (Steriade et al, 1993b). However, tough the brain states induced by these 

types of anaesthesia share fundamental features with the natural states of sleep and 

therefore have proven as important experimental tools, the anaesthesia induced states most 

likely represent a much less dynamic system than natural sleep (Steriade & Amzica, 1998). 

In line with that it has been shown that during natural sleep the firing onset of cortical 

neurons is accelerated in comparison to the onset in urethane and ketamine/xylazine 

anaesthetised rats (Luczak et al, 2007). 

Besides slow oscillations 3 additional rhythms define the brain state of slow wave sleep: 

delta (1-4Hz), spindle (7-14Hz) and gamma oscillations (30-90Hz). 

 

1.3.3. Delta oscillations 
Whether slow and delta oscillations represent separated oscillation patterns is still in debate. 

First, as slow oscillations are generally accepted to be generated within the cortex (for 

references see above), at least 2 components of delta oscillations have been described 

including a cortical and a thalamic component (Steriade, 2006). Second, in contrast to slow 

oscillations sleep and waking delta waves have been reported (Harmony, 2013). Latter ones 

have been associated with motivational and emotional aspects of cognitive tasks (Knyazev, 

2007). Furthermore, it has been postulated that delta oscillations during cognitive tasks 

might represent a state of increased inhibition of sensory afferents arriving at higher order 

cortical areas. This might then lead to a reduced interference of sensory inputs with internal 

representations (Fernandez et al, 1995; Harmony et al, 1996). On the contrary, others 
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consider delta waves as transient 200 to 500ms periods of synaptic and spike firing 

cessation followed by 0.3 to 1s lasting periods of persistent activity. Therefore, according to 

this perspective, the criteria for the definition of delta oscillations are identical with for those 

for the DOWN-state of slow oscillations (Sirota & Buzsaki, 2005).  

 

1.3.4. Spindle and Gamma oscillations during slow wave activity 
Although both spindle and gamma oscillations can be recorded independent of slow 

oscillations, during slow wave sleep they are temporally organised by slow oscillations and 

exclusively occur nested within the UP-state. In terms of gamma oscillations the exclusive 

coupling to the active state of slow oscillations can be generally linked to the voltage-

dependence of fast oscillations, or in other words, gamma generation tends to happen at 

relatively depolarised membrane potentials (Sirota & Buzsaki, 2005). 

 

1.3.5. Spindle oscillations 
The frequency of spindle oscillations is defined by the intrinsic electrophysiological 

properties of GABAergic thalamic reticular cells, which are thus also considered as spindle 

pacemaker (Steriade, 2006). Particularly, T-type voltage gated calcium channels and 

calcium activated potassium channels of the intermediate type interplay to generate spindle 

frequency bursts superimposed on slow depolarizing envelop in thalamic reticular cells 

(Sirota & Buzsaki, 2005). This happens at the time of the UP-state (Fuentealba et al, 2004) 

onset triggered by cortical pyramidal neurons (Contreras et al, 1996). Subsequently, large 

IPSPs are generated in glutamatergic thalamo-cortical cells causing rebound low-threshold 

calcium bursting. This finally leads to the generation of long-lasting EPSPs in thalamic 

reticular cells and the initiation of the next spindle cycle (Sirota & Buzsaki, 2005) as well as 

feed-forward excitation onto cortical pyramidal neurons (von Krosigk et al, 1993). Following 

increased cortical desynchronisation after a few spindle cycles, spindle oscillations start to 

appear as a waxing and waning oscillatory pattern (Bonjean et al, 2011). Despite the local 

organisation of the thalamus, spindle oscillations appear widely synchronised across large 

areas of the thalamus and cortex. Hence, it is hypothesised that the global synchrony of 

spindle oscillations is achieved by slow oscillations transmitted via long-range cortical 

connections (Timofeev et al, 2000). 

Tough the thalamus has been shown to be sufficient to generate spindle oscillations, they 

are often preceded by a sharp and irregular deflection of the LFP called K-complex (Buzsaki, 

1991). These potentials represent a highly synchronous shift of cortical neurons from 

DOWN- to UP-state and can either occur spontaneously, or triggered by sensory inputs 

during sleep (Sirota & Buzsaki, 2005). 
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Spindle oscillations have been also associated with cognitive processing during sleep. 

Particularly it has been reported that the density of spindle oscillations increases in rats and 

humans during sleep following procedural reward related learning (Eschenko et al, 2006), 

learning of procedural motor skills and declarative tasks (Molle et al, 2004). 

 

1.3.6. Gamma oscillations 
Conventionally considered as network oscillations of the online state, gamma oscillations are 

also present during the slow wave sleep, where consciousness is expelled  (Steriade, 2006). 

Gamma oscillations emerging in neocortical networks originates either locally, or from 

interaction with the thalamus. Moreover subcortical structures have been shown to modulate 

gamma oscillations during slow wave activity via the thalamus including the intralaminar 

thalamic nucleus (Steriade & Amzica, 1996). This alteration of subcortical inputs might 

facilitate gamma oscillation amplitude and coherence across cortical networks during slow 

wave activity, which has been shown to follow increased learning performance (Molle et al, 

2004). 

 

1.3.7. Interaction of spindle and gamma oscillations during slow wave sleep 
Taken the findings of the previous paragraphs together, there is converging evidence that 

the initiation of slow, spindle and gamma oscillations have separate origins (Chauvette et al, 

2010; Steriade, 2006; Steriade et al, 1996), but coexist and modulate each other (Valencia 

et al, 2013). During the active period of slow oscillations spindle and gamma oscillations 

display distinct temporal dynamics. Furthermore, gamma oscillations have been found to be 

coupled to spindle oscillations exclusively at the beginning of the UP-state (Valencia et al, 

2013). 

Ascending projections from the brainstem modulate the gain of spindle and gamma 

oscillations. This might be modulated by the cognitive demand of preceding waking periods 

(Eschenko et al, 2006). For instance carbachol injection into the pedunculopontine nucleus 

leads to decreased spindle and increased gamma oscillation amplitudes. However, the 

amplitude of spindle-associated gamma episodes stays unaltered upon carbachol injection, 

supporting a previous differentiation between locally generated gamma, that is modulated by 

brainstem afferents and gamma arising from cortico-thalamic interaction, that is coupled to 

spindle oscillations (Valencia et al, 2013). However, the appearance of slow oscillations, 

including shape, duration and onset, are neither affected by decreased spindle, nor by 

increased gamma oscillation amplitudes suggesting that the phasic increase of spindle 

oscillations at the UP-state onset is independent of the initiation of the UP-state (Valencia et 

al, 2013). 

 



 

22 
 

1.4. Neurological disorders that imply dysfunctions of the prefrontal cortex 
Signature neurological impairments of patients with prefrontal damage include disrupted 

selective attention for relevant inputs and increased distractibility by irrelevant stimuli 

(Duncan et al, 1996), disturbed behavioural flexibility and impaired maintenance of task-

related memory as tested by the Wisconsin card sorting test (Milner 1963) and deficiencies 

in rational decision making. Alternatively, abnormalities in cognitive functions such as 

working memory have been also frequently linked to schizophrenia and the brain region that 

has been predominantly associated with the neuropathology of schizophrenia is the 

prefrontal cortex (Lewis et al, 2005). Further, neurological disorders comprising epilepsy, 

autism and schizophrenia have been repeatedly related to alterations in GABAergic 

transmission, with particular focus on PV expressing interneurons (DeFelipe, 1999; Inan et 

al, 2013b; Magloczky & Freund, 2005; Marin, 2012) 

More specifically, it has been shown that the disruption of ErbB4, which together with its 

ligand Neuregulin is a susceptibility candidate for schizophrenia, leads to a reduction of 

GABAergic synapses. Interestingly, this diminishment was restricted to synapses targeting 

the axon initial segment of pyramidal neurons in the neocortex. Therefore, this might indicate 

a selective impairment of axo-axonic cell mediated transmission upon ErbB4 disruption 

(Fazzari et al, 2010; Rico & Marin, 2011). Furthermore, ErbB4 has been found to affect the 

functionality of already established, but not the formation of basket cell synapses (Del Pino 

et al, 2013; Yang et al, 2013). 

In line with the contribution of PV expressing interneurons to gamma oscillations, disruptions 

of gamma oscillations have been also linked to schizophrenia (Lewis et al, 2012). 

Consistently, in Df(16)A+/- mice, which are a model for one of the largest known risk factors 

for schizophrenia in humans, both the ability to perform in a working memory task and the 

synchrony between prefrontal cortex and hippocampus in theta and gamma frequency range 

are disturbed (Sigurdsson et al, 2010). 

Though the understanding of pathophysiological mechanisms underlying schizophrenia is 

steadily growing, the present treatment still primarily targets the suppression of psychotic 

features and has insignificant impact on the cognitive symptoms of the disease. Therefore, 

cell type specific information in the prefrontal cortex about molecular expression profiles, 

synaptic connections and in vivo firing patterns during behaviour recruiting working memory 

under both physiological conditions and the disease state might foster future treatment 

strategies.  
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1.5. Aims of this PhD thesis 
Despite the extensive studies dedicated to cellular characteristics of interneurons in the CA1 

area of the dorsal hippocampus (Klausberger & Somogyi, 2008) and the growing knowledge 

about the contribution of pyramidal neurons to prefrontal circuit operations, relatively little is 

known about the contribution of distinct interneuron cell types in the prefrontal cortex and 

their contribution to network activity in vivo. 

Therefore, in the current thesis I intend to correlate the spike timing of distinct identified 

types of GABAergic interneuron in the medial prefrontal cortex with local and hippocampal 

network oscillations during different brain states in anaesthetised rats. Specifically, I will 

focus on the action potential firing activity of two distinct types of parvalbumin expressing 

interneuron, basket and axo-axonic cells, during slow wave sleep and the transition to theta 

oscillations. Additionally, plant to correlate the firing of basket and axo-axonic cells with the 

occurrence of thalamocortical spindle and local gamma oscillations.  

Furthermore, I aim at investigating the contribution of distinct types of prefrontal interneuron 

to cognitive behaviour such as working memory and decision making. To address this I will 

perform juxtacellular recordings in freely-moving rats performing a working memory task.  

Taken together, by employing this multidimensional approach I aim at testing the hypothesis 

that interneurons in the medial prefrontal cortex provide a cell type specific temporal 

framework for informational processing associated with different brain states present during 

anaesthesia, natural sleep and cognitive behaviour. 
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2. Results 
2.1. Published experiments 
2.1.1. Prologue 
Synchronous network oscillations indicate highly coordinated neuronal activity and occur 

rhythmically over a large range of frequencies in the intact mammalian brain. These network 

oscillations act as clocking mechanisms against which the timing of neuronal firing can be 

referenced and coordinated. Cortical slow oscillations with DOWN-, UP-states and co-

occurring spindle or gamma oscillations are a hallmark of the sleeping brain (Buzsaki 2006). 

Conversely, GABAergic interneurons play a pivotal role in setting the temporal framework for 

the synchronised activity of pyramidal neurons. Importantly, interneurons in the neocortex 

are highly diverse and fall into distinct types defined by their axonal targets and molecular 

expression profiles. However, only a limited amount of studies has so far addressed the 

specific contribution of distinct types of cortical interneuron to network oscillations in vivo. 

For example, it has been shown that the firing activity of PV, but not of CB expressing 

interneurons in the prefrontal cortex is phase locked to local spindle and hippocampal theta 

oscillations (Hartwich et al, 2009). Further, among PV expressing interneurons 

heterogeneous firing patterns during cortical slow oscillations and in response to arousal 

signals have been reported (Puig et al, 2008). However, cortical PV expressing interneurons 

are not homogeneous as exemplified by the distinct and non-overlapping axonal targets of 

PV expressing axo-axonic and basket cells (Kubota et al, 2007; Somogyi, 1977). 

Therefore, we tested the hypothesis that the heterogeneity of firing patterns reported for PV 

expressing interneurons is explained by the correlation of distinct activity patterns with 

distinct types of interneuron. The outcome of that study was published in the article attached 

below. 
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2.1.2. Research article 1:  
Massi and Lagler et al. The Journal of Neuroscience 2012 Nov 14;32(46):16496-502 
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2.1.3. Interlude 
Anaesthesia that preserves network oscillations similar to what is observed under drug-free 

conditions has been used successfully in the past to investigate fundamental principles of 

cortical circuit operations. However, the possible interpretations of such experiments were 

always limited. Therefore, I started employing juxtacellular recordings in freely-moving rats. 

In the dorsal CA1 region of the hippocampus a large diversity of GABAergic interneurons 

evolved to provide spatiotemporally distinct input to specific target domains of pyramidal 

neurons (Klausberger & Somogyi, 2008). However, whether distinct types of hippocampal 

interneuron act differently during different behavioural states is still elusive. 

Therefore, we developed a novel technique allowing juxtacellular recording and labelling of 

pyramidal neurons and interneurons together with LFP recordings in the hippocampal dorsal 

CA1 region of drug-free, freely moving rats. We recorded PV expressing basket cells and 

NPY, NOS expressing ivy cells that target pyramidal neuron dendrites synaptically and 

extrasynaptically. Subsequently, we tested the hypothesis that the action potential firing of 

basket and ivy cells is locked to distinct phases of hippocampal theta and ripple oscillations. 

Moreover, we hypothesised that the firing activity of basket and ivy cells is distinctly 

modulated in a behavioural state-dependent manner.  

The outcome of that study was published in the article attached below. 
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2.1.4. Research article 2: Lapray et al. Nature Neuroscience 2012 Sep;15(9):1265-71 
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2.2. Unpublished experiments 
2.2.1. Interlude 
After investigating the spike timing of PV expressing basket and axo-axonic cells during slow 

oscillations, a brain state important for memory consolidation, I aimed at studying memory 

formation and decision making in the awake brain. To do so I chose performing juxtacellular 

recordings in rats performing a working memory task. Preliminary experiments have shown 

distinct activity patterns of PV expressing interneurons during the working memory 

paradigm. 

The outcome of these experiments will be presented in this chapter. 

 

2.2.2. Methods 
2.2.3. Subjects and housing conditions 
Results from 6 adult Long Evans rats (300 - 500g, 3 from Charles River Laboratories and 1 

from Janvier Labs) were investigated for this section of the thesis. On arrival, rats were 

housed in groups of 2-4 animals per cage with a diurnal cycle (lights on from 6 am to 6 pm). 

 

2.2.4. Surgical procedure, headstage implantation and electrode insertion 
Anaesthesia was induced and maintained with isoflurane (IsoFlo, Abbott) and supplemented 

with intraperitoneal injections of Fentanyl-Janssen (4μl per 100g, Janssen-Cilag) or 

subcutaneous injections of Metacam (25µl per 100g, Boehringer Ingelheim). Once the rats 

were deeply anaesthetised they were placed into a stereotaxic frame (Kopf Instruments). 

The body temperature was maintained at 37°C with a feed-back controlled heating pad. To 

anchor the implant 8 stainless steel screws were inserted into the skull of the rats. One 

screw above the cerebellum served as ground for the recording signals. Then, a cylindrical 

holder for the piezo drive was placed in front of the prefrontal cortex and embedded in dental 

acrylic cement (Refobacin bone cement R, Biomet). Next, a tetrode mounted on a miniature 

drive (Haiss et al, 2010) was implanted 3mm into the left prefrontal cortex (3.3mm anterior 

and -1.2mm lateral from bregma) with a latero-medial angle of 22-25° aiming for the midline 

between the left and right hemisphere. Subsequently, a twisted tungsten wire mounted on a 

miniature drive (Haiss et al, 2010) was inserted 2.25mm in the dorsal CA1 region of the 

hippocampus (-3.2 mm anterior and 2.3mm lateral from bregma) aiming for the stratum 

oriens or pyramidale. The entire headstage was then covered with dental acrylic cement 

(Refobacin bone cement R, Biomet) or light-sensitive cement (Tetric EvoFlow, Ivoclar 

Vivadent). In order to provide post-surgical pain relief all rats received analgesic treatment: 

subcutaneous injections of Metacam (25µl per 100g) or Dipidolor ((Janssen-Cilag), 2ml per 

125ml of drinking water provided for 48h after surgery). 
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2.2.5. Food restriction 
After the headstage implantation rats were housed individually and for 5-10 days food pellets 

were given ad libitum. Once the animal fully recovered the initial body weight, the food 

restriction protocol was induced. Specifically, rats were food restricted until they reached 85 

% of their initial body weight, which was adjusted to the growth of the animal by adding 5g 

each week. The weight was maintained between 80 and 85 % for a maximum period of 2 

weeks. Then, rats recovered from food restriction with ad libitum food for 3 days. Water was 

given ad libitum throughout the entire experiment.  

 

2.2.6. Animal handling and behavioural training 
Rats were trained to perform a delayed cue-matching to place task on an elevated Y-maze 

(Fujisawa et al, 2008; Fujisawa & Buzsaki, 2011). During the induction of the food restriction 

protocol rats were handled and habituated to the recording room. All training and recording 

sessions were performed in dark conditions. Once the weight of the animals went under 85% 

of the initial body weight, they were familiarised to search for liquid reward on the maze. 

During this period reward was provided whenever the rats moved from one arm of the maze 

to another. Once the rats showed consistent reward driven behaviour on the maze for at 

least 50 trials, the cue-matching to place paradigm was introduced. 

In this paradigm rats had to learn to associate a given stimulus presented in the home arm 

(18µl of cherry or chocolate syrup containing 15% sugar) with a reward location in one of the 

2 goal arms. For instance, if chocolate was presented as stimulus, this indicated that reward 

(68µl of the same syrup used for the stimulus) will be available at the left reward location, but 

not at the right. The sequence of the 2 stimuli was pseudo-randomised restricted by 

presenting not more than 5 consecutive chocolate or cherry stimuli. Additionally, odour 

distracters were place at both reward locations to avoid the development of cue-guided 

strategies. Once the animals chose the correct reward locations with at least 85% accuracy 

for both stimuli within at least 100 trials, a movable gate was introduced at the end of the 

stimulus presentation. After the rats habituated to the moving gate a delay period between 

the end of the stimulus presentation and the door opening was gradually introduced (starting 

with 2s and finally setting to 6s). Again, the rats were trained until they reached at least 85% 

accuracy. Altogether, the training protocol lasted between 20 and 30 days. 

 

2.2.7. Habituation to the recording setup and tetrode recordings 
The animals were briefly anaesthetised with isoflurane and mounted in a stereotaxic frame. 

However, to avoid potential discomfort the ear bars were not attached to the ears of the 

animals, but directly to the implant. Next, the tetrode was slowly advanced towards layer 2 of 

the right prelimbic cortex in steps of 60 µm. Once, the recorded signal contained action 
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potentials with amplitudes of at least 50 µV the position was kept for the recording day. 

Animals where then taken out from the stereotaxic frame and put in a recovery box 

positioned on top of the Y-maze. Recording sessions started after 2h of recovery from 

anaesthesia. During the recording session the animal behaviour was recorded using an 

infrared camera and a camera tracking the position of the animal based on LEDs mounted 

on the head of the animals. Moreover, time of stimulus/reward consumption and the time of 

door opening was monitored. Spike sorting was done semi-automatically using KlustaKwik 

followed by supervised adjustment of the clusters. 

The first 2 tetrode recording session usually served as habituation to the recording setup. 

Afterwards, task performance typically went back to the >85% accuracy the animals had 

before starting the first tetrode recording session. 

 

2.2.8. Craniotomy and duratomy 
After at least 2 tetrode recording days with at least 85% task performance, rats were 

anaesthetised with isoflurane and mounted in a stereotaxic frame in the same way as they 

were mounted before the tetrode recordings. Craniotomy and duratomy were performed 

above the right prefrontal cortex. Before the duratomy 0.1mg/ml of Mitomycin C was applied 

on the dura mater for 10 min to reduce growth tissue formation on the subsequent days. 

After the duratomy the cortical surface was covered with a layer of silicon (Kwik-Cast, World 

Precision Instruments).  

 

2.2.9. Juxtacellular recording and labelling in rats performing a working memory task 
Similar to the tetrode recording days rats were briefly anaesthetised with isoflurane and 

mounted in a stereotaxic frame. A glass electrode filled with 3% Neurobiotin (wt/vol) in 0.5M 

NaCl was loaded into a piezoelectric microdrive (Kleindiek Nanotechnik). Next, the glass 

electrode was placed 1mm deep into the motor cortex above the medial prefrontal cortex. 

Then, the surface of the cortex was covered with wax and the glass electrode was protected 

with a plastic cap fixed to the implant. The LED arrays were mounted onto the plastic cap. 

After that, a miniature pre-amplifier (ELC mini-preamplifier, NPI Electronic) and an 

accelerometer (Supertech International) for recording head movements were attached to the 

implant. Same as for the tetrode recordings the animals were placed in a box, where they 

recovered 2h from anaesthesia. Recordings from the 4 interneurons presented in this 

chapter of the thesis lasted 12-33min and led to a task performance of 15-40 trials. After 

recording, as assessed by the increase of the action potential amplitude the glass electrode 

was advanced toward the recorded neuron. Then, Neurobiotin was injected into the recorded 

cell by applying positive current injections of 0.3-3nA with a 200ms on/off cycle (Pinault, 

1996). Neurons were labelled 1-4 days after duratomy. After the recording session, the 
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animals were anaesthetised and re-mounted into the stereotaxic frame. If the juxtacellular 

labelling attempt was successful, the rat was perfused 30min-1h after the labelling. First the 

rats were perfused with 0.9% saline solution followed by 20-30min perfusion with fixative 

containing 4% paraformaldehyde (wt/vol), 15% saturated picric acid (vol/vol) and 0.05% 

glutaraldehyde (vol/vol) in 0.1 M phosphate buffer at pH ~7.2. 

If the labelling attempt was assessed to be not successful, the animal was placed back into 

the home box and the recording procedure was repeated on the next day. 

 

2.2.10. Data acquisition 
Recording signals were 10x pre-amplified and 100x amplified using BF-48DGX and DPA-

2FS signal conditioners (NPI Electronic). All signals were digitized at 20kHz (Power1401 A/D 

board, Cambridge Electronic Design). Online filtering was done as follows: 0.3 to 300Hz for 

the glass electrode and the hippocampal LFP, 0.8 to 5kHz for the glass electrode action 

potentials and 0.1 to 6kHz for the tetrode recordings. 50Hz noise was removed by Hum-bugs 

(Digitimer) without introducing phase shifts. Auxiliary signals from the accelerometer, the 

sensors for reward consumption, tracking and maze synchronisation signals were digitized 

at 1kHz. Digitized signals were acquired with Spike2 (version 7.01, Cambridge Electronics 

Design). Both tracking and infrared videos were captured with 25 frames per second. 

Tracking of the rats and synchronisation with the electrophysiological signals were 

performed by a software developed by K. Allen.  

 

2.2.11. Post hoc cell identification 
Tissue preparation and analysis for light and immunofluorescence were done as described 

in (Massi et al, 2012). For details on the primary antibody used also see (Massi et al, 2012). 

 
2.2.12. Analysis of action potential firing during task performance 
Data analysis was performed with Spike 2 and MATLAB (version 7.9-R2009b, MathWorks). 

Recording periods, when either the glass electrode, or the current injection affected the firing 

of the cell were excluded from any analysis. 

First, each trial of the working memory task was divided into 9 consecutive task episodes: 

trial induction (lasting 3s, the animal has to wait this period before the next trial is initiated), 

stimulus presentation (lasting 4s for ML91, ML92, ML95 and ML96, 5s for ML80 and 10s for 

ML77), sampling for stimulus after stimulus presentation has already finished (variable 

duration), delay period (lasting for 2s for ML77, 5s for ML80 and 6s for ML91, ML92, ML95 

and ML96), door opening (lasting 3s), running into the goal arm (variable duration), reward 

presentation (lasting 2s for ML80 and 4s for ML77, ML91, ML92, ML95 and ML96), sampling 
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for reward after the reward presentation has already finished (variable duration) and running 

back into the home arm (variable time). 

Time stems of the recorded action potentials were detected with Spike2. Firing rates were 

calculated for all task episodes. Additionally, peri-event histograms of the firing rates were 

calculated in 200ms windows. The zero-points of the histograms were set to the door 

opening and to the start of the reward delivery, respectively. Task performance was 

calculated within a window of 5 trials looking into the past. 
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2.2.13. Results 
2.2.14. Parvalbumin expressing interneurons in the prelimbic cortex of rats 
performing a working memory task 
Five of the 6 interneurons presented in this chapter (ML80a, ML91a, ML92a, ML95a and 

ML96a) were recorded during working memory task performance, juxtacellularly labelled and 

tested immunopositive for the calcium binding protein parvalbumin (figure 1-4). Cell ML77b 

was recorded during working memory task performance, but could not be unequivocally 

identified as a juxtacellularly labelled neuron. 

The firing activity of all interneurons shown here was modulated by the different episodes of 

the working memory task. Among the analysed interneurons this task episode modulation 

was highly heterogeneous and fell into 3 distinct patterns: interneurons that increased the 

firing rate during the end of the delay period and the goal run (ML91a, ML92a) (figure 4, 8), 

interneurons that increased the firing rate during stimulus presentation and reward delivery 

(ML80a, ML96a) (figure 5, 9) and interneurons that decreased their spiking activity before 

the stimulus and reward (ML77b) or before the reward only (ML95a) (figure 6, 10). 

In most cases the differentiation between “chocolate” and "cherry" trails based on the firing 

rate did not appear during the preferred task episodes of the interneurons, but consistently 

appeared at the reward location (figure 5, 6) or during the home run (figure 7). Interestingly, 

in ML91a and ML92a the firing rate differences between "chocolate" and "cherry" trials at the 

reward location were independent of the reward delivery itself as they appeared when the 

reward presentation was already finished (figure 5). 
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Figure 1: Recording of a PV expressing interneuron in the prelimbic cortex of a rat 

performing a working memory task. (a) Schematic representation indicating the 

approximated soma location (red dot) of ML91a in layer 5 of the prelimbic cortex. (b) 

Fluorescence pictures showing a dendrite of ML91a in layer 5 immunopositive for the 

calcium binding protein parvalbumin. (c) Action potential firing of ML91a during a correct 

“cherry” trial. Note that the peak firing rate of the neuron occurred at the end of the delay 

period. The licking sensors indicate the time periods during which the rat stayed at the 

stimulus or reward location. However, the actual delivery of the stimulus/reward is marked by 

the colour code above the recorded trace. M2, motor cortex; CG, cingulate cortex; PL, 

prelimbic cortex; IL, infralimbic cortex; DP, dorsal peduncular cortex. 

 

 
 



 

51 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Firing activity of a PV expressing interneuron in the prelimbic cortex recorded 

during working memory task performance. (a) Schematic representation indicating the 

approximated soma location (red dot) of ML92a in layer 6 of the dorsal prelimbic cortex. (b) 

Fluorescence pictures showing the soma of ML92a immunopositive for the calcium binding 

protein parvalbumin. Note the adjacent interneuron strongly immunopositive for parvalbumin. 

(c) Firing activity of ML92a during a correct “cherry” trial. The neuron increased the firing 

during the delay period and fired most during the goal run. M2, motor cortex; PL, prelimbic 

cortex; MO, medial orbitofrontal cortex. 
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Figure 3: Action potential firing of a PV expressing interneuron in the prelimbic cortex 

recorded during working memory task performance. (a) Schematic representation indicating 

the approximated soma location (red dot) of ML80a in layer 3 of the ventral prelimbic cortex. 

(b) Fluorescence pictures showing a dendrite of ML80a in layer 3 immunopositive for 

parvalbumin. (c) Firing activity recorded during a correct “chocolate” trial. ML80a fired 

preferentially during the stimulus presentation and the reward delivery. M2, motor cortex; 

CG, cingulate cortex; PL, prelimbic cortex; IL, infralimbic cortex; DP, dorsal peduncular 

cortex. 
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Figure 4: Firing activity of the PV expressing interneuron ML95a during working memory 

task performance. (a) Schematic representation of a coronal section at a distance of 3.24mm 

from the bregma. The red dot indicates that the soma of ML95a was located in layer 3 of the 

dorsal prelimbic cortex (PL). (b) Fluorescence pictures showing a dendrite of ML95a in layer 

3 immunopositive for the calcium binding protein parvalbumin. (c) Action potential firing of 

ML95a recorded during a correct trial when "cherry" was presented as the stimulus. Note the 

drops of activity before the rat either received the stimulus (blue markers above the recorded 

trace), or the reward (red marker). M2, motor cortex; PL, prelimbic cortex; MO, medial 

orbitofrontal cortex. 
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Figure 5: Goal run related firing of the PV expressing interneurons ML91a and ML92a. (a) 

Autocorrelograms at different time scales. (b) Average firing rate (+/- SEM) during 

consecutive task episodes calculated for trials with correct decisions only. ML91a and 

ML92a fired at highest frequency during the goal run, where they did not differentiate 

between “chocolate” and “cherry” trials. Firing rate differences between "chocolate" and 

"cherry" trials in both cells were found at the reward location right after the reward 

presentation finished (licking episode after reward episode). (c) Trial-by-trial firing rate during 

consecutive task episodes. Colour code next to the rate plot: red ("cherry" trial), black 

("chocolate" trial), green (correct trial), orange (incorrect trial). 
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Figure 6: Stimulus and reward related firing of the PV expressing interneurons ML80a and 

ML96a. (a) Autocorrelograms at different time scales. (b) Average firing rate (+/- SEM) 

during consecutive task episodes calculated for trials with correct decisions only. ML80a and 

ML96a displayed increased spiking during stimulus presentation and reward delivery. Note 

that both interneurons differentiated most strongly between "chocolate" and "cherry" trials at 

the reward location right after the reward presentation finished (licking after reward episode). 

(c) Trial-by-trial firing rate during consecutive task episodes. Colour code as in figure 6. 
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Figure 7: The PV expressing interneuron ML95a and the unidentified interneuron ML77b 

decreased their spiking activity during periods prior reward consumption. (a) 

Autocorrelograms at different time scales. (b) Average firing rate (+/- SEM) during 

consecutive task episodes calculated for trials with correct decisions only. ML77b decreased 

the firing rate before stimulus presentation and reward delivery. The firing of ML95a only 

decreased before the reward delivery, but not before the stimulus presentation. In both cells 

the firing rate was different between "chocolate" and "cherry" trials during the home run. (c) 

Trial-by-trial firing rate during consecutive task episodes. Colour code as in figure 6. 
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Figure 8: Delay and goal run related firing of the PV expressing interneurons ML91a and 

ML92a. (a) Trial-by-trial rate (top) and average rate (bottom) peri-event histogram with the 

door opening set to 0s. Both interneurons increased the firing rate within the delay period 

and fired with highest frequency right after the door opened. (b) Trial-by-trial rate (top) and 

average rate (bottom) peri-event histogram with the reward set to 0s. (c) Performance and 

trial duration calculated for the trials included into the peri-event histograms. Note the low 

performance of ML91 in the beginning of the recording. During this period of low 

performance the firing rate of ML91a was higher than during the following high performance 

period. Colour code next to the peri-event histogram plots as described for figure 6. 
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Figure 9: Stimulus and reward related firing of the PV expressing interneurons ML80a and 

ML96a. (a) Trial-by-trial rate (top) and average rate (bottom) peri-event histogram with the 

door opening set to 0s. (b) Trial-by-trial rate (top) and average rate (bottom) peri-event 

histogram with the reward set to 0s. Note that ML80a and ML96a increased their spiking 

activity during the stimulus and reward presentation and clearly differentiated between 

"chocolate" and "cherry" trials right after the reward delivery was finished. (c) Performance 

and trial duration calculated for the trials included into the peri-event histograms. Colour 

code next to the peri-event histogram plots as described for figure 6. 
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Figure 10: Pre-reward inhibition of the PV expressing interneuron ML95a and the 

unidentified interneuron ML77b. (a) Trial-by-trial rate (top) and average rate (bottom) peri-

event histogram with the door opening set to 0s. (b) Trial-by-trial rate (top) and average rate 

(bottom) peri-event histogram with the reward set to 0s. Note the period of inhibition starting 

in both cells before the rat received the reward. Colour code next to the peri-event histogram 

plots as described for figure 6. 
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3. Discussion 
3.1. General discussion 
Cortical network oscillations are temporal order parameters coordinating neuronal 

assemblies. Spatiotemporally distinct synaptic inputs originating from distinct types of 

GABAergic interneuron are key to controlling the millisecond precision of spike timing and 

thus are crucial to the generation of neuronal coordination (Buzsaki 2006). 

Performing in vivo extracellular recording followed by juxtacellular labelling in the prelimbic 

cortex of anaesthetised rats, I have recorded 5 identified PV expressing basket and 2 

identified axo-axonic cells.  Together with experiments from Dr. Lema Massi, Dr. Zsolt 

Borhegyi and Dr. Katja Hartwich, our recordings have shown that axo-axonic, but not basket 

cells, consistently increased their spiking activity during tail pinch induced brain state 

changes (Massi et al, 2012). Interestingly, prelimbic pyramidal neurons responded 

heterogeneously to the tail pinch (Massi et al, 2012), which might be explained by the 

pyramidal cell state dependent dual role of axo-axonic cell signalling (Woodruff et al, 2011). 

Moreover, our experiments have highlighted the differential spike timing of axo-axonic and 

basket cells during slow oscillations (Massi et al, 2012), which is in line with previous reports 

describing fast spiking interneurons that are either early, or late active within UP-states (Puig 

et al, 2008). In particular, we have found a temporal correlation of basket cell firing and 

spindle power. Together with the strong spindle phase locking of prelimbic basket cells 

reported earlier (Hartwich et al, 2009) this suggests a participation of basket cells in the 

generation of prefrontal spindle oscillations. 

However, it cannot be excluded that the anaesthesia used in our experimental setting (Massi 

et al, 2012) affected the firing activity of axo-axonic and basket cells during different brain 

states. Therefore, we established a novel technique allowing juxtacellular recording and 

labelling in freely-moving rats. We first employed this technique to record in the dorsal CA1 

region of the hippocampus, where we identified dynamical changes of firing activity during 

different behavioural states in PV expressing basket, but not in Ivy cells (Lapray et al, 2012). 

Recent technological progress in manipulating or recording from defined types of interneuron 

in awake animals led to a number of discoveries of how local circuit operations are linked to 

behaviour (Gentet et al, 2012; Letzkus et al, 2011; Lovett-Barron & Losonczy, 2013; Murray 

et al, 2011; Royer et al, 2012; Wolff et al, 2014).  

Thus, we decided to extend freely-moving juxtacellular recording and labelling to rats 

performing a working memory task. Consistent with different studies using optogenetic 

means to obtain recordings from a defined interneuron population during prefrontal 

dependent behavioural paradigms (Courtin et al, 2014; Kvitsiani et al, 2013), I found task 

specific modulation of PV expressing basket cell activity across different episodes of the 

working memory task (figure 1-4). 
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In deep layers of the anterior cingulate cortex it has been found that PV and SOM 

expressing interneurons encode distinct behavioural aspects of a reward foraging task. 

While most PV expressing interneurons transiently increased their spiking activity during 

reward zone exits, a subset of SOM expressing interneurons (narrow spiking) decreased 

their firing rate upon reward zone entry. Both PV and narrow spiking SOM expressing 

interneurons formed relatively homogeneous population responses (Kvitsiani et al, 2013).  

This stands in contrast to what I have observed for the firing activity of juxtacellularly 

identified PV expressing interneurons in the prelimbic cortex during working memory task 

performance (figure 4-6). I found heterogeneity of activity patterns among PV expressing 

interneurons, that to some extend appeared to correlate with the layer-specific axo-dendritic 

arborisation of the cells (both neurons active early during the goal run were located in deep 

layers of the prelimbic cortex). Conversely, the location specificity of the interneurons itself 

could not predict the activity pattern. Heterogeneity was present between cells with similar 

laminar position (i.e. ML92a and ML96a) and dorso-ventral location within the medial 

prefrontal cortex (i.e. ML91a and ML95a). Therefore, differences in layer or sub-regional 

location between the different recorded cells  are not sufficient to explain the observed 

diversity of activity patterns. More likely, the expression of PV does not define a 

homogeneous population of interneurons, but is rather shared by a number of distinct cell 

types that have not yet been clearly differentiated. Besides the traditional differentiation in 

large, small and nested basket cells (Markram et al, 2004), axonal diversity has been 

particularly reported for layer 5 (Buchanan et al, 2012) and layer 6 PV expressing 

interneurons (Bortone et al, 2014; Kumar & Ohana, 2008) in the rodent neocortex. 

Especially, the extend of translaminar axonal branching has been identified as a major 

source of diversity (Buchanan et al, 2012). Though translaminar targeting layer 5 PV 

expressing interneurons have been shown to receive glutamatergic input from terminals with 

enriched presynaptic NMDA receptors (Buchanan et al, 2012), distinct molecular expression 

profiles or sub-cellular targets of these cells have not been described so far. In terms of 

molecular markers co-expressed with PV at present only CB (Hartwich et al, 2009) and 

nNOS (Kubota et al, 2011a) have been reported. In both cases, however, the co-expression 

has not been further exploited for the definition of PV expressing cell types.  

However, the potential diversity among PV expressing interneurons does not elucidate the 

discrepancy of a stereotyped response pattern seen in a reward foraging task (Kvitsiani et al, 

2013) and the diverse activity patterns I observed in a working memory task (figure 5-7). 

Might differences in local circuitry engagement caused by the two different behavioural 

paradigms be the explanation for the discrepancy? 

First, on top of the dominating distinct task episode modulation specific for each cell group 

(goal run activated, stimulus/reward activated, pre-reward inhibited) all cells also display a 
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certain shared response type. That is, all cells (including the non identified ML77b) fire 

differently between "chocolate" and "cherry" trials right after consuming the reward or during 

the following home run (figure 5-7). As the differentiation between "chocolate" and "cherry" 

trials does not consistently appear during all the task episodes affected by spatial differences 

(goal run, reward consumption), modulation of the spiking activity by different environmental 

inputs of "chocolate" and "cherry" trials, respectively, appear to be not significant here. 

Second, the extend of specific and shared task engagement of different interneuron cell 

types might depend on the cognitive demand of the respective behavioural paradigm. 

 

3.2. Conclusion and future prospects 
In conclusion, I have shown that different types of PV expressing interneurons contribute to 

network oscillations occurring during slow wave sleep in a distinct manner. Furthermore, I 

have contributed to the finding that PV expressing basket cells in the dorsal CA1 region of 

the hippocampus encode for changes in behavioural states. 

In the future I want to test the hypothesis that different activity patterns among PV 

expressing interneurons during working memory behaviour correlate with different PV 

expressing cell types characterised by specific expression profiles and distinct axo-dendritic 

arborisations. Further, I plan to test the hypothesis that the parallel occurrence of shared and 

distinct task engagement might be a characteristic feature of PV expressing interneurons 

and that the overlap of shared and distinct task representation might be a dynamic 

mechanism of how the prefrontal cortex adapts to changing cognitive demands. 

Altogether, the findings presented in this thesis complement the understanding of how 

response diversity during cognitive processes can be associated with cell type diversity in 

the neocortex. In the future, this might not only bolster the mechanistic understanding of 

information processing in the brain, but might also open a window for treating mental 

disorders with an extend of selectivity that yet has not been reached. 
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