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1. INTRODUCTION 

To efficiently cope with challenges, the animal brain evolved to complete tasks like 

aversive or reward memory formation, planning and decision making. Revealing how 

neuronal networks that carry out these tasks operate is a fundamental goal for scientific 

research. Two brain regions that are indispensable in executing these functions in 

mammals are the prefrontal cortex and the amygdala, areas where we performed our 

investigations. In the next chapters I will briefly introduce these brain regions, their role 

in behaviour and our current knowledge regarding their neuronal networks, with the focus 

on a specialized group of inhibitory neurons and their synaptic connections.  

 

1.1. Medial prefrontal cortex and its role in cognitive processes 

The prefrontal cortex (PFC) is located in the frontal part of the neocortex across 

mammalian species including humans, positioned high in the functional hierarchy of 

brain regions. In terms of its role in behavior, it is one of the most studied brain regions. 

High-level cognitive functions such as decision making, reward processing, working 

memory or attention are attributed to the healthy operation of this region (Goldman-

Rakic, 1988; Mesulam, 1998; Fuster, 2006). Alterations in PFC function on the other 

hand have been implicated in disorders like schizophrenia, addiction and depression 

(Price & Drevets, 2010; Goldstein & Volkow, 2011; Dienel et al., 2022; Howes et al., 

2024). Despite the importance of PFC in executive functions, precisely defining the PFC 

has been challenging due to the difficulty of finding appropriate criteria that can be 

applied across species. Historically, PFC was defined by the dense projection arriving 

from the mediodorsal nucleus of the thalamus (MD)(Rose & Woolsey, 1948). Since then, 

the specificity of MD projections to the PFC were disproven in several mammalian 

species and the use of connectivity alone as defining criterion was expanded by the 

following aspects: the embryological development, functional properties and the presence 

and distribution of neuroactive substances and receptors are now also considered when 

homology between species is examined (Uylings et al., 2003). These aspects and the fact 

that model animals can also execute behaviors similar to those that are attributed to the 

PFC in humans (like delayed-response tasks or rule switching) validate research 

directions in rodents (Seamans et al., 2008; Le Merre et al., 2021). These features enable 

studying the PFC in model organisms in the quest of finding general principles which 
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might take us closer to a deeper understanding of how neuronal circuits operate in 

mammals as well as humans.  

The rodent PFC is a layered, agranular structure (i.e. it lacks layer IV) that can be 

further divided into the following subregions (Figure 1): secondary motor cortex (M2); 

anterior cingulate cortex (ACC); prelimbic cortex (PrL); infralimbic cortex (IL), 

orbitofrontal cortex (OFC) and insular cortex (IC) (Carlén, 2017). Efforts have been made 

to assign specific functions to these subregions as well. For example, ACC participates 

in action selection, reward-guided learning and subjective feeling of pain (Fuchs et al., 

2014; Rolls, 2023). Our study focused on the prelimbic cortex located in the medial part 

of the PFC (mPFC) especially because of the involvement of the PrL in fear-related 

behavior (Burgos-Robles et al., 2009; Sierra-Mercado et al., 2011; Chen et al., 2017).  

The mPFC is highly interconnected with various parts of the brain. It sends 

projections to the periaqueductal gray that participates in defensive responses and 

aggression, and to the striatum, a region involved in reward-seeking behavior (Carrive, 

1993; Nelson & Trainor, 2007; Cox & Witten, 2019; Anastasiades & Carter, 2021). The 

mPFC also has reciprocal connections with several brain region including the thalamus 

and the basal amygdala (Anastasiades & Carter, 2021). The bidirectional connection 

between the PFC and the amygdala plays a crucial role in emotional regulation and social 

interaction (Banks et al., 2007; Salzman & Fusi, 2010; Gangopadhyay et al., 2021; Tan 

et al., 2021; Wang et al., 2022). This extensive connectivity arising from and arriving to 

the mPFC ensures its role as an integrative region that exerts top-down control over 

behavior in a multitude of contexts. 
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 Figure 1. Regions of the mouse prefrontal cortex. ACC: anterior cingulate cortex; IC: 

insular cortex; IL: infralimbic cortex; M2: secondary motor cortex; OFC: orbitofrontal 

cortex; PrL: prelimbic cortex. (Adapted from Carlén, 2017). 

 

1. 2. The basolateral amygdala and its functions in neuronal operation 

The amygdaloid complex includes 13 different nuclei divided into 3 major groups 

with different developmental origin and elements in their neuronal circuits. It is an 

evolutionary conserved structure with homologous areas present in reptiles and the avian 

brain as well (Lanuza et al., 1998, Martinez-Garcia et al., 2008). One of the major groups 

of the amygdala nuclei is the basolateral complex which includes the lateral nucleus (LA), 

the basal nucleus (BA), together often referred to as the basolateral amygdala (BLA), and 

the basomedial nucleus (BM) (Figure 2). Common features of these nuclei include their 

cortical origin and their similar cytoarchitecture. Although neurons in these nuclei are not 

arranged into layers, lacking an apparent common dendritic orientation, some gradients 

can be observed within the nuclei, for example in the size of somata along the 

anteroposterior axis (Sah et al., 2003). 

In terms of its function, the BLA has been the target of numerous studies that aimed 

to investigate reward processing, valence coding, decision making or aversive memory 

formation (Goosens & Maren, 2001; Murray, 2007; Tye et al., 2008; Gore et al., 2015), 

functions highly relevant to survival. BLA activity has been shown to play a crucial role 

in the fear conditioning learning paradigm, with numerous studies showing that local 

inhibitory cells in this region are indispensable in the acquisition, expression and 

extinction of fear memories (Herry et al., 2010; Tye et al., 2011; Wolff et al., 2014; 

Krabbe et al., 2019; Ito et al., 2020; Stujenske et al., 2022; Baldi et al., 2024). 

Given its cortical origin, circuits in the BA share many features with the PFC 

regarding their cell types and the ratio of these cell types, as well as the circuit patterns 

established by them (McDonald, 1992; Spampanato et al., 2011, Capogna, 2014; 

Anastasiades & Carter, 2021). Inhibitory cells in the BA are similarly diverse as in the 

neocortex in terms of their molecular and physiological features, implying that they fulfill 

similar roles within local circuits (Hajos, 2021). Therefore, in the following section I will 

introduce these cell types generally. 
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Figure 2. Location of the mouse amygdala and its nuclei involved in emotional 

learning. (A) Coronal section of the mouse brain at the plane containing amygdala 

nuclei important in emotional learning. Green and blue regions correspond to the area 

enlarged in panel B (modified from Aerts & Seuntjens, 2021). (B) Amygdala nuclei 

involved in the acquisition, expression and extinction of fear. BA: basal nucleus; BM, 

basomedial nucleus; CEl, CEm: lateral and medial part of central amygdala; ITCd, 

ITCv and lITC: dorsal, ventral and lateral paracapsular part of intercalated cell mass; 

LAd, LAvl and LAvm: dorsal, ventrolateral and ventromedial part of the lateral nucleus 

(Adapted from Lee et al., 2013). 

 

 

 

1.3. Neuronal diversity in cortical structures  

1.3.1. Features used for characterization of excitatory and inhibitory cells 

Cortical neuronal networks are built up from excitatory glutamatergic cells and 

inhibitory GABAergic cells. The ratio of these broad categories are around 4 to 1 with 

glutamatergic neurons making up approximately 80-85% of the neuronal population 

across different brain regions including the PFC and the BA (DeFelipe & Farinas, 1992). 

Cortical excitatory neurons include pyramidal neurons and stellate cells, two groups that 

strikingly differ in their morphology that also bears functional consequences. Pyramidal 

neurons constitute the most numerous neuronal cell type therefore they are regarded as 

principal neurons (PNs). PNs also represent the major output source to remote brain 
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regions. PN somata resemble a rounded pyramid, from which a spiny apical dendrite and 

many basal dendrites emerge. In layered structures, the apical dendrites of PNs reach 

towards layer 1 (L1) as in the PFC, but without layers, they do not show apparent 

orientation, for example as in the BA. The dendritic spines are the main postsynaptic 

targets for excitatory synapses but can be innervated by inhibitory terminals as well 

(Gray, 1959; Shepherd, 1996; Nimchinsky et al., 2002; Kubota et al., 2007), although 

GABAergic signals on dendrites mostly arrive to the segments without spines (Megias et 

al., 2001). Inhibitory inputs also target the soma and the axon initial segment (AIS) of 

PNs with some inhibitory cell types specializing in innervating these regions (Freund & 

Buzsaki, 1996; Megias et al., 2001). In contrast to the morphology of pyramidal neurons, 

stellate cells extend their dendrites radially and have multipolar morphology. Stellate cells 

that are abundant in layer 4 of somatosensory cortices are involved in relaying 

information locally, receive monosynaptic connections mostly from neurons within the 

same cortical column but are also targeted by strong thalamic inputs (Stratford et al., 

1996; Schubert et al., 2003). In contrast, stellate cells of the entorhinal cortex for example 

project to the hippocampus and form a continuum of morphological phenotypes between 

stellate cells and pyramidal cells (Tamamaki & Nojyo, 1993; Witter et al., 2017). 

Due to the fact that PNs provide the majority of output from a given region, efforts 

for defining heterogeneity within such a large pyramidal neuronal population has focused 

on differences in PN projection areas. For example, pyramidal tract (PT) neurons in 

cortical layer 5 project to the brainstem and spinal cord and often to the thalamus, while 

projections of intratelencephalic (IT) cells avoid the thalamus but innervate the 

contralateral cortex, which is not targeted by PT cells in addition to the striatum. These 

principal cells differ in their electrophysiological properties (Hattox & Nelson, 2007) and 

are preferentially active in different states of the network in vivo (Kawaguchi, 2017), 

underlining the concept that PN projection sites have functional implications. 

Classification of PNs can also be based on their involvement in given tasks. For example, 

PNs in the BA that become sensitive for a neutral stimulus if that is repeatedly associated 

with a noxious stimulus can be referred to as fear neurons due to the causal relationship 

between their activity and fear behavior (Herry et al., 2008). Similarly, PNs in the 

hippocampus can become place cells by showing heightened activity at a given area, 

contributing to the neuronal representation of space (O'Keefe & Speakman, 1987; Moser 

et al., 2008). ). In addition, firing of PNs in the PFC correlates with the animal behavior 

during working memory and decision-making (Passecker et al., 2019; Ozdemir et al., 
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2020). Yet, these might be plastic roles on shorter timescales and not definitive categories, 

as there might be other tasks a given PN engages in. In terms of the electrophysiological 

properties of PNs, two broad categories were described based on their activity pattern in 

response to depolarizing current pulses: the regular spiking and the bursting type was 

recorded both in vitro and in vivo (McCormick et al., 1985; Chagnac-Amitai et al., 1990; 

Nunez et al., 1993). These types can also exhibit morphological differences for example 

in their somatic size and the thickness and arborization of dendrites (Degenetais et al., 

2003). 

Excitatory neurons, however, need inhibitory cells to guarantee balanced, controlled 

functioning of the network and fine-tune information flow on the spatial and temporal 

scale. The axons of these inhibitory neurons arborize locally and provide inhibitory input 

to thousands of neighboring neurons - hence the name interneuron (IN), although a small 

portion can project to remote cortical areas forming a group of GABAergic projection 

cells. Inhibitory interneurons show large heterogeneity in a number of aspects that are 

important for their description and classification: they can display distinct morphology, 

express specific neurochemical markers, exhibit certain electrophysiological properties 

or preferentially target cell types or subcellular domains. The canonical cortical IN types 

and their characteristic features are summarized in Figure 3. 
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Figure 3. Major cortical interneuron classes. Neurochemical markers, targeting bias, 

anatomical and biophysical properties are traditionally used to describe and group INs. 

5HT3aR: 5-hydroxytryptamine (serotonin) receptor; CCK: cholecystokinin; NGFC, 

neurogliaform cell; PV: parvalbumin; SBC, single bouquet cell; Sst: somatostatin; Vip: 

vasointestinal polypeptide. (Modified from Tremblay et al., 2016).  

 

The definition of IN types was driven by the underlying motive that cell types would 

represent functional units within the network and that their features were relevant to the 

role they fulfill. Such a relationship between function and cellular properties is readily 

recognizable in terms of the biophysical properties that shape neuronal excitability and 

activity patterns enabling a specialized relationship between the input and output of a cell 

type. The magnitude of the effect a given input will have on the membrane potential of a 

neuron for example will be determined by its input resistance, with higher input resistance 

leading to larger deflections and more potent excitation or inhibition. The time course of 

these deflections is largely influenced by the membrane time constant of the cell, which 

determines how long these deflections in the membrane potential last, meaning that cell 

types with longer membrane time constant integrate inputs on a wider timescale. At the 

output side, cell types can differ in the width and the rate of their action potentials with 

some cells being able to maintain a firing rate while others show large accommodation 

(i.e. their spiking slows down considerably). Differences in these properties shape the 

dynamics of calcium influx into presynaptic terminals, kinetics of the release and how 

fast and how faithfully a cell type can translate its excitatory input into action potentials. 

These intrinsic membrane properties can show large variability between cell types (Figure 

3) and therefore represent an important factor that contributes to the divergent functions 

performed by different cell types. 

Another feature that has been proven to be of major significance in terms of the 

functional role certain INs play is whether they show targeting bias and in what way. This 

is a consequence of the morphology and the biophysical properties of neurons. Dendrites 

represent a large surface for receiving input and performing local computations. The 

somatic region is where inputs converge and the signal reaches the axon initial segment, 

which has the highest density of voltage-gated sodium channels necessary for action 

potential (AP) generation. The consequence of the specialized domains is that inhibitory 

inputs arriving to different sub-compartments of a neuron will serve distinct roles in 

shaping postsynaptic activity. Utilizing this, different IN types specialize in innervating 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3318857/
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distinct parts of their postsynaptic partners, and these patterns appear throughout cortical 

regions, including the amygdala (Figure 4, Hajos, 2021). For instance, somatostatin (Sst) 

expressing Martinotti cells tend to innervate the dendritic region of PNs (Kawaguchi & 

Kubota, 1996; Wang et al., 2004). Neurogliaform cells that reside in layer 1 mostly exert 

their effect via volume transmission also on dendritic branches entering this layer, 

therefore, these cell types are more suited to influence the input of PNs (Tamas et al., 

2003; Olah et al., 2009). VIP cells are less selective for the subcellular region, but they 

mostly target other INs, therefore their activity reduces the inhibition that targets PNs 

(Acsady et al., 1996, Hajos et al., 1996, Pi et al., 2013). On the other hand, a group of INs 

focuses on innervating the soma, the proximal dendrites and the axon initial segment of 

their postsynaptic partner, collectively called the perisomatic region (Freund & Katona, 

2007). As these cell types are in the focus of our research, I will introduce them in the 

following chapters in more detail.  

 

 

 

Figure 4. Different subcellular domains of PNs are preferentially innervated by 

different types of INs. Certain cell types, like Martinotti cells or neurogliaform cells 

target the distal dendritic region of PNs, while others synapse on the proximal dendrites, 
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the soma, or the axon initial segment. This latter group that includes basket cells and 

chandelier cells constitutes the perisomatic region-targeting interneurons. These 

differences in the position of synapses dictate the role of IN types within neuronal circuits. 

(Adapted from Marin, 2012.) 

 

1.3.2. Perisomatic region-targeting interneurons (PTIs) and their significance 

An attribute that PTIs have in common is their preference for innervating the 

perisomatic region of their postsynaptic partners. This region includes the soma, the 

proximal dendrites and the axon initial segment (AIS), the regions where arriving inputs 

converge and the output of neurons is generated. The group of PTIs is comprised of 3 cell 

types: the parvalbumin expressing basket cell (PVBC), the chandelier cell (ChC) that 

includes parvalbumin positive and negative subpopulations, and the cholecystokinin and 

CB1 expressing basket cell (CCKBC). 

The importance of PTIs in local circuit operation has been demonstrated by 

anatomical and functional investigations (Buhl, Halasy, & Somogyi, 1994; Cobb et al., 

1995; Miles et al., 1996). Previous studies showed that the ratio of GABAergic synapses 

on the dendrites of PNs increase towards the soma in the hippocampus and the primary 

somatosensory cortex as well, which can increase up to 90 % (Megias et al., 2001; Bloss 

et al., 2016; Iascone et al., 2020). In a previous study, we identified that approximately 

90% of GABAergic inputs on PN somata express either PV or CB1 in the prelimbic cortex 

(Nagy-Pal et al., 2023) and 70% in BLA (Vereczki et al., 2016), the two markers for 

basket cells, results which are in good correspondence with those obtained in the 

hippocampus (Takacs et al., 2015). Furthermore, by quantifying the ratio of postsynaptic 

targets of CCKBC or PVBC terminals using biocytin-filled cells, we determined that a 

quarter of the synapses of both BC types contact PN somata and another quarter 

innervates proximal dendrites in the PrL (Nagy-Pal et al., 2023). These findings 

demonstrate that the contribution of BCs to inhibitory innervation of PNs is significant. 

The third PTI type, ChCs on the other hand specialize in innervating the AIS and they 

almost exclusively target PNs (Somogyi, 1977; Fairen & Valverde, 1980; DeFelipe et al., 

1985). ChC synapses are concentrated at the region where action potentials are initiated 

in the AIS (Veres et al., 2014). The number of contacts an individual PN receives from 

ChCs can vary with multiple ChCs potentially converging on one postsynaptic cell. In the 
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visual cortex for example where almost all PNs are targeted by at least one ChC, most of 

the individual AISs receive about 10 synaptic contacts but can be targeted by up to 30 

boutons (Schneider-Mizell et al., 2021).  

Besides the spatial organization of GABAergic synapses established by PTIs, 

functional studies also demonstrate the important role of these cells in regulating PN 

activity. Since the activity of neurons manifests in the binary code of action potentials, 

inputs physically close to the site of action potential generation are well positioned to 

strongly influence neuronal activity. Indeed, previous studies have shown that both BC 

types are able to efficiently control the spiking of their targets (Cobb et al., 1995; Miles 

et al., 1996; Stark et al., 2014; Woodruff & Sah, 2007; Veres et al., 2017). Similarly, 

activation of a few ChC synapses can inhibit PN spiking (Veres et al., 2014). In the 

following sections, I will introduce the different PTI types in more detail. 

  

1.3.2.1. Parvalbumin-expressing basket cell (PVBC) 

The name of basket cell reflects the structure created by the axonal boutons, namely, 

the way they surround postsynaptic somata with multiple boutons, but basket cell axons 

also frequently contact dendrites (Tamas et al., 2000; Kisvarday et al., 2002; Kubota et 

al., 2015). Basket cells are further categorized into parvalbumin-containing basket cells 

(PVBCs) and cholecystokinin-containing basket cells (CCKBCs) that also express type 1 

cannabinoid receptor (CB1) on their somatic and presynaptic membrane. Despite 

targeting the same subcellular domain of PNs both in the PrL and the BA (Veres et al., 

2017; Nagy-Pal et al., 2023), the two BC types differ in many molecular, 

electrophysiological and functional aspects.  

The calcium binding protein PV is expressed in the soma as well as the synaptic 

terminals of PVBCs where it acts as a slow Ca2+ buffer and prevents synaptic facilitation 

(Caillard et al., 2000; Eggermann & Jonas, 2011). PVBCs fire narrow spikes due to the 

rapid inactivation of Na+ channels and the expression of fast-activating Kv3 channels that 

repolarize the membrane (Martina et al., 1998; Rudy & McBain, 2001; Lien & Jonas, 

2003; Hu et al., 2018). Together with the rapid recovery of Na+ channels, these features 

enable high-frequency firing in PVBCs that can reach up to 150 Hz (Rudy & McBain, 

2001; Hu et al., 2018), PVBCs are therefore also referred to as fast spiker cells. The 

energy required for such high intensity activation is provided by large density of 

mitochondria in the somata and presynaptic terminals (Takacs et al., 2015) and the high 
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expression of cytochrome c oxidase (Gulyas et al., 2006) which plays a critical role in 

ATP synthesis. As an action potential invades the presynaptic boutons of PVBCs, a series 

of factors contribute to the quick release of GABA from their terminal (Huang 2014). 

Ca2+ entry is mediated by the fast-conducting  P/Q-type Ca2+ channels  that are located at 

the active zones of PVBC synapses (Hefft & Jonas, 2005), leading to the fast exocytosis 

of synaptic vesicles (Zaitsev et al., 2007; Bucurenciu et al., 2008). Postsynaptic currents 

evoked by PVBCs therefore arise with small latency and high precision (Hefft & Jonas, 

2005). Their short membrane time constant allows PVBCs to follow their input faithfully 

(Glickfeld & Scanziani, 2006), although their transmitter release is modulated by 

neuromodulatory signals via their µ-opioid receptor and their type 2 muscarinic 

acetylcholine receptors, that are absent from CCKBC terminals (Hajos et al., 1998; Drake 

& Milner, 2002; Yi et al., 2014).  

PV cell somata are surrounded by a complex structure called perineuronal net (PNN), 

made up by components of the extracellular matrix. PNNs have been implicated in the 

regulation of synaptic plasticity in multiple brain regions including the visual cortex, PFC 

and the hippocampus (Carulli et al., 2010; Miyata et al., 2012; Carceller et al., 2020; Cope 

et al., 2022; Biro et al., 2023). Moreover, a study from the BLA suggested that PNN 

protects fear memories from erasure in adult mice even after fear extinction, which is not 

the case in juvenile animals prior to the maturation of PNNs (Gogolla et al., 2009). 

PVBCs are mostly known for their ability to regulate and synchronize the activity of 

large neuronal populations (Buzsaki & Wang, 2012). They can establish synapses on 

more than a 1000 postsynaptic partners (Vereczki et al., 2016; Sik et al., 1995), and they 

often target other PVBCs by synaptic contacts (Sik et al., 1995; Bartos et al., 2002; 

Klausberger et al., 2002)  or establish gap junctions, which increase synchrony (Galarreta 

& Hestrin, 1999; Galarreta & Hestrin, 2002; Fukuda & Kosaka, 2000; Tamas et al., 2000). 

These connectivity patterns combined with the temporal precision of their postsynaptic 

effect enables PVBCs to fulfill a key role in regulating synchronous network activity 

(Tamas et al., 2000; Bartos et al., 2002; Buzsaki & Wang, 2012). Sharp-wave ripples for 

example, these short episodes of high-frequency rhythmic activities in the hippocampus 

that support memory formation and consolidation can be induced by optogenetic 

activation of PV cells (Schlingloff et al., 2014). PVBC spiking is phase locked to theta 

and gamma oscillation both in vitro and in vivo (Hajos et al., 2004; Tukker et al., 2007; 

Klausberger & Somogyi, 2008; Hartwich et al., 2009; Massi et al., 2012), and their 

activity during theta rhythm was also shown to be required for phase-coupled PN spiking 
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(Struber et al., 2022). Numerous studies have shown that their firing is crucial in the 

induction and maintenance of rhythmic network activities (Sohal et al., 2009; Gulyas et 

al., 2010; Schlingloff et al., 2014; Stark et al., 2014; Gan et al., 2017). Their direct role 

was also demonstrated in processes such as working memory (Kim et al., 2016; Lagler et 

al., 2016) and sensory processing (Cardin et al., 2009; Atallah et al., 2012).  

As a consequence of the multifaceted role PVBCs fulfill, alterations in PVBC 

function also have important health implications. Since oscillations underlie important 

cognitive processes (e.g. gamma oscillation in attention), disruptions in these abilities 

have been associated with disturbances in rhythmic activities and PVBC function 

(Benchenane et al., 2011; Hijazi et al., 2023). As key players in regulating 

excitatory/inhibitory balance, PVBCs are particularly implicated in conditions where 

pathological shifts arise in the excitability at the network level, accompanied by altered 

PV excitability as well, like in Alzheimer’s disease (Olah et al., 2022; Hijazi et al., 2023; 

Shu et al., 2023). Although uncovering the precise relationships between cause and effect 

is still a goal for future investigations, this goal may be fostered by a better understanding 

of the synaptic interactions of BCs. 

 

1.3.2.2. Cholecystokinin-expressing basket cell (CCKBC) 

Due to challenges with labelling techniques that would provide sufficient specificity, 

CCKBCs are the least well characterized cell type within PTIs. Markers for CCKBCs 

traditionally included CCK and CB1 receptor that are both highly expressed in pyramidal 

cells. Nonetheless, due to their distinct features compared to fast-spiking PTIs, CCKBCs 

might take part in modulating circuit activity in a unique way. 

CCKBCs express CB1 receptors in their presynaptic terminals and are therefore 

sensitive for retrograde cannabinoid signaling (Freund, 2003). Via these G-protein 

coupled receptors, endocannabinoids released from PNs upon depolarization suppress 

GABA release by blocking direct Ca2+ entry into the CCKBC axon terminals via the N-

type of voltage gated Ca2+ channels, known as depolarization-induced suppression of 

inhibition (DSI) (Pitler & Alger, 1992; Katona et al., 1999; Szabo et al., 2014; Dudok et 

al., 2024). Further receptors expressed by the somatic membrane of CCKBCs include 

muscarinic and nicotinic acetylcholine receptors and serotonin receptors, while their 

axonal boutons can also express estrogen receptor alpha (Cea-del Rio et al., 2010; Freund, 

2003; Freund & Katona, 2007; Hart et al., 2007; Keimpema et al., 2012; Morales et al., 
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2008). The sensitivity for neuromodulators endow CCKBCs a role of conveying the 

information of ascending subcortical pathways and thus fine-tuning local network 

operations (Freund & Katona, 2007). 

CCKBCs have larger input resistance and slower membrane time constant than 

PVBCs, therefore they are more suited for the integration of incoming signals in a wider 

time window (Glickfeld & Scanziani, 2006; Hefft & Jonas, 2005; Bartos & Elgueta, 

2012). Their firing pattern typically displays a regular spiking phenotype with 

accommodation (Cea-del Rio et al., 2010; Cope et al., 2002; Szabo et al., 2010). GABA 

release from CCKBC terminals was found to be less precisely timed compared to the 

presynaptic action potential than in fast-spiking PTIs (Hefft & Jonas, 2005). Ca2+ influx 

in these terminals is regulated by N-type Ca2+ channels that may be positioned further 

away from the Ca2+ sensors compared to that observed in PVBC terminals (Bucurenciu 

et al., 2008), contributing to the slower exocytosis of vesicles (Hefft & Jonas, 2005). 

CCKBCs are also capable of asynchronous transmitter release upon discharging several 

action potentials, meaning that the release of synaptic vesicles decouples from action 

potentials and continues without the spiking of CCKBC (Hefft & Jonas, 2005).  

CCK is a neuropeptide highly abundant in certain cell types and acts as a 

neuromodulator (Crawley, 1985; Kow & Pfaff, 1988; Crawley & Corwin, 1994). 

Although the mechanism by which it is released from CCK+ cells or the conditions 

required are still unknown, previous studies showed that CCK has diverse, synapse type-

dependent effects (S. Y. Lee & I. Soltesz, 2011). Its receptors, CCK1 and CCK2 are G-

protein coupled receptors involved in different signaling pathways which also depend on 

the cell type affected by CCK. In PNs, downstream effects of CCK includes the 

enhancement of endocannabinoid synthesis, which retrogradely suppresses the inhibitory 

effect of presynaptic CCKBC activity (Foldy et al., 2007). PVBCs on the other hand are 

depolarized by CCK and their transmission is enhanced, similarly to the excitatory 

synaptic transmission (Deng et al., 2010; S. H. Lee & I. Soltesz, 2011). On the network 

level, CCK was implicated in the regulation of fear and anxiety (Bowers et al., 2012). 

Additionally, subpopulations of CCKBCs express calbindin or VGluT3 in a mutually 

exclusive manner in the hippocampus, neocortex and the BA, where the two populations 

show no difference in terms of their morphology or electrophysiological properties 

(Somogyi et al., 2004; Rovira-Esteban et al., 2017). However, VGluT3+ CCKBCs have 

been shown to co-release GABA and glutamate (Pelkey et al., 2020), but whether and 
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how this influences network functions under physiological conditions needs to be further 

elucidated. 

The contribution of CCKBCs to network operations appears to be more subtle or 

dispersed compared to the fast-spiking PTIs, and they might exert their effect on a larger 

timescale. So far, only a few studies investigated the role of CCKBCs in vivo. During 

rhythmic activity like theta oscillations, CCKBCs fire at earlier phase compared to 

PVBCs (Klausberger & Somogyi, 2008). In contrast to the PVBC population, CCKBC 

activity is heightened in rest (Dudok, Klein, et al., 2021). Based on in vitro studies it has 

been hypothesized that CCKBCs might have a role in place cell formation in the 

hippocampus via DSI, ensuring that only the most active PNs can escape from the 

inhibition of CCKBC and participate in coding (Freund, 2003; Freund & Katona, 2007; 

Losonczy et al., 2010). A recent elegant study has shown that indeed DSI in CCKBCs 

occurs in vivo and it plays an important role in place cell formation (Dudok et al., 2024), 

a phenomenon that endows CCKBCs a key role in spatial navigation and memory 

formation. Whether DSI in CCKBCs in other brain areas has important function in 

controlling region-specific behavior – i.e. fear memory formation in the BA or decision 

making in PFC- is yet to be determined. Furthermore, inhibition provided by hippocampal 

CCKBCs was shown to be sensitive for enriched environment (Feng et al., 2021; Hartzell 

et al., 2018). 

 

 

1.3.2.3. Chandelier cells (ChCs)  

Chandelier cells, named after their boutons lining up on axon initial segments are a 

distinctive group of cortical interneurons in terms of their morphology and target-

specificity. ChCs selectively innervate the AIS of nearby PNs which results in a pattern 

of vertically aligned cartridges in layered structures due to the strict orientation of PN 

AISs (Somogyi, 1977). In the lack of parallelly aligned AISs in the BA, the morphological 

features of ChCs provide less obvious guidance for their identification compared to that 

observed in the mPFC.  

ChCs often express parvalbumin and display a fast-spiking phenotype, similarly to 

PVBCs (DeFelipe et al., 1989; Buhl, Han, et al. (1994)). However, depending on the exact 

brain region, PV content in a subset of ChCs cannot be revealed by immunostaining 

(Taniguchi et al., 2013). For example, the ratio of PV-lacking ChCs can be as high as 
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30% in the BA (Vereczki et al., 2021). Indeed, reporter mouse lines that utilize PV as a 

genetic marker seem to only label ChCs in the L2/3 but not in deeper layers (Jiang et al., 

2015), although depending on the cortical region, the ratio of ChCs localized in deeper 

layers can exceed the number of ChCs situated in L2/3 (Taniguchi et al., 2013). Therefore, 

mouse lines generated to fluorescently label ChCs irrespective of their PV content are 

becoming more popular as they provide better specificity for ChC labelling than PV-

based methods. More importantly, investigating the features of potentially non-

overlapping populations of ChCs helps to gain a wider understanding of ChC function. 

Example mouse lines for targeting ChCs include the Nkx2.1-CreER (Taniguchi et al., 

2013; Lu et al., 2017), the Vipr2-cre (Nakashima et al., 2022; Seignette et al., 2024) and 

the Unc5b-CreER (Dudok, Klein, et al., 2021: Paul et al., 2017) lines. In the BLA, the 

expression of calbindin (CB) distinguishes PVBCs from ChCs, and can be used as a tool 

to identify them (Vereczki et al., 2016), but this is not the case in the mPFC or the 

hippocampus (unpublished observations and Freund & Buzsaki, 1996). 

Due to the technical challenges of targeting ChCs, current knowledge is limited 

regarding their precise postsynaptic effect. Although ChCs were considered to be 

inhibitory GABAergic interneurons since their discovery (Somogyi et al., 1985; Buhl, 

Han, et al., 1994), this view was challenged when ChCs were reported to exert 

depolarizing effect postsynaptically (Szabadics et al., 2006). Also, the reliable disynaptic 

effect following ChC spiking that is sensitive for glutamatergic and GABAergic receptor 

blockers raised the possibility that ChCs might cause excitation (Szabadics et al., 2006; 

Woodruff et al., 2006; Perumal et al., 2021). Moreover, activation of ChCs in the BLA 

were shown to be instrumental in generating high-frequency bursts of activation called 

sharp-waves (Perumal et al., 2021). Subsequent studies aimed to elucidate this question 

by trying not to affect intracellular Cl- concentration, a factor that determines the direction 

of Cl- movement upon GABAA receptor channel opening, or by manipulating the resting 

membrane potential of PNs (Glickfeld et al., 2009; Woodruff et al., 2011; Veres et al., 

2014). The conclusion that ChCs mostly hyperpolarize their targets was also supported 

by in vivo data (Lu et al., 2017; Dudok, Klein, et al., 2021), but under the appropriate 

conditions, ChCs are capable of facilitating spike generation (Woodruff et al., 2011). 

Given that the resting membrane potential of PNs fluctuates greatly in vivo (Poulet & 

Petersen, 2008; Crochet et al., 2011), the effect of ChCs might change dynamically, 

depending on the state of their postsynaptic partners (Woodruff et al., 2011). Adding a 

further layer to this discussion, it has also been proposed that the relationship between the 
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resting membrane potential and the reversal potential for Cl- is not the only factor that 

determines how GABAergic synapses at the AIS influence the spiking probability of PNs. 

Instead, the opening of GABAA receptors at the AIS when the driving force on Cl- is 

depolarizing can still lead to hyperpolarization by an indirect mechanism that leads to the 

opening of the KCNQ potassium channel (Jones et al., 2014). 

As ChCs target the AIS of their postsynaptic partners, where the action potentials are 

generated, they are in the best position to control the output of their postsynaptic partner 

(Kole & Stuart, 2012). Indeed, in the amygdala, it has been shown that the input of as few 

as 2-3 ChCs is enough to effectively veto PN firing (Veres et al., 2014), implying that the 

simultaneous recruitment of ChCs endows this interneuron type a powerful control on the 

output of PNs during network activities. In vivo and in vitro studies have proven that in 

the hippocampus, ChCs show phase-coupled rhythmic firing during theta oscillation and 

moderate coupling to gamma oscillations, although their activity is not coupled to sharp-

wave ripples (Hajos et al., 2013; Klausberger et al., 2003; Tukker et al., 2007; 

Klausberger & Somogyi, 2008; Viney et al., 2013; Topolnik & Tamboli, 2022). In 

addition, more and more studies imply that ChCs are crucial for processing information 

of salient stimuli, or pain, as ChCs both in the mPFC and in the BA are highly responsive 

to noxious stimuli (Massi et al., 2012; Bienvenu et al., 2012). In the visual cortex, ChCs 

show highly correlated, synchronous activity to events eliciting arousal, e.g. locomotion 

and visuomotor mismatch (Seignette et al., 2024). A recent study from the hippocampus 

also showed a tight link between locomotion and ChC activity (Dudok, Szoboszlay, et 

al., 2021). Despite the large connectivity rate between ChCs and neighbouring PNs, 

decreasing ChC activity artificially was shown to evoke a rather local or mild effect on 

network activity (Jung et al., 2023; Seignette et al., 2024), in line with the interpretation 

of ChC function that argues for a targeted inhibitory effect as opposed to a network-level 

effect (Woodruff et al., 2011, Jung et al., 2023).  

Nevertheless, impairment in ChC function was implicated in severe neurological 

diseases such as autism spectrum disorder, epilepsy and schizophrenia (Gallo et al., 2020) 

showing their crucial role in physiological network functions. A specific alteration 

affecting the AIS of PNs in the PFC is the significant change in GABAA receptor subunit 

expression in subjects with ASD or subunit compositions in subjects with schizophrenia 

compared to healthy controls (Hong et al., 2020; Volk et al., 2002). Moreover, in the PFC 

of schizophrenic patients, PV cell densities are not affected but the expression levels of 

PV mRNA and the protein itself in single PV cells is decreased (Hashimoto et al., 2003; 
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Enwright et al., 2016) although these results might include data from the ChC and BC 

population as well.  

 

1.3.3. Synaptic connections and mapping connectivity 

Although action potentials in a simplified view render the activity of a neuron into 

two states (silent or active), the postsynaptic effect of a single spike is largely variable. 

Chemical synapses represent a site in the flow of information where the possibility of 

fine-tuning takes many forms and synaptic features greatly depend on the synaptic 

partners. Therefore, the role of PTIs in any microcircuit cannot be separated from the 

features of the synapses they establish and receive. 

A technique that provides insight into the postsynaptic effect of a neuron on the 

single-cell level is dual whole-cell recording, which enables us to activate a presynaptic 

cell and record the unitary postsynaptic currents or potentials in the monosynaptically 

coupled partner cell that arise in response to the presynaptic action potential (Figure 5). 

Such direct measurement of the effect of PTI activity on individual PNs have described 

that PVBCs in the BA and the hippocampus evoke unitary inhibitory postsynaptic 

currents (uIPSCs) in local PNs with shorter latency than CCKBCs (Hefft & Jonas, 2005; 

Veres et al., 2017), while the amplitudes of these currents were described as comparable 

to (Glickfeld & Scanziani, 2006; Daw et al., 2009; Veres et al., 2017) or larger (Szabo et 

al., 2010) than those evoked by CCKBC firing. ChCs were also shown to provide larger 

uIPSCs than CCKBCs (Szabo et al., 2010; Kohus et al., 2016). Generally, CCKBC 

synapses exhibit higher failure rate when contacting PNs compared to PVBC or ChC 

output synapses, meaning that postsynaptic currents are evoked following CCKBC spikes 

with the lowest likelihood among the 3 PTI types. However, despite the high release 

probability from PVBC and ChC synapses in response to an action potential, subsequent 

spikes evoke smaller uIPSCs in the postsynaptic PNs, while uIPSCs evoked by CCKBCs 

show smaller short-term depression (the decrease in current amplitude), if any (Veres et 

al., 2014; Kohus et al., 2016; Barsy et al., 2017). These results show that PTIs provide 

inhibition to local PNs with markedly different features, but despite their position to 

efficiently regulate PN output, the features of these connection types have not been 

compared in association cortices like the mPFC.   
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Excitatory connections from local PNs represent a major excitatory input to BCs 

(Ahrlund-Richter et al., 2019; Hafner et al., 2019), however, these connections received 

even less attention. An early influential study that investigated the excitation received by 

the two BC types in the hippocampus focused on the innervation provided by a population 

of PNs and not individual cells (Glickfeld & Scanziani, 2006). This work described that 

PVBCs received stronger excitation by the stimulated afferent pathways but did not 

explore the potential variances in single connections between PNs and BCs. In our 

previous paper, we showed with paired recordings that CCKBCs in the BA receive 

smaller unitary excitatory postsynaptic currents (uEPSCs) from local PNs than PVBCs 

and these currents have longer latency and longer decay (Andrasi et al., 2017). Another 

work in the mPFC found that the amplitude of uEPSCs evoked in PVBCs and ChCs are 

similar but did not include data from CCKBCs (Lu et al., 2017).  

 

Figure 5. Properties of synaptic currents. (A) In response to a presynaptic action 

potential (top), several features of postsynaptic currents (bottom) can be quantified. 

Synaptic properties are denoted with black letters, points used for measuring them are 

marked with blue. (B) In the case of transmission failure, presynaptic action potential 

does not evoke a postsynaptic current. (C) Action potentials can be followed by 

transmission failures and postsynaptic currents with different properties. Synaptic 

potency (dark blue) is calculated by averaging individual postsynaptic currents without 

transmission failures, while synaptic amplitude (light blue) is an average that includes 

transmission failures as well. AP: action potential; PSC: postsynaptic current. 
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Since individual cells receive innervation from both BC types, BCs might enhance 

their role in regulating PN activity by inhibiting the other BC type. Shifts in the balance 

of innervation received by individual cells from the two BC types were reported on local 

excitatory cells in the hippocampus in response to spatial exploration or environmental 

enrichment (Hartzell et al., 2018; Feng et al., 2021; Yap et al., 2021), although these data 

do not confirm connectivity between the two BC types. However, more recent results 

suggest that the inverse relationship between hippocampal PV and CCKBC activity 

during locomotion is explained by the control of PV cells over CCKBC activity (Dudok, 

Klein, et al., 2021). On the other hand, no connectivity was found between the two BC 

types in the BA (Andrasi et al., 2017). As the role of a cell type can be tightly linked to 

their postsynaptic target (see ChCs or VIP cells that specialize in inhibiting other 

interneurons), investigating the connectivity between BCs in the PFC could contribute to 

our understanding of the microcircuit operations.  

However, beyond the primary circuit motifs and synaptic features, connections are 

continuously shaped by experience. To understand how the intricate balance in the wiring 

of PTIs and PN networks plays a crucial role in a higher level cortical operations, such as 

memory formation, we investigated the changes in the excitation of PTIs in a classical 

learning paradigm, the Pavlovian fear conditioning, introduced in the next chapter. 

 

1.4. The amygdala and fear learning  

1.4.1. Pavlovian fear conditioning  

 

Pavlovian fear conditioning is a paradigm to study the mechanisms underlying 

associative learning by utilizing the evolutionary conserved motivation to avoid danger. 

As animals learn that a previously neutral stimulus like a tone predicts a noxious stimulus 

like a footshock, they begin to express fear behavior in response to the tone as well, which 

is now the conditioned stimulus (CS). The CS can be associated with the footshock, the 

unconditioned stimulus (US) in just a few repetitions, if the CS co-terminates with the 

unavoidable US and rodents will display freezing behavior as a sign of fear, which is used 

as a measure of learning efficacy. These memories can last days or even weeks and trigger 

freezing when the animal is exposed to the CS, but can also be overwritten if the CS is no 

longer followed by the US, which is called extinction. From the initial theory of 
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forgetting, general consensus now views extinction as the formation of new memory 

(Myers & Davis, 2007). Investigation of the alterations associated with fear learning have 

provided useful insights into the correlates of learning from the synaptic to the circuit 

level. 

Early studies established that the center for fear learning is the amygdala (LeDoux, 

2003), but since then, multiple brain regions have been put on the map due to the 

extensive input and output connectivity of the amygdala nuclei (Sah et al., 2003; Janak & 

Tye, 2015). In general, the route of information during fear conditioning is as follows: 

higher order thalamic nuclei project to the LA, the nucleus regarded as the location where 

the association between CS and US happens (Rogan et al., 1997; Quirk et al., 1997). Then, 

information from the LA is transmitted to the BA and the central amygdala (CeA), the 

latter being responsible for evoking freezing behavior via its projections (Ciocchi et al., 

2010; Amano et al., 2011; Janak & Tye, 2015; Yu et al., 2016). However, the BA has 

reciprocal connections with the PFC, which contributes to both fear memory expression 

and extinction via its projections from the PrL and the IL, respectively, and provides a 

top-down control over emotional behavior (Quirk et al., 2000; Runyan et al., 2004; Senn 

et al., 2014). The thalamus takes part in fear learning by relaying sensory information, 

although recent results suggested the thalamus as the location of association between CS 

and US, too (Barsy et al., 2020). Subcortical regions that provide neuromodulatory input 

to the amygdala like the ventral tegmental area or locus coeruleus are also involved in 

fear learning since release of dopamine and norepinephrine in the BLA also has a major 

impact on fear learning (Singewald et al., 2003; Fadok et al., 2009; de Oliveira et al., 

2011; Giustino & Maren, 2018). 

Taking a closer look at the local processes, it has been shown that fear learning 

involves the synaptic potentiation of projections arriving to the LA (McKernan & 

Shinnick-Gallagher, 1997; Rogan et al., 1997; LeDoux, 2000; Rumpel et al., 2005). These 

projections carry information about the CS and possibly the US from the posterior 

intralaminar (PIL) and suprageniculate (SG) thalamic nuclei, and can also converge on 

the same LA cell (Romanski et al., 1993; Bordi & LeDoux, 1994; Lanuza et al., 2008). 

As a result of fear conditioning, a subset of neurons in the LA (but also in input regions) 

become more responsive to the conditioned stimulus and these cells with increased 

responsiveness to the CS may drive changes in behavior (Collins & Pare, 2000; 

Sigurdsson et al., 2007; Herry et al., 2008).  Fear neurons, cells that increase their activity 

in response to the CS were shown to emerge within the BA as well (Herry et al., 2008). 
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The emergence of fear neurons is dependent on many factors including the activity of 

local INs, the excitability of a given cell and the neuromodulators released by subcortical 

fibers (Han et al., 2007; Han et al., 2009; Yiu et al., 2014; Ryan et al., 2015; Bocchio et 

al., 2017). Dopamine for example was shown to promote synaptic plasticity and cue-

dependent fear learning (Bissiere et al., 2003; Fadok et al., 2009), while norepinephrine 

also influences the effect of thalamic input that targets LA projection neurons by 

permitting long-term plasticity (LTP) at these synapses (Tully et al., 2007).  

 

1.4.2. The importance of inhibitory circuits in fear conditioning 

In addition to the excitatory and neuromodulatory inputs that enter the amygdala, the 

inhibitory circuitry also has a major role in fear learning (Figure 6, Tovote et al., 2015, 

Krabbe et al., 2018, Perumal et al., 2021). Clusters of intercalated cells (ITC) that can be 

found medially and laterally to the BLA are comprised of GABAergic cells. Via its 

monosynaptic connections on BLA output cells, ITC was shown to potently regulate fear 

extinction (Hagihara et al., 2021). Another amygdalar region that mainly consists of 

GABAergic cells is the CeA, a nucleus also tightly involved in fear acquisition and 

extinction due to the interactions within its inhibitory microcircuits (Ciocchi et al., 2010). 

Here, disinhibition was proposed as the circuit mechanism that determines the activity of 

projection neurons which will ultimately lead to freezing (Whittle et al., 2021).  

  

 

 

Figure 6. Successful fear conditioning involves the interplay of glutamatergic and 

GABAergic neurons in the BLA. During fear conditioning, incoming information 
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Within the BLA, inhibition was also recognized as a crucial factor in promoting or 

regulating fear learning (Bissiere et al., 2003; Shaban et al., 2006; Ehrlich et al., 2009). 

Interfering with the tonic level of inhibition in the BLA by GABAA receptor antagonists 

has anxiogenic effects (Sanders & Shekhar, 1995). Local GABAergic cells, promoted by 

cortical projections, provide an inhibitory tone that needs to be reduced so that LTP and 

fear learning can take place. Specifically, disinhibition in the BLA is a prerequisite for 

the acquisition of emotional memories (Bissiere et al., 2003; Tully et al., 2007). Among 

the numerous interneuron types, PV interneurons have been particularly implicated in 

disinhibiting the dendrites of local PNs and thereby promoting fear learning, but in 

parallel, they may control the precise spiking of PNs via their direct perisomatic inhibitory 

synapses. During the cue presentation, PV cells were shown to display higher activity and 

to inhibit somatostatin (Sst)-expressing inhibitory cells that preferentially target PN 

dendrites (Figure 7) (Wolff et al., 2014; Vereczki et al., 2016). This way PN dendrites are 

released from the inhibitory control of Sst cells which contributes to the association of 

the cue and the shock (Wolff et al., 2014). On the other hand, US presentation activates 

VIP cells in the BLA, the IN type that preferentially inhibits Sst and PV cells, and thereby 

promotes PN activation (Figure 6) (Krabbe et al., 2019). 

 

targets both PNs and INs in the LA. The information is transmitted to the BA, where 

local processes are also affected by the bidirectional connection with the PrL. BA: 

basal amygdala; ITC: intercalated cells; CEm: medial part of central amygdala; CEl: 

lateral part of central amygdala; LA: lateral amygdala; PL: prelimbic cortex (Adapted 

from Lee et al., 2013).  
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Despite compelling evidence showing how IN activity is necessary for fear memory 

formation, fear expression and extinction, synaptic plasticity at the input site of INs that 

could drive changes in their activity has received less attention. A study from the BLA 

compared the changes of synaptic inputs on PV interneurons in the LA and BA after fear 

learning and found that the rate of mEPSCs in PV interneurons is changed only in the LA 

but not in the BA (Lucas et al., 2016). However, in that study PVBCs and ChCs were not 

distinguished, and given the fact that they respond to the CS markedly differently 

(Bienvenu et al., 2012), pooling data from these cells might mask changes in the input of 

the specific PTI types. Moreover, despite having the same potency to influence PN 

activity as PVBCs (Veres et al., 2017), there is no data yet regarding the changes in the 

excitatory input of CCKBCs following the fear conditioning paradigm. In our work we 

aimed to address the question whether the associative learning induces changes in the 

excitatory input of the 3 PTI types. Recording miniature events allowed us to study 

network changes not during fear conditioning but on a longer timescale.  

  

Figure 7. Inhibitory cells in the BLA have different roles in fear conditioning. 

Presentation of the CS excites PV neurons (blue) that inhibit dendrite-targeting Sst cells 

(green), leading to the disinhibition of PN dendrites that enables the association 

between the tone and the shock. In response to US presentation, VIP cells (red) that 

target both Sst and PV cells increase their activity and cause disinhibition at the somatic 

region of PNs. (Adapted from Singh & Topolnik, 2023) 
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2. OBJECTIVES 

 

In order to uncover how the perisomatic region-targeting interneurons are embedded 

into the microcircuits of the PrL, and to investigate in the BA how excitatory inputs of 

PTIs are affected in a higher order cortical operation like memory formation, our aims 

were to: 

 

1) Investigate how prelimbic PTIs integrate their input and translate it to output activity; 

• What are the active and resting membrane properties of PTIs? 

 

2) Reveal the electrophysiological properties of excitatory and inhibitory connections 

between PNs and PTIs in the PrL; 

• What are the synaptic features of the uEPSCs evoked by PNs on PTIs? 

• How do uIPSCs evoked by PTIs on PNs differ?  

 

3) Identify the connectivity of BCs in in the PrL; 

• Are the two BC types synaptically connected in the mPFC or do they form 

separate circuits? 

 

4) Determine the changes in the excitatory inputs of PTIs in the BA following fear 

memory formation; 

• What are the effects of a tone, a footshock and complete fear conditioning on 

the features of mEPSCs recorded from the three PTIs? 
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3. METHODS 

3.1. Animals 

All procedures involving animals were performed according to methods approved by 

the Hungarian legislation (1998. XXVIII. section 243/1998, renewed in 40/2013) and 

institutional guidelines. All procedures were in compliance with the European convention 

for the protection of vertebrate animals used for experimental and other scientific 

purposes (Directive 2010/63/EU). Every effort was taken to minimize animal suffering 

and the number of animals used.  

For the PFC study, both male and female adult mice (median age = 79 days, 1st and 

3rd quartile: 72 and 98 days) were used in the electrophysiological experiments from the 

following transgenic mouse strains: BAC-CCK-DsRed (n=35) (Mate et al., 2013), 

BAC-PV-eGFP (n=48) (Meyer et al., 2002) and Pvalb-IRES-Cre crossed with 

BAC-CCK-DsRed (n=3). For anatomical quantification, C57Bl6 (n=3) and VGAT-

IRES-Cre::BAC-CCK-GFP-coIN (n=4) (Vereczki et al., 2021) adult (P49-150) mice 

were used. Pvalb-IRES-Cre and VGAT-IRES-Cre were obtained from Jax.org (JAX 

stock: #008069 and #028862, respectively). 

For the BA study, adult male mice (P40-100) were used from the following strains: 

BAC-CCK-DsRed, n =16; BAC-PV-eGFP, n =19; or their offspring expressing both 

eGFP and DsRed controlled by Pvalb and Cck promoters, respectively, were used (n =4).  

 

3.2. Behavioral tests 

Mice were housed in groups of 4–6 in the animal facility on a 12h light/dark cycle 

under controlled temperature (26.5°C). Four days before the experiments, mice were kept 

individually to avoid cross-influence of stress levels in behavioral experiments. Cue-

dependent fear conditioning took place in a chamber with black dotted white background, 

slightly curved walls, metal rod floor, white illumination and was cleaned with 70% 

ethanol (context A). First, mice were allowed to habituate to this context for 5 min at 

Zeitgeber time (ZT) 2–3 h, then returned to their home cage. After 1 h, mice were 

transferred back to context A, where, after a 120 s long acclimation period, either of the 

following three protocols were used: (1) only CS group (n = 14): CS (7.5 kHz sound for 

20 s) was presented 7 times without US (with 110 ± 23 s intervals; mean ± SD); (2) 

unsigned US group (n = 12): 7 CS and 7 US (mild electrical shocks, 2 mA for 1 s) were 
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presented randomly [with 111 ± 21 s intervals for CS and 110 ± 33 s intervals for US 

(mean ± SD)]; (3) signed US group (n = 13): 20 s-long CS presentations were co-

terminated with the 1s-long US, pairs repeated 7 times at random intervals (110 ± 23 s; 

mean ± SD). On the next day at ZT 1–2 h, for testing cued fear expression, after a 120 s-

long acclimation period, mice were subjected to a 20 s-long CS in a novel context (context 

B: square chamber with white background, paper floor, red illumination, cleaned with 1% 

acetic acid). Freezing (as an index of fear) was post hoc measured manually on video 

recordings with an in-house software (H 77, courtesy of Prof. József Haller, Institute of 

Experimental Medicine, Budapest, Hungary) by trained observers blind to the animal 

treatment. Freezing was defined as no visible movement of the body except that required 

for respiration. Freezing levels are expressed as a percentage (duration of freezing within 

the CS/total time of the CS or duration of freezing during baseline/total time of the 

baseline, respectively). 

 

3.3. Electrophysiological recordings 

3.3.1. Slice preparation  

Animals that underwent the fear expression test were immediately transferred to the 

anesthetizing chamber and sacrificed for slice preparation. The brain was quickly 

removed from the skull following deep anesthesia induced by isoflurane and was placed 

into an ice-cold solution containing (in mM) 252 sucrose, 2.5 KCl, 26 NaHCO3, 0.5 

CaCl2, 5 MgCl2, 1.25 NaH2PO4 and 10 glucose, bubbled with 95% O2/5% CO2 (carbogen 

gas). Coronal slices of 200 µm thickness containing the PrL or horizontal slices of 200 

μm thickness containing the BA were prepared with a vibratome (VT1200S, Leica 

Microsystems) and were incubated in an interface-type holding chamber for at least 1 

hour in artificial cerebrospinal fluid (ACSF) that contained (in mM): 126 NaCl, 2.5 KCl, 

1.25 NaH2PO4, 2 MgCl2, 2 CaCl2, 26 NaHCO3, 10 glucose, bubbled with carbogen gas, 

and was let to gradually cool down from 36 °C to room temperature.   

 

3.3.2. Electrophysiological recordings  

During recordings, slices were placed into a submerged-type of chamber and were 

perfused with ACSF kept at 32 °C with a flow rate of 1.5-2 ml/min. Patch-clamp 

recordings were performed under visual guidance of a differential interference contrast 
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microscope (Nikon FN-1 model or BX61W Olympus upright microscope) using a 40x 

water dipping objective. Neurons were visualized with an sCMOS camera (Zyla 5.5, 

Andor Technology, Belfast, UK) and fluorescent protein expression was tested with the 

aid of a mercury arc lamp. Patch pipettes (4-7 MΩ) were pulled with a PC-10 puller 

(Narishige) from borosilicate capillaries with an inner filament (thin-walled, OD 1.5).  

Pipettes used for patching interneurons for paired recordings with PNs were filled 

with an intracellular solution containing (in mM): 110 K-gluconate, 4 NaCl, 2 Mg-ATP, 

20 HEPES, 0.1 EGTA, 0.3 GTP (sodium salt) and 10 phosphocreatine, adjusted to pH 7.3 

using KOH with an osmolarity of 290 mOsm/L, while 10 mM GABA and 0.2% biocytin 

were added on the day of the experiments. This solution was used to record mEPSCs 

without adding GABA but with an additional 0.1 mM spermine. The intracellular solution 

used for recording PNs contained (in mM): 54 K-gluconate, 4 NaCl, 56 KCl, 2 Mg-ATP, 

20 HEPES, 0.1 EGTA, 0.3 GTP (sodium salt) and 10 phosphocreatine adjusted to pH 7.3 

using KOH, with an osmolarity of 290 mOsm/L. This solution was used with an 

additional 0.2% biocytin and 10 mM GABA when paired recordings were performed 

between two interneurons. For optogenetic and pharmacological experiments the 

following intracellular solution was used (in mM):  60 Cs-gluconate, 80 CsCl, 1 MgCl2, 

2 Mg-ATP, 10 HEPES, 3 NaCl, 5 QX-314-Cl adjusted to pH 7.4 using HCl with an 

osmolarity of 280 mOsm/L and 0.2% biocytin was added on the day of the experiments.  

Whole-cell patch clamp recordings were performed with a Multiclamp 700B 

amplifier (Molecular Devices, San Jose, CA, USA), low-pass filtered at 3 kHz, digitized 

at 10-50 kHz and not corrected for junction potential. Data were recorded with Clampex 

10.4 (Molecular Devices) or an in-house acquisition and stimulus software (Stimulog, 

courtesy of Prof. Zoltán Nusser, Institute of Experimental Medicine, Budapest, Hungary), 

and were analyzed with Clampfit 10.4 (Molecular Devices), EVAN 1.3 (courtesy of Prof. 

Istvan Mody, Department of Neurology and Physiology, University of California, Los 

Angeles, CA) and OriginPro 2018 (OriginLab Corp, Northampton, MA, USA). 

 

3.3.2.1. Single-cell properties 

The protocol used for recording firing patterns in current-clamp mode consisted of 

alternating 800-ms-long depolarizing and hyperpolarizing current steps with an amplitude 

increasing to +100 and -100 pA in 10 pA increments, then to +300 pA in 50 pA 
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increments, and finally to 600 pA in 100 pA increments. A holding potential of -65 mV 

was applied during the recordings. 

 

3.3.2.2. Paired recordings. 

Analyzed synaptic connections between interneurons and PNs were recorded with 5 

action potentials elicited at 33 Hz with an inter-stimulus interval of 20 seconds. Series 

resistance (Rs) of the postsynaptic cell was continuously monitored and recordings in 

which the Rs exceeded 20 MΩ or changed more than 20%, or in which the analyzed 

features of the postsynaptic response showed changes were not included in the analysis 

of postsynaptic currents. Postsynaptic cells were clamped at -65 mV. Reported features 

of the postsynaptic currents are based on the analysis of the postsynaptic response evoked 

by the 1st action potential in each train of stimuli. The potency of synaptic connections 

were calculated by averaging the amplitudes of individual uPSCs excluding transmission 

failures, while the amplitude of synaptic connections was calculated by dividing the sum 

of the amplitudes of individual uPSCs by the number of stimulus trains i.e. this measure 

includes transmission failures. Latency was measured from the peak of presynaptic action 

potential to the onset of the postsynaptic current, defined by 10% of the peak amplitude. 

The presence of gap junctions between interneurons was tested by injecting 800-ms-long 

current steps into one of the recorded cells that induced hyperpolarization of at least 10 

mV of amplitude while simultaneous voltage deflections were monitored in the other cell 

in current-clamp mode (I=0). Chemical connections between homotypic BCs were 

recorded by eliciting 10 action potentials at 40 Hz with an inter-stimulus interval of 20 

seconds in the presence of AM251 (1 µM). 

 

3.3.2.3. Miniature excitatory postsynaptic currents (mEPSCs)  

Neurons were held at a holding potential of -65 mV in voltage clamp mode to record 

mEPSCs in the presence of tetrodotoxin (TTX, 1 µM) and gabazine (5 µM) in the PFC 

or TTX (0.5 µM) and picrotoxin (100 µM) in the BA. TTX blocks voltage-gated Na+ 

channels, whereas gabazine and picrotoxin antagonize GABAA receptors. Recordings 

were obtained within the series resistance (Rs) range of 9–15 MΩ but analysis was carried 

out on segments of recordings during which the series resistance did not change by more 

than 10%. The average Rs values for BA recordings in each group were (mean ± SD in 

MΩ): PVBC only CS: 11.29 ± 1.30, unsigned US: 11.23 ± 1.76, signed US: 10.49 ± 0.81; 
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CCKBC only CS: 10.85 ± 1.71, unsigned US: 10.24 ± 1.23, signed US: 10.28 ± 1.53; 

AAC only CS: 11.63 ± 1.80, unsigned US: 11.30 ± 1.58, signed US: 11.29 ± 1.08). 

Analysis was performed on the recordings obtained between 5 and 10 min after 

establishing whole cell configuration. The analyzed time period (30–120 s) contained 

110-130 events from 5 CCKBCs and 5 PVBCs recorded in the mPFC or approximately 

200 consecutive events/neuron from the BA. The instantaneous rate, amplitude and rise 

time kinetics were measured on mEPSCs recorded in the mPFC on individual events and 

decay time constants were quantified on averages from each cell. Kinetics of mEPSCs 

recorded from the BA were analyzed on the average trace of approximately 150 selected 

events. 10–90% of rise time was measured with Clampfit 10.4, the decay time constant 

(tau) was calculated by fitting an exponential curve on the average trace in Origin 2021. 

Statistical analysis was performed on the pooled datasets in each group.  
 

3.3.2.4. Pharmacological experiments  

The presence of inhibitory inputs on PVBCs originating from CCKBCs was tested 

by evoking postsynaptic currents in PVBCs by using extracellular stimulation with theta 

electrodes in brain slices prepared from BAC-PV-eGFP mice. Blockade of ionotropic 

glutamate receptor-mediated postsynaptic currents was achieved by adding 2 mM 

kynurenic acid in the recording solution. The electrode was placed into the slice 

approximately 200-250 µm away from the recorded PVBC, minimizing the chance of 

direct stimulation. The intensity of the 1-ms-long stimuli was set to evoke responses with 

the amplitude of at least 300 pA while neurons were held at -65 mV in voltage-clamp 

mode. QX-314 was intracellularly applied to eliminate action potential generation due to 

the outward flow of Cl- ions upon the opening of GABAA receptors.  

 

3.3.2.5. Optogenetic experiments  

For testing PVBC input on CCKBCs, we performed simultaneous whole-cell 

recordings from CCKBCs and PNs in brain slices prepared from mice obtained by 

crossing the Pvalb-IRES-Cre with the BAC-CCK-DsRed mice. Offspring were injected 

with AAV5-EF1a-DIO-hChR2-eYFP (200 nl, 3.2x1012 vg/ml, University of North 

Carolina Vector Core, catalog# 35509-AAV5) in the mPFC at P120 to enable optogenetic 

control of local PVBC activity. ChR2 expression was allowed for 4-6 weeks before 

animals were sacrificed for in vitro experiments. Optogenetic stimulation was achieved 
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by 3 pulses of 5-ms-long blue laser illumination (447 nm, Thorlabs) at 20 Hz at 2.5 

mW/mm2 intensity applied through a 40x objective. Recording postsynaptic currents at 

the same time from PNs and CCKBCs held at -65 mV proved the optical stimulation of 

PV+ cells to be successful in all slices.  

 

3.3.3. Post-hoc identification of cell types  

After the recordings, slices were placed into a fixative solution containing 4% 

paraformaldehyde in 0.1 M phosphate buffer (pH=7.4) to enable posthoc visualization of 

biocytin filled interneurons by applying fluorophore conjugated streptavidin (Cy3-SA or 

Alexa488-SA (1:10,000, Sigma-Aldrich and Molecular Probes, respectively)).  

Biocytin-filled PVBCs in the PFC were distinguished from fast-spiking ChCs based 

on the morphology of their axons (Nagy-Pal et al., 2023), while CCKBCs showed strong 

DsRed expression and accommodating firing pattern. To distinguish between PVBCs and 

ChCs in the BA, immunostaining against calbindin was performed (rabbit anti-calbindin 

1:3000 (Swant, CB-38a) or chicken anti-calbindin, 1:1000 (SYSY #214006)), revealed 

with Cy3-coupled donkey anti-rabbit or anti-chicken secondary antibodies, respectively, 

(1:500, Jackson)). Interneurons with calbindin expression in their somata and/or axon 

terminals were considered BCs (Vereczki et al., 2016), while ChCs were defined by no 

immunoreactivity for calbindin and displayed characteristic cartridges of terminals 

surrounding putative axon initial segments (AISs), that were visualized with Ankyrin G 

staining in case of 7 ChCs (rabbit anti-Ankyrin G, 1:100, Santa Cruz sc-28,561, visualized 

with Cy3-coupled donkey anti-rabbit antibody, Jackson) (Gulyas et al., 2010; Veres et 

al., 2014). CB1 content of CCKBCs in the PFC was tested with immunolabeling using 

rabbit anti-CB1 primary antibody (1:1000, Cayman, # 10006590)) and revealed with 

Alexa405-coupled donkey anti-rabbit secondary antibody (1:500, Jackson). In the BA, 

immunostaining using rabbit anti-CB1 (1:1000, Cayman, # 10006590) or guinea pig anti-

CB1 (1:1000, Frontier Institute, CB1-GP-Af530) were visualized either with Alexa647-

coupled donkey anti-rabbit secondary antibody (1:500, Jackson) or Alexa405-coupled 

donkey anti-guinea pig secondary antibody (1:500, Jackson). Only those cells with CB1 

receptor expression on their axonal boutons were included in the study. PNs in the mPFC 

were identified based on their slower membrane kinetics and their distinctive firing 

pattern characterized by regular spiking and characteristic afterhyperpolarization.  
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Slices were mounted in Vectashield (Vector Laboratories) and confocal images were 

taken using a Nikon C2 microscope using CFI Super Plan Fluor 20X objective (N.A. 

0.45; z step size: 1 μm, xy: 0.31 μm/pixel) and CFI Plan Apo VC60X Oil objective for 
higher magnification (N.A. 1.40; z step size: 0.25 μm, xy: 0.08 μm/pixel).  
 

3.4. Immunohistochemistry to label heterotypic basket cell contacts in the mPFC 

For labeling putative contacts in the mPFC to visualize CCKBC input on PVBCs, 

C57Bl6 (wild type) mice (n=3) were deeply anaesthetized and transcardially perfused 

with 4% paraformaldehyde in 0.1 M phosphate buffer (pH7.4). Coronal sections of 80-

µm thickness containing the mPFC were prepared with a vibratome (VT1000S, Leica 

Microsystems). The mixture of goat anti-CB1 (1:1000, Frontier Institute; catalog no. 

CB1-Go-Af450), mouse anti-Gephyrin (1:1000, SYSY, #147 021) and guinea pig anti-

PV primary antibodies (1:5000, SYSY; catalog no. 195 004) was used for 3 days: first 

night at room temperature, then at 4 oC. Then the following mixture of secondary 

antibodies was used for 4 hours at room temperature: donkey anti-goat coupled with 

Alexa405, donkey anti-mouse coupled with Alexa488 and donkey anti-guinea pig 

coupled with Alexa647.  

For labeling putative contacts on CCKBCs from PVBCs, mPFC slices were prepared 

from VGAT-IRES-Cre::BAC-CCK-GFP-coIN mice (n=4) as described above. The 

mixture of goat anti-CB1, chicken anti-GFP, mouse anti-Gephyrin and guinea pig anti-

PV primary antibodies was used for 2 days: first night at room temperature, then at 4 oC. 

Then the following mixture of secondary antibodies was used for 4 hours at room 

temperature: donkey-anti goat coupled with Alexa405, donkey-anti chicken coupled with 

Alexa488, donkey-anti mouse coupled with Cy3, donkey-anti guinea pig coupled with 

Alexa647. 

Slices were mounted in Vectashield, then confocal images were taken using a Nikon 

microscope with CFI Plan Apo VC60X Oil objective (N.A. 1.40; z step size: 0.125 μm, 
xy: 0.08 μm/pixel). Using 3D confocal images, interneurons within ~30 µm depth from 
the surface of the sections were selected for analysis irrespective of the number of 

synaptic contacts on them. The surface of the somata and the putative contacts on it (i.e., 

where a bouton closely opposed the cell surface and a gephyrin puncta was found between 

them) were manually labeled and quantified with Neurolucida 10.53 software (MBF 

Bioscience). 
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3.5. Statistical tests  

In the mPFC study, Kruskal-Wallis ANOVA and post hoc Dunn’s test was used to 

assess statistical significance in the case of single cell properties and uIPSC datasets. Data 

from only the two BC types were compared with Mann-Whitney U-test. Cumulative 

frequency distributions of mEPSC parameters in mPFC recordings were compared with 

Kolmogorov-Smirnov test. Recordings of the three PTI types in the BA were compared 

with Kruskal-Wallis ANOVA and post hoc Dunn’s test. The level of significance was set 

to 0.05. Statistics were performed using Origin 2018 or Origin 2021. 

 

3.6. Personal contribution to the results 

In the PFC study, I performed most of the paired recordings and their analysis. Single 

cell properties were analysed by colleagues. I carried out all the remaining 

electrophysiological experiments (mEPSC recordings and investigating heterosynaptic 

BC connections with optogenetics and pharmacological tools) and their analysis. Virus 

injections, immunostainings and anatomical quantifications of heterotypic BC 

connections were performed by colleagues. 

I participated in the BA study by performing about half of the mEPSC recordings. 

Behavioral tests and their analysis and the analysis of mEPSC properties were performed 

by colleagues.  
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4. RESULTS 

 

4.1. Part I: The microcircuit of pyramidal neurons and perisomatic region-targeting 

inhibitory cells in the mouse prefrontal cortex 

 

4.1.1. Contrasting active and resting membrane properties of basket cells in the PrL 

One of the key factors that determine the function of a given cell type is how its inputs 

are integrated and converted into output activity. Therefore, we first studied the active 

and resting membrane properties of PTIs. Acute slices containing the PrL were prepared 

from BAC-CCK-DsRed or BAC-PV-eGFP mice, where CCKBCs or PVBCs and ChCs 

express fluorescent proteins, respectively (Nagy-Pal et al., 2023), allowing their 

identification prior to recordings. Following in vitro electrophysiological recordings, post 

hoc identification based on morphology (Nagy-Pal et al., 2023) and firing pattern ensured 

that only PTIs were included in the study (Figure 8A, 8B). Analysis of voltage responses 

upon the injection of hyperpolarizing and depolarizing current steps revealed that PVBCs 

had the smallest input resistance, the fastest membrane time constant and more 

hyperpolarized spike threshold than CCKBCs and ChCs (Figure 8C, Table 1). Among the 

three PTI types, ChCs had the smallest capacitance. CCKBCs fired with the lowest 

maximum rate, while PVBCs and ChCs exhibited a fast spiking phenotype and showed 

significantly less accommodation than CCKBCs (Figure 8B, 8C, Table 1), a notable 

difference between the PTI types also found previously in other cortical areas (Pawelzik 

et al., 2002; Glickfeld & Scanziani, 2006; Daw et al., 2009; Szabo et al., 2010; Barsy et 

al., 2017). The spikes of ChCs and PVBCs were similarly narrow, but were followed by 

significantly larger afterhyperpolarization (AHP) in PVBCs (Figure 8C, Table 1). These 

diverse membrane properties suggest that signals in the three PTI types are translated into 

distinct activity patterns and have different integration properties in the PrL as it has been 

first proposed about basket cells in the hippocampus (Glickfeld & Scanziani, 2006). 
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Figure 8. Analysis of in vitro recorded PTI firing patterns reveals significant 

differences regarding their intrinsic membrane properties. (A) Maximum intensity 

projections of a biocytin-filled CCKBC, PVBC and ChC in the PrL. Insets: Axon 

terminals of a CCKBC co-express CB1 and biocytin (left), axonal cartridges surround 

AISs visualized with Ankyrin G staining (right). Scale bars: 100 µm and 1 µm. (B) 

Representative traces of PTI responses following step current injections. Scale bar: x=200 

ms, y=20 mV. (C) Comparison of intrinsic electrophysiological properties uncovers 
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substantial differences between the three PTI types. Boxes in this and the other figures 

represent the interquartile range; filled square: mean; whiskers: 5th and 95th percentile. 

Numbers in parentheses represent the number of analyzed recordings from n=13, n=12 

and n=13 animals for CCKBC, PVBC and ChC recordings, respectively. For details see 

Table 1. AP: action potential; AHP: afterhyperpolarization. (Figure modified from Fekete 

et al., 2024). 

 

Table 1. Summary of single-cell features, properties of uPSCs and mEPSCs.  

P-values below the level of significance are in bold. AP, action potential; AHP, 

afterhyperpolarization; KS, Kolmogorov-Smirnov test; mEPSC, miniature excitatory 

postsynaptic current; MTC, membrane time constant; MW, Mann-Whitney test; RT, rise 

time, uEPSC, unitary excitatory postsynaptic current; uIPSC, unitary inhibitory 

postsynaptic current. (Modified from Fekete et al., 2024). 

  

Parameter Cell type 
median  

(1st and 3rd 
quartile) 

N 

Group 
comparison 

(KW-
ANOVA) 

Pairwise 
comparison 

p-value of 
pairwise 

comparison 

Single cell 
properties 

Input  
resistance 

(MΩ) 

CCKBC 165.5  
(140.6, 229.1) 

23 

< 0.001 

CCKBC vs. PVBC <0.001 

PVBC 101.5  
(61.55, 125.5) 

23 CCKBC vs. ChC 0.436 

ChC 113.63  
(141.5, 176.98) 

20 PVBC vs. ChC 0.004 

MTC (ms) 

CCKBC 12.85 
(9.49, 16.04) 

23 

< 0.001 

CCKBC vs. PVBC <0.001 

PVBC 6.83  
(5.78, 7.47) 

23 CCKBC vs. ChC 0.004 

ChC 7.54 
(8.6, 9.81) 

23 PVBC vs. ChC 0.007 

Capacitance 
(pF) 

CCKBC 73.11 
(61.63, 87.13) 

23 

0.014 

CCKBC vs. PVBC 0.588 

PVBC 68.58 
(54.97, 96.53) 

23 CCKBC vs. ChC 0.011 

ChC 53.78 
(59.46, 69.55) 

26 PVBC vs. ChC 0.342 

AP threshold 
(mV) 

CCKBC -36.5 
(-40.4, -35.9) 

22 

< 0.001 

CCKBC vs. PVBC <0.001 

PVBC -44.55 
(-46.8, -40.8) 

26 CCKBC vs. ChC 1 

ChC -40.83 
(-37.9, -33.85) 

20 PVBC vs. ChC <0.001 

AP half-width 
(ms) 

CCKBC 0.6 
(0.5, 0.6) 

23 

< 0.001 

CCKBC vs. PVBC <0.001 

PVBC 
0.3 

(0.3, 0.4) 
23 CCKBC vs. ChC <0.001 

ChC 0.3 
(0.3, 0.3) 

20 PVBC vs. ChC 1 
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Parameter Cell type 
median  

(1st and 3rd 
quartile) 

N 

Group 
comparison 

(KW-
ANOVA) 

Pairwise 
comparison 

p-value of 
pairwise 

comparison 

Single cell 
properties 

AHP amplitude 

CCKBC 
15.9 

(13, 18.9) 
7 

< 0.001 

CCKBC vs. PVBC 0.001 

PVBC 
22.8 

(21, 24.1) 
21 CCKBC vs. ChC 1 

ChC 
14.2 

(16.05, 19.3) 
18 PVBC vs. ChC <0.001 

Accomodation 
ratio 

CCKBC 
5.51 

(4.81, 6.2) 
22 

< 0.001 

CCKBC vs. PVBC <0.001 

PVBC 
1.27 

(1.15, 1.38) 
25 CCKBC vs. ChC <0.001 

ChC 
1.58 

(1.82, 1.87) 
19 PVBC vs. ChC <0.001 

Max. firing 
rate (Hz) 

CCKBC 
41.9 

(31.3, 48.8) 
22 

< 0.001 

CCKBC vs. PVBC <0.001 

PVBC 
208.8 

(171.3, 228.8) 
23 CCKBC vs. ChC <0.001 

ChC 160 
(183.8, 208.8) 

19 PVBC vs. ChC 1.00 

uEPSC 

Potency (pA) 

CCKBC 
17.27 

(16.06, 19.8) 
13 

- MW < 0.001 

PVBC 
60.56 

(35.04, 84.46) 
20 

Amplitude 
(pA) 

CCKBC 
15.09 

(13.02, 17.4) 
13 

- MW < 0.001 

PVBC 
50.89 

(27.95, 84.46) 
20 

Failure rate 

CCKBC 
0.12 

(0.03, 0.19) 
13 

- MW 0.523 

PVBC 
0.06 

(0, 0.16) 
20 

Latency (ms) 

CCKBC 
1.23 

(0.84, 1.8) 
12 

- MW < 0.001 

PVBC 
0.64 

(0.48, 0.82) 
18 

RT 10-90% 
(ms) 

CCKBC 
0.79 

(0.38, 0.81) 
13 

- MW < 0.001 

PVBC 
0.3 

(0.21, 0.35) 
20 

T50 (ms) 

CCKBC 
2.86 

(1.68, 3.5) 
12 

- MW < 0.001 

PVBC 
1.29 

(0.84, 1.71) 
18 

mEPSC 

Instantaneous 
rate (s-1) 

CCKBC 
10.91 

(5.42, 25.46) 
622 

- KS < 0.001 

PVBC 
20.42  

9.18, 48.79) 
626 

Amplitude 
(pA) 

CCKBC 
15.83 

(13.2, 20.52) 
617 

- KS < 0.001 

PVBC 
28.48 

(18.68, 44.89) 
616 
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Parameter Cell type 
median  

(1st and 3rd 
quartile) 

N 

Group 
comparison 

(KW-
ANOVA) 

Pairwise 
comparison 

p-value of 
pairwise 

comparison 

mEPSC 

RT 20-80% 
(ms) 

CCKBC 
0.44 

(0.25, 0.66) 
613 

- KS < 0.001 

PVBC 
0.21 

(0.13, 0.34) 
612 

Decay time 
constant (ms) 

CCKBC 
1.99 

(1.96, 2.5) 
5 

- MW 0.022 

PVBC 
1.33 

(1.29, 1.41) 
5 

uIPSC 

Potency (pA) 

CCKBC 
29.83 

(16.65, 60.18) 
19 

0.14 - 

  

PVBC 
38.21 

(29.96, 120.62) 
21 - 

ChC 
28.54 

(44.86, 56.06) 
22   

Amplitude 
(pA) 

CCKBC 
18.71 

(9.39, 38.3) 
19 

0.009 

CCKBC vs. PVBC 0.009 

PVBC 
38.21 

(29.8, 120.62) 
21 CCKBC vs. ChC 0.065 

ChC 
26.36 

(41.6, 56.06) 
22 PVBC vs. ChC 1.000 

Failure rate 

CCKBC 
0.35 

(0.08, 0.5) 
19 

< 0.001 

CCKBC vs. PVBC <0.001 

PVBC 0 (0, 0.06) 21 CCKBC vs. ChC <0.001 

ChC 0 (0, 0.1) 23 PVBC vs. ChC 1.000 

Latency (ms) 

CCKBC 
1.38 

(0.98, 1.71) 
19 

< 0.001 

CCKBC vs. PVBC <0.001 

PVBC 
0.71 

(0.63, 0.83) 
21 CCKBC vs. ChC 0.002 

ChC 
0.6 

(0.94, 1.08) 
23 PVBC vs. ChC 0.319 

RT 10-90% 
(ms) 

CCKBC 
0.61 

(0.53, 0.75) 
17 

0.117 - 

 

PVBC 
0.58 

(0.47, 0.66) 
21 - 

ChC 
0.45 

(0.52, 0.63) 
22   

T50 (ms) 

CCKBC 
4.55 

(3.34, 5.55) 
16 

0.416 - 

 

PVBC 
4.08 

(3.31, 4.95) 
21 - 

ChC 
3.37 

(3.8, 4.55) 
21   

Homotypic 
connections 

Potency (pA) 

CCKBC 
26.7 

(21.07, 37.53) 
4 

- MW 0.241 

PVBC 
33.28 

(28, 116.85) 
6 

Failure rate 

CCKBC 
0.62 

(0.5, 0.65) 
5 

- MW 0.013 

PVBC 
0.03 

(0, 0.09) 
6 
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Parameter Cell type 
median  

(1st and 3rd 
quartile) 

N 

Group 
comparison 

(KW-
ANOVA) 

Pairwise 
comparison 

p-value of 
pairwise 

comparison 

Homotypic 
connections 

Latency (ms) 

CCKBC 
1.02 

(0.9, 1.36) 
4 

- MW 0.166 

PVBC 
0.64 

(0.44, 1.06) 
6 

 

 

4.1.2. Local PNs evoke larger uEPSCs on PVBCs with short latency and fast kinetic 

properties 

To determine how PTIs are embedded into the local excitatory network, we 

investigated the excitatory connections between PNs and PTIs by performing paired 

recordings and analyzed the properties of the unitary excitatory postsynaptic currents 

(uEPSCs) evoked by the 1st action potential in each spike train (Figure 9A, 9B, Table 1). 

Our recordings revealed that uEPSCs evoked in PVBCs have significantly larger 

amplitude than those evoked in CCKBCs (Figure 9C, Table 1). Moreover, uEPSCs in 

PVBCs followed the presynaptic action potentials with significantly shorter latency than 

those in CCKBCs (Figure 9C, Table 1), suggesting that over the course of the first 

milliseconds after the activation of PNs, local excitatory signals reach different BC 

populations. Besides this temporal preference for exciting PVBCs, release from 

excitatory synapses to CCKBCs or PVBCs were found to be similarly successful. Kinetic 

properties of uEPSCs recorded from CCKBCs were significantly slower both in terms of 

their 10-90% rise time and half-width of events, the time span measured at the half 

amplitude (T50) (Figure 9C, Table 1). Due to the low connectivity rate between PNs and 

ChCs sampled in our experiments (12.2%, 6 pairs from 49 tests), data from these 

recordings are not included in the analysis, as only 3 pairs met the criteria of low series 

resistance and sufficient number of uIPSCs.  

Synaptic connections are characterized by diverse dynamics at the short-term time 

scale that are dependent on the pre- and postsynaptic partners (Ali et al., 1998; Reyes et 

al., 1998). To unravel whether excitatory synapses on BCs become potentiated or 

depressed during sustained presynaptic activation we delivered trains of square pulses to 

evoke 5 action potentials at 33 Hz and compared the amplitude of the postsynaptic 

currents (Figure 9D, 9E). The amplitude of uEPSCs in PVBCs received from local PNs 

did not decrease considerably and remained in the 80-106% range of the first uEPSC on 

average (2nd uEPSC: 106.08±4.96% and 5th uEPSC: 79.64±5.86%). Conversely, 
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CCKBCs were found to be innervated by depressing excitatory synapses, as the amplitude 

of the 2nd and 5th uEPSCs decreased on average to 56.23±5.31% and 30.02±3.5% of the 

first uEPSC, respectively. The probability of finding a connection was dependent on the 

cell type (p=0.023, chi-square=7.508) and was highest with PVBCs (Figure 9F) in 

agreement with previous studies (Andrasi et al., 2017; Lu et al., 2017). Taken together, 

our data suggest that the excitation generated within the prelimbic networks distinguishes 

between the two types of BCs in a number of aspects: PVBCs receive larger and faster 

synaptic excitation that is maintained if repetitive firing in PNs is induced, whereas the 

local PN population gives rise to smaller and slower postsynaptic events in CCKBCs that 

show prominent depression when trains of action potentials are evoked in PNs.  
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Figure 9. Paired recordings between PNs and PTIs unveil larger unitary 

excitatory postsynaptic currents (uEPSCs) in PVBCs exhibiting faster kinetics 

than uEPSCs in CCKBCs. (A) Schematic illustration of the experiment. (B) 

Representative traces of the first evoked AP in a train of 5 APs in PNs (top) and the 

postsynaptic uEPSCs recorded in PTIs (bottom). Fifteen consecutive traces in gray, 

average in color. (C) Comparison of the main properties of the first uEPSCs. For details 

see Table 1. (D) Representative traces of synapse type-dependent short-term plasticity 

revealed by 5 evoked APs in the presynaptic cell. (E) Ratio of the amplitude of the 2nd 

and 1st (2/1) or the 5th and 1st (5/1) uEPSCs summarizes the short-term dynamics of 
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the excitatory connections between PNs and PTIs. Data presented as mean ± SEM. 

Numbers in parentheses represent the number of analyzed recordings from n=17, n=16 

and n=20 animals for CCKBC, PVBC and ChC recordings, respectively. (F) 

Connection probability was largest between PNs and PVBCs. (Adapted from Fekete et 

al., 2024) 

 

 

4.1.3. Kinetic properties of mEPSCs 

To address whether the different kinetic properties of uEPSCs from neighboring 

PNs were a general feature of excitation arriving onto BCs in the PrL, we recorded 

miniature excitatory postsynaptic currents (mEPSCs) in the two BC types in the presence 

of tetrodotoxin (TTX, 1 µM) and gabazine (5 µM) to block voltage-gated Na+ channels 

and GABAA receptors, respectively (Figure 10A, 10B). Comparison of a similar number 

of recorded events (110-130 mEPSCs) from each cell revealed that PVBCs received 

mEPSCs at a higher rate and these events had larger peak amplitudes than those arriving 

on CCKBCs (Figure 10C, Table 1). The rise time 20-80% of miniature events on 

CCKBCs were slower, similarly to the unitary events evoked in paired recordings (Figure 

10C, Table 1). Furthermore, peak scaled averages also demonstrate the slower decay of 

mEPSCs recorded in CCKBCs (Figure 10D), confirmed by the decay time constant 

assessed on the averaged events in case of each recorded cell (Figure 10E, Table 1). These 

results suggest that the differential kinetic properties of excitatory postsynaptic events 

obtained in paired recordings are not due to sampling biases in our data but reflect the 

distinct features of local excitatory inputs on the two BC types.  
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Figure 10. Differences in the kinetics of mEPSCs recorded in BCs resemble the 

uEPSCs evoked in paired recordings. (A) mEPSCs recorded in BCs in the presence 

of TTX (1 µM) and gabazine (5 µM) to block voltage-gated sodium channels (VGSCs) 

and GABAA receptors (GABAARs). (B) Representative traces of recordings obtained 

in the two BC types. (C) Cumulative frequency plots showing that PVBCs receive 

miniature events with higher instantaneous rate (top), amplitude (middle) and exhibit 

faster rise time kinetics (bottom). Thin lines represent data from individual cells, thick 

lines represent average. Insets: median values of mEPSC parameters obtained in each 

cell (n = 5 for both cell types). (D) Normalized averages of mEPSCs recorded in 

CCKBCs and PVBCs (n = 5 for both cell type) demonstrate the slower decay kinetics 

of mEPSCs recorded in CCKBCs. (E) mEPSCs in CCKBCs on average are 

characterized by longer decay time constants. Data points represent decay time 

constants measured on the averages of mEPSCs recorded in individual cells, lines 
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represent mean. Numbers in parentheses represent the number of analyzed recordings 

from n=2 animals for CCKBC and n=2 animals for PVBC recordings. (Adapted from 

Fekete et al., 2024) 

 

4.1.4. Fast spiking INs innervate local PNs with reliable but depressing synapses  

The influence of PTIs on prelimbic processes is largely determined by their impact 

on postsynaptic partners. To uncover the effect of single PTIs on neighboring PNs in the 

PrL we performed paired recordings between these cells (Figure 11A, 11B). Action 

potentials evoked in PVBCs elicited unitary inhibitory postsynaptic currents (uIPSCs) in 

PNs with significantly larger amplitude than those evoked by CCKBC spikes (Figure 

11C, Table 1). While PVBC and ChC synapses were highly reliable, almost every third 

action potential in CCKBCs failed to evoke a uIPSC in PNs, leading to a significant 

difference between their failure rates. Notably, postsynaptic events upon PVBC and ChC 

discharges showed significantly shorter latency than those following CCKBC activation. 

Nonetheless, the three PTI types evoke postsynaptic events in PNs with similar kinetics 

both in terms of their 10-90% rise time and T50 (Table 1).  

Investigation of the short-term dynamics in these inhibitory synapses with the same 

protocol described above revealed that uIPSCs evoked by CCKBCs became neither 

potentiated nor depressed (90.68±5.6% and 100.85±8.29% of the 1st response) (Figure 

11D, 11E) (Hefft & Jonas, 2005; Galarreta et al., 2008). On the other hand, synapses 

arriving from PVBCs showed significant short-term depression (2nd and 5th uIPSC 

amplitude decreased to 71.4±3.4% and 46.27±2.62% of the 1st response), a phenomenon 

previously observed in other cortical regions as well (Galarreta & Hestrin, 1998; Hefft & 

Jonas, 2005; Szabo et al., 2010; Barsy et al., 2017) (Figure 11D, 11E). ChC synapses also 

evoked depressing postsynaptic currents very similarly to PVBCs (72.07±3.5% and 

56.02±4.8%). Neighboring PNs were innervated by PTIs with a probability that was 

dependent on the cell type (p<0.001, chi-square=39.011), with highest probability by 

ChCs (Figure 11F). Taken together, our results indicate that FS INs generate fast and 

reliable inhibition with PVBC spikes evoking significantly larger uIPSCs than CCKBCs, 

but in case of prolonged PTI activation, PNs can receive a steadier level of inhibition 

from CCKBCs.  
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Figure 11. Paired recordings between PTIs and PNs reveal that FS cells provide 

reliable inhibition with short latency followed by strong synaptic depression. (A) 

Schematic illustration of the experiment. (B) Representative traces of the first 

presynaptic AP in a train of 5 APs evoked in PTIs (top) and the postsynaptic uIPSCs 

recorded in PNs (bottom). Fifteen consecutive traces in gray, average in black. (C) 

Comparison of the main properties of the first uIPSCs. Boxes represent the interquartile 

range; filled square: mean; whiskers: 5th and 95th percentile. Numbers in parentheses 

represent the number of analyzed recordings. For details see Table 1. (D) 

Representative traces of synapse type-dependent short-term plasticity revealed by 
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eliciting 5 APs in the presynaptic cell. (E) Ratio of the amplitude of the 2nd and 1st 

(2/1) or the 5th and 1st (5/1) uIPSC summarizes the short-term dynamics of the 

inhibitory connections between BCs and PNs. Data presented as mean ± SEM. 

Numbers in parentheses represent the number of analyzed recordings from n=17, n=16 

and n=20 animals for CCKBC, PVBC and ChC recordings, respectively. (F) 

Probability of finding inhibitory connections between PTIs and PNs was highest with 

ChCs. (Figure modified from Fekete et al., 2024) 

 

4.1.5. Basket cells form chemical synapses and gap junctions with their own cell type 

Electrical synapses between neurons of the same inhibitory cell type are generally 

common in cortical circuits (Galarreta & Hestrin, 1999; Gibson et al., 1999; Tamas et al., 

2000; Andrasi et al., 2017), while the preference of inhibitory neurons for establishing 

homotypic chemical synapses is cell type-dependent (Pfeffer et al., 2013; Tremblay et al., 

2016). To reveal the extent to which BCs are synaptically interconnected and the 

electrophysiological properties of their contacts in the PrL, we performed paired 

recordings between the same type of BCs (Figure 12A). Testing electrical coupling was 

conducted by injecting hyperpolarizing current steps in one of the cells while recording 

membrane potential changes in the other cell (Figure 12B, top). Chemical synapses were 

tested by eliciting 10 action potentials at 40 Hz (Figure 12B, bottom). CCKBCs were 

frequently coupled electrically (16/23 tests, 69.6%) but chemical connections seemed less 

numerous between them (9/31 tests, 29%), despite the elimination of any tonic activation 

of CB1 by AM251 application (1 µM). In contrast, every second recorded PVBC evoked 

uIPSCs in other PVBCs in paired recordings (13/25 tests, 52%) but only 25% of the tested 

cells were connected via gap junctions (2/8 tests). ChCs were not recorded simultaneously 

and therefore were not tested for connectivity.  

In terms of the main properties of the chemical connections, uIPSCs evoked by the 

first action potential tended to have larger potency in synapses between PVBCs (Figure 

12D, Table 1). Although there was a tendency for uIPSCs evoked by CCKBC spikes to 

start off with larger latency than uIPSCs in homotypic PVBC synapses, the difference did 

not reach the level of significance (p=0.17, Figure 12D, Table 1). On the other hand, the 

rate of failure for the first action potential was significantly higher for CCKBC than for 

PVBC synapses (Figure 12D, Table 1) suggesting a more reliable neurotransmission 

between the latter BCs. Sustained presynaptic activity, however, revealed that homotypic 



53 
 

CCKBC synapses display strong facilitation, while PVBCs receive uIPSCs of decreasing 

amplitude (Figure 12E). Taken together, homotypic BC pairs display different synaptic 

characteristics and connectivity patterns in the PrL. 

 

 

Figure 12. Paired recordings from homotypic BCs demonstrate that BCs 

innervate their own kind with chemical synapses and gap junctions as well. (A) 

Schematic illustration of the experiment. (B) Example traces of gap junctions revealed 

by injecting hyperpolarizing current steps into one of the recorded cells, averages of 50 

consecutive traces (top). Example traces of recorded chemical synapses between the 

same type of BCs, averages of 10 consecutive traces (bottom). Scale bars: gap 

junctions: CCKBC x: 20 mV, 1 mV; y: 200ms; PVBC: x: 15 mV, 0.5 mV; y: 200 ms; 

chemical synapses: x: CCKBC: 70 mV, 20 pA; PVBC: 70 mV, 50 pA; y: 50 ms. (C) 

Comparison of connection probabilities. Filled bars represent the number of 

connections, empty bars represent the number of tests (p=0.043 and p=0.103 for gap 

junctions and chemical synapses, respectively, Fisher’s exact test). (D) Features of the 
first postsynaptic responses in homotypic connections between CCKBCs and PVBCs. 

Numbers in parentheses represent the number of analyzed recordings from n=7 animals 

for both CCKBC and PVBC recordings. For details see Table 1. (E) Ratio of the 

amplitude of the 2nd, 5th, 6th and 10th uIPSC to the 1st response summarizes the short-

term dynamics of the inhibitory connections between homotypic BCs. (Adapted from 

Fekete et al., 2024) 
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4.1.6. CCKBCs innervate PVBCs 

Previous studies have shown that the two BC types are interconnected in the 

hippocampus (Dudok, Klein, et al., 2021) but not in the amygdala (Andrasi et al., 2017). 

To determine the presence or absence of functional synaptic connections on PVBCs 

established by CCKBCs in the PrL, we used a pharmacological approach and took 

advantage of CB1 expression on CCKBC axon terminals (Nagy-Pal et al., 2023, Figure 

8A) that is selective for this cell type among cortical inhibitory neurons (Wilson et al., 

2001). Extracellular stimulation was used to evoke IPSCs in PVBCs (Figure 13A), while 

glutamatergic synaptic transmission was blocked by 2 mM kynurenic acid applied in the 

external solution. Bath application of the CB1 agonist WIN55,212-2 (1 µM) reduced the 

amplitude of evoked postsynaptic currents in the recorded cells below 50% of the initial 

amplitude values (Figure 13B) demonstrating the presence of CB1-sensitve inputs to 

PVBCs. These electrophysiological data were further supported by our anatomical results 

showing CB1+ axonal boutons opposed to the majority of sampled PV+ somata (29 out 

of 33 cells, 87.9%) (Figure 13C, 13D). Immunostaining against gephyrin (the anchoring 

protein of GABAA receptors (Sassoe-Pognetto & Fritschy, 2000)) was used to ensure that 

only inhibitory synapses are included in the quantification. Taken together, our two 

independent approaches provide evidence that CB1-sensitive inputs from CCKBCs are 

present on PVBCs.  
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Figure 13. Pharmacological experiments and immunolabeling demonstrate the 

presence of functional CB1-positive inhibitory inputs received by PVBCs. (A) 

Schematic illustration of the experiment (left). Excitatory currents were blocked by 2 

mM kynurenic acid in the recording solution. Representative traces of evoked IPSCs 

before (right, top) and after the application of CB1 agonist (right, bottom). (B) 

Inhibitory postsynaptic currents in a PVBC evoked by focal electrical stimulation are 

reduced by bath application of CB1 agonist WIN 55,212-2 (1 µM). Data from a 

representative experiment (left) and normalized data from n = 3 cells (right) from n=3 

animals. Data points represent the mean ± SEM of 4 consecutive responses with an 

inter-stimulus interval of 30 seconds. (C) Confocal image of the soma of a PV+ 

interneuron labeled with immunostaining against PV. Inset: a terminal apposed to 

gephyrin labeling on the soma is immunopositive for CB1. Scale bars: 5 and 0.5 µm. 

(D) Quantification of the density of CB1+ terminals on PV-immunopositive somata 

(n=33) from n=3 C57Bl6 mice. (Adapted from Fekete et al., 2024) 
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4.1.7. PVBCs innervate CCKBCs 

To study the potential synaptic connections established by PVBCs on CCKBCs, we 

crossed BAC-CCK-DsRed mice with PV-Cre mice. Therefore, in offspring, we could 

target fluorescently labeled CCKBCs (Nagy-Pal et al., 2023) and activate PVBCs via Cre-

dependently expressed channelrhodopsin (ChR2) in the same preparations. After 4-6 

weeks following the injection of AAV5-EF1-DIO-hChR2-eYFP into the PrL, we 

prepared acute slices and recorded from CCKBCs and PNs simultaneously in whole-cell 

configuration (Figure 14A). The cell types of the recorded neurons were verified by post 

hoc immunostaining against biocytin and CB1. Successful optogenetic activation of the 

PV+ population upon light stimulation was evident from the large IPSCs evoked in PNs 

(Figure 14B), while CCKBCs also received prominent inhibition without exception. The 

amplitude of these inhibitory currents varied between cells but the mean amplitude of 

IPSCs recorded from CCKBCs reached 11.1% of the IPSCs evoked simultaneously in 

PNs (Figure 14B). Latency of the responses measured from the beginning of light 

illumination was significantly larger for CCKBCs than for PNs (Figure 14B). In addition 

to these experiments, we also identified PV+ inhibitory synaptic contacts on the somata 

of CCKBCs in slices containing the PrL prepared from the offspring generated by 

crossing VGAT-IRES-Cre and BAC-CCK-GFP-coIN mice (Figure 14C). 

Immunostaining against PV and gephyrin revealed that the majority of the CCK/GFP+ 

somata received PV+ input (27 out of 32 cells, 84.4%) (Figure 14D). In summary, these 

results demonstrate the reciprocal innervation between the two BC types in the PrL. 
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Figure 14. Postsynaptic responses upon light activation of PV+ cells via ChR2 

together with anatomical data demonstrate that PVBCs innervate CCKBCs. (A) 

Schematic illustration of the experiment. Representative traces of light-evoked 

responses recorded simultaneously in a CCKBC (right, top) and a PN (right, bottom). 

Ten consecutive traces in gray, average in color. (B) Features of the light-evoked 

postsynaptic responses. Data points representing simultaneously obtained recordings 

are connected on the graph. Left: mean amplitude of IPSCs recorded in CCKBCs and 

PNs (CCKBC: 235.25 (87, 523) pA; PN: 2721.5 (1103, 3126) pA, p<0.001, MW).  

Middle: mean IPSC amplitude recorded in CCKBCs compared to the amplitude of 

IPSCs simultaneously recorded in PNs. Right: onset latency of IPSCs (CCKBC: 1.78 

(1.51, 1.84); PN: 1.35 (1.15, 1.44), p = 0.02, MW). Numbers in parentheses represent 

the number of analyzed recordings from n=3 animals. (C) Confocal image of the soma 

of a GFP-labelled CCK+ IN in the PrL of a VGAT-IRES-Cre::BAC-CCK-GFPcoIN 

mouse. Inset: a terminal immunopositive for PV apposed to gephyrin labeling, 

indicating the presence of an inhibitory synapse. Scale bars: 5 and 0.5 µm. (D) 

Quantification of the density of PV+ terminals on CCK+ interneurons (n=32) in n=4 

VGAT-IRES-Cre::BAC-CCK-GFPcoIN mice. (Adapted from Fekete et al., 2024) 
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4.2. Part II: Fear learning and unsigned noxious stimuli change excitatory inputs on 
perisomatic region-targeting inhibitory cells in the basal amygdala 

 

4.2.1. Separation of the effects of fear memory formation and sensory inputs  

To distinguish between the effects of fear memory formation and the CS/US 

presentations on the excitatory synaptic inputs of BA PTIs, either of the following three 

behavioral paradigms were used (Figure 15A1). In the first paradigm, to test the 

behavioral consequences of the CS presentation, mice were repeatedly subjected to the 

CS (tone) without the US (shock, Figure 15A2, only CS group, black). As expected, these 

mice showed no elevated freezing levels upon the CS demonstration the next day in a 

different context (Figure 15B, black). In the second group, to test the effects of CS and 

US without association, tones and shocks were presented randomly during conditioning 

(Figure 15A2, unsigned US group, red). In this group, the delivery of the US was not 

signed by the CS, therefore, the association between CS and US did not form, as 

demonstrated by the lack of freezing upon the cue presentation the next day (Figure 15B, 

red). In contrast, when tones co-terminated with mild electrical shocks in case of the third 

group, i.e., the oncoming US was signed by a CS (Figure 15A2, signed US group, blue), 

the fear memory was formed. The result of the CS-US association was clear the next day 

when the CS presentation induced significant freezing in a different context (Figure 15B 

cue, K-W ANOVA p =3×10-6), while there was no elevated freezing during the baseline 

period (Figure 15B baseline, K-W ANOVA p =0.29). Thus, in line with previous findings, 

pairing a CS with a US resulted in lasting changes in neuronal networks, assessed at the 

behavioral level (LeDoux, 2003). Importantly, there was no difference in the cue evoked 

freezing levels of BAC-PV-eGFP and BAC-CCK-DsRed mice in the unsigned US and 

signed US group (Mann–Whitney test, p =0.78 and p =0.69, respectively), indicating that 

distinct BAC insertion in the two mouse lines does not compromise the fear memory 

processes. Our experimental design, therefore, allows the separation of the consequences 

of fear memory formation from those caused by the sensory signals using the three mouse 

groups. 
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Figure 15. Fear memory effectively formed upon signed US presentation, but not 

in other conditions. (A1) Experimental design. (A2) The three mouse groups with 

different combinations of CS (tone) and US (shock) presentation. (B) Freezing tested 

on the consecutive day was elevated only in the signed US group, therefore the other 

two conditioning paradigms can serve as assessments of the effects of the sensory 

inputs on the network. Asterisk indicates significant difference (K-W ANOVA p =  
3×10-6, only CS vs. unsigned US p =  0.39, only CS vs. signed US p =  2×10-6, 

unsigned US vs. signed US p =  0.003). Box represents mean, whiskers SEM. Only CS 

group n = 14, unsigned US group n = 12, signed US group n = 13. (Adapted from Veres 

et al., 2023) 

 

4.2.2. Excitatory synaptic inputs in PVBCs are reduced upon the US presentation  

To test whether excitatory synaptic inputs in different PTI types are capable of plastic 

changes, acute brain slices containing the amygdala were prepared immediately after cued 

fear testing. PV neurons in the BA were visually targeted based on their eGFP expression 

and their calbindin content was confirmed post hoc (Figures 16A, 16B). Calbindin is a 

neurochemical marker for PVBCs in the rodent amygdala that separates these 

interneurons from PV ChCs (Bienvenu et al., 2012; Vereczki et al., 2016). mEPSCs were 

recorded in whole-cell patch-clamp mode in the presence of 0.5 μM tetrodotoxin (TTX, 

voltage-gated Na+ channel blocker) and 100 μM picrotoxin (GABAA receptor antagonist) 

in slices from the three behavioral groups (Figure 16C; Tables 2, 3). The distribution of 

mEPSC amplitudes in PVBCs sampled in the three groups showed significant differences 
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(Figure 16D, K-W ANOVA p =1×10-16); we found a 11% decrease in mEPSC 

amplitudes in the unsigned group when compared to the only CS group (Dunn’s test p 

=6×10-17) and a 5% decrease when we compared the signed US to the only CS group 

(Dunn’s test p=0.025). Interestingly, there was a significant increase (7%) in this mEPSC 

feature in PVBCs if we compared those that were recorded in the unsigned and signed 

US groups (Dunn’s test p=1×10-6). This observation implies that the US itself can elicit 

changes in mEPSC peak amplitudes in PVBCs, but the associated learning decreases 

those changes. When we compared the inter-event intervals (IEI) of mEPSCs (Figure 

16E) we found significant changes among groups (K-W ANOVA p=3×10-22). The 

unsigned US presentation led to a 26% increase in IEIs (i.e. reduced rate) compared to 

the only CS group (Dunn’s test p =2×10-17), and the signed US group also showed a 23% 

increase (Dunn’s test p=2×10-17). There was no difference in mEPSC rates in the 

unsigned and signed US group (Dunn’s test p =0.3), implying that the effect of CS and 

US association on this mEPSC characteristic is indistinguishable from those that are 

caused by the independent presentation of CS and US. Rise time and decay kinetics of 

mEPSCs were not different in the three paradigms (Table 3, K-W ANOVA p=0.758 and 

p=0.598, respectively). Taken together, these results suggest that the US presentation 

decreases mEPSC amplitudes and their occurrence in PVBCs, but fear memory formation 

may cause a slighter reduction in the amplitude of their excitatory synaptic inputs in 

comparison to CS presentation only. 
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Figure 16. Differences in mEPSC properties in PVBCs recorded in slices prepared 

from the three groups of mice. (A) Maximum intensity projection of a biocytin-filled 

PVBC. Inset: Axon terminals of PVBCs (orange) are immunopositive for calbindin 

(Calb, cyan), a neurochemical marker that distinguishes PVBCs from ChCs in the BA. 

Arrows indicate colocalization. Scales: 50 μm and 1 μm (inset). (B) Position (orange 
x) of the recorded PVBC depicted on schematic drawings representing horizontal brain 

sections [based on Paxinos (2012)]. Out of the 50 recorded cells, only 30 randomly 

selected interneurons are shown for clarity. APir: piriform amygdalar area, BA: basal 

amygdala, BAp: posterior part of the basal amygdala, BMP: basomedial amygdala, 

posterior part, HC: hippocampus, LV: lateral ventricle. (C) Representative traces of 

miniature excitatory postsynaptic current (mEPSC) recordings in the presence of 

0.5 μM tetrodotoxin (TTX) and 100 μM picrotoxin in the three groups. Scales: 20 pA 
(y) and 100 ms (x). (D,E) Cumulative distribution of mEPSC peak amplitudes (D) and 

inter-event intervals (E); data pooled from all cells in each group. Graphs in insets are 

plotted using a normal probability Y axis. P values show the result of K-W ANOVA 

post hoc Dunn’s tests (see details in Table 1). n.s., non-significant difference. (Adapted 

from Veres et al., 2023) 
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Table 2. Data and statistical analysis of mEPSC amplitude and inter-event interval in 

the recorded PTIs. (Adapted from Veres et al., 2023) 

Cell type Variable Group 

Cell 
number 
(mouse 
number) 

Value 
(median ± IQ 

range)  

Group 
comparison 

p value  
(K-W 

ANOVA) 

Paired 
comparison 

P value 
(Dunn's 

Test) 
Change  

PVBC 

Peak 
amplitude 

(pA) 

only CS 17 (7) 24.35 ± 21.41 

<0.001 

only CS vs. 
unsigned US 

<0.001 11% ↓ 

unsigned US 17 (6) 21.66 ± 16.55 
only CS vs. 
signed US 

0.0251 5% ↓ 

signed US 16 (7) 23.11 ± 20.85  
unsigned US 
vs. signed US 

<0.001 7% ↑ 

IEI (ms) 

only CS 17 (7) 23.70 ± 34.90 

<0.001 

only CS vs. 
unsigned US <0.001 26% ↑ 

unsigned US 17 (6) 30.00 ± 43.60 
only CS vs. 
signed US <0.001 23% ↑ 

signed US 16 (7) 29.24 ± 44.55 unsigned US 
vs. signed US 

1 - 

CCKBC 

Peak 
amplitude 

(pA) 

only CS 23 (6) 17.13 ± 7.12 

0.001 

only CS vs. 
unsigned US 

0.124 - 

unsigned US 24 (6) 17.32 ± 7.67 only CS vs. 
signed US 

<0.001 3% ↑ 

signed US 21 (6) 17.58 ± 7.96 
unsigned US 
vs. signed US 

0.303 − 

IEI (ms) 

only CS 23 (6) 83.31 ± 137.0 

0.175 - unsigned US 24 (6) 85.35 ± 144.75 

signed US 21 (6) 83.75 ± 131.30 

ChC 

Peak 
amplitude 

(pA) 

only CS 20 (7) 18.06 ± 10.51 

0.406  - unsigned US 14 (5) 17.76 ± 10.64 

signed US 21 (7) 18.19 ± 11.17 

IEI (ms) 

only CS 20 (7) 58.75 ± 104.00 

0.031 

only CS vs. 
unsigned US 

1 − 

unsigned US 14 (5) 56.45 ± 96.73 
only CS vs. 
signed US 

0.026 7% ↓ 

signed US 21 (7) 54.45 ± 90.50 
unsigned US 
vs. signed US 0.465 − 
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Table 3. Data and statistical analysis of mEPSC kinetic features recorded in PTIs. 

(Adapted from Veres et al., 2023) 

Cell type Variable Group 

Cell 
number 
(mouse 
number) 

Value 
(median ± 
IQ range)  

Group 
comparison 

p value 
(K-W 

ANOVA) 

Paired 
comparison 

P value 
(Dunn's 

Test) 
Change 

PVBC 

Rise time 
10-90% 

(ms) 

only CS 17 (7) 0.28 ± 0.07 

0.758 

  
 

- 
  

  

unsigned US 17 (6) 0.31 ± 0.06 

signed US 16 (7) 0.34 ± 0.09 

Decay 
time 

constant  
(ms) 

only CS 17 (7) 0.94 ± 0.38 

0.598 
 
- 
  

unsigned US 17 (6) 1.01 ± 0.40 

signed US 16 (7) 1.06 ± 0.4 

CCKBC 

Rise time 
10-90% 

(ms) 

only CS 23 (6) 0.60 ± 0.20 

0.895 

 
  
- 
  
  

unsigned US 24 (6) 0.61 ± 0.09 

signed US 21 (6) 0.60  ± 0.11 

Decay 
time 

constant  
(ms) 

only CS 23 (6) 1.91 ± 0.58 

0.006 

only CS vs. 
unsigned US 

0.004 17% ↓ 

unsigned US 24 (6) 1.57  ± 0.41 
only CS vs. 
signed US 0.375 − 

signed US 21 (6) 1.80 ± 0.46 
unsigned US 
vs. signed US 0.352 − 

ChC 

Rise time 
10-90% 

(ms) 

only CS 20 (7) 0.26 ± 0.09 

0.230 

  
  
- 
  
  

unsigned US 14 (5) 0.33 ± 0.08 

signed US 21 (7) 0.32 ± 0.09 

Decay 
time 

constant  
(ms) 

only CS 20 (7) 0.84 ± 0.20 

0.289 

  
  
- 
  
  

unsigned US 14 (5) 0.93 ± 0.18 

signed US 21 (7) 0.91 ± 0.24 

 

 

4.2.3. Increased amplitude and decreased decay time constant of mEPSCs in CCKBCs 

upon US presentation  

Next, we assessed whether the excitatory synaptic inputs in the other main basket cell 

type, CCKBCs, are also capable of plastic changes in our paradigms. To selectively 

record from these cells, a CCK-DsRed mouse strain was used (Mate et al., 2013; Rovira-

Esteban et al., 2017) to visually target CCKBCs based on their DsRed content (Figures 

17A, 17B; Vereczki et al., 2016). After the recordings, CB1 content of axon terminals 

was confirmed with immunolabeling (Figure 17A insets). mEPSCs were recorded and 

analyzed by the same method as described above in PVBCs (Figure 17C; Tables 2, 3). 

The evaluation of changes in mEPSC characteristics recorded in CCKBCs showed a 

difference in their peak amplitudes (Figure 17D, K-W ANOVA p =0.001). There was a 
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slight (3%) but significant increase in mEPSC peak amplitudes in the signed US groups 

compared to the only CS controls (Dunn’s test p =2×10-17). However, there was no 

significant difference between the only CS vs. unsigned US (Dunn’s test p =0.12) and 

unsigned US vs. signed US comparisons (Dunn’s test p =0.30). Interestingly, we could 

not find any difference in the IEI of mEPSCs (Figure 17E, K-W ANOVA p =0.175). 

Regarding the kinetic properties of mEPSCs (Table 3), the rise time was not different in 

the three paradigms (K-W ANOVA p =0.895), however, there was a significant 17% 

decrease in the decay time constant when we compared the only CS group to the unsigned 

US group (Dunn’s test p =0.004). Taken together, these results show that the fear learning 

increases the amplitude of mEPSC and the unsigned US accelerates the mEPSC decaying 

phase in the CCKBC population. 

 

 

Figure 17. Increased amplitude of mEPSCs in CCKBCs upon US presentation. 

(A) Maximum intensity projection of a biocytin-filled CCKBC. Inset: Axon terminals 

of same CCKBC (blue) are immunopositive for type one cannabinoid receptors (CB1, 

pink). Arrows indicate colocalization. Scales: 50  μm and 1  μm (inset). (B) Position 
(blue x) of the recorded CCKBC depicted on schematic drawings representing 

horizontal brain sections [based on Paxinos (2012)]. Out of the 68 recorded cells, only 

30 randomly selected interneurons are shown for clarity. APir: piriform amygdalar 

area, BA: basal amygdala, BAp: posterior part of the basal amygdala, BMP: basomedial 
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amygdala, posterior part, HC: hippocampus, LV: lateral ventricle. (C) Representative 

traces of miniature excitatory postsynaptic current (mEPSC) recordings in the presence 

of 0.5  μM TTX and 100  μM picrotoxin from the three groups. Scales: 10 pA (y) and 
100 ms (x). (D,E) Cumulative distribution of mEPSC peak amplitudes (D) and inter-
event intervals (E); data pooled from all cells in each group. Graphs in insets are plotted 

using a normal probability Y axis. p values show the result of K-W ANOVA post hoc 

Dunn’s tests (see details in Table 2). n.s., non-significant difference. (Adapted from 

Veres et al., 2023) 

 

 

4.2.4. Excitatory synaptic inputs in ChCs change only upon fear memory formation 

Besides the two basket cell types, ChCs are the third PTI type that are capable to 

efficiently control the spiking activity of principal neurons (Veres et al., 2014). Therefore, 

any change in the excitatory synaptic inputs of ChCs as a consequence of fear 

conditioning could be pivotal in the accomplishment of their functions. ChCs were 

targeted in the BA based on their eGFP content in PV-eGFP animals and were separated 

post hoc from PVBCs based on their characteristic axonal cartridges formed around axon 

initial segments that can be visualized by Ankyrin G staining (Figures 18A, 18B) and the 

absence of calbindin immunolabeling in their somata and axon terminals. mEPSCs were 

recorded (Figure 18C; Tables 2, 3) and analysed as described above. Unlike in BCs, 

excitatory synaptic inputs in ChCs did not show change in terms of their amplitude 

(Figure 18D, K-W ANOVA p = 0.406), however, there was a slight but significant change 

in the rate of mEPSCs (Figure 18E, K-W ANOVA p = 0.031): in the signed US group the 

rate of mEPSCs were 7% higher than in the only CS group (Dunn’s test p = 0.026). Rise 

time and decay kinetics of mEPSCs were not different in the three paradigms (Table 3, 

K-W ANOVA p = 0.23 and p = 0.289, respectively). Taken together, our data indicate 

that there is a unique increase in mEPSC rates in ChCs upon signed US presentation 

following fear memory formation that was not present in any other PTI type. The 

significant changes in mEPSC properties are summarized on Figure 19. 
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Figure 18. Excitatory synaptic inputs in ChCs change only upon the signed US 

presentation. (A) Maximum intensity projection of a biocytin-filled ChC. Inset: Axon 

terminals of the same ChC (green) form a characteristic cartridge along an Ankyrin G 

(magenta) labeled axon initial segment. Scales: 50  μm and 5  μm (inset). (B) Position 
(green x) of each recorded ChC depicted on schematic drawings representing 

horizontal brain sections [based on Paxinos (2012)]. Out of the 55 recorded cells, only 

30 randomly selected interneurons are shown for clarity. APir: piriform amygdalar 

area, BA: basal amygdala, BAp: posterior part of the basal amygdala, BMP: basomedial 

amygdala, posterior part, HC: hippocampus, LV: lateral ventricle. (C) Representative 

traces of miniature excitatory postsynaptic current (mEPSC) recordings in the presence 

of 0.5  μM TTX and 100  μM picrotoxin obtained in ChCs sampled from the three 

groups. Scales: 10 pA (y) and 100 ms (x). (D,E) Cumulative distribution of mEPSC 
peak amplitudes (D) and inter-event intervals (E); data pooled from all cells in each 

group. Graphs in insets are plotted using a normal probability Y axis. p values show 

the result of K-W ANOVA post hoc Dunn’s tests (see details in Table 2). n.s., non-

significant difference. (Adapted from Veres et al., 2023) 
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Figure 19. Summary of significant changes in the properties of excitatory synaptic 

inputs of PTIs in the BA in the three behavioral paradigm. Black arrows indicate 

the compared pairs, only the significant changes in mEPSC amplitude, rate and decay 

time are shown and are expressed in % values. Green numbers and upward arrows 

indicate increase, purple numbers and downward arrows indicate decrease. For the 

exact tests and significance values see Tables 2, 3. (Adapted from Veres et al., 2023) 
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5. DISCUSSION 

In this study, we investigated the synaptic features of PTIs and PNs in the mPFC 

microcircuit as well as the connectivity motifs among PTIs. Furthermore, we studied the 

effect of fear memory formation and unsigned noxious stimulus on the excitatory input 

of PTIs in the BA to elucidate how the function of these cell types are impacted upon 

aversive signal presentation and associative learning. Our major findings are as follows: 

(1) The two BC types exhibited contrasting membrane properties, while the fast spikers 

also differed in terms of many features including their membrane time constant and AP 

threshold. (2) Our paired recordings revealed that PNs located in the PrL not only evoke 

larger unitary excitatory currents in PVBCs than in CCKBCs, but these currents have 

shorter latency and faster kinetic parameters. (3) Inhibition provided by PVBCs and ChCs 

is more reliable and follows presynaptic spiking with shorter latency compared to uIPSCs 

evoked by CCKBC firing. (4) We provided anatomical and electrophysiological evidence 

that the populations of the two BC type establish functional synapses on the other type as 

well as on their own. (5) Excitatory inputs on PVBCs in the BA are decreased in terms of 

their strength and rate when animals receive aversive stimuli either with or without the 

association with the CS. (6) mEPSC on CCKBCs show the fastest decay when the US is 

presented unsigned. (7) Fear learning enhances the rate of excitatory inputs selectively on 

ChCs. 

 

5.1. Membrane properties of PTIs in the mouse mPFC 

BCs have long been proposed to serve distinct circuit functions based on several 

differences in their single-cell features (Freund & Katona, 2007). Our results regarding 

the contrasting input resistance, membrane time constant and accommodation ratio are in 

line with previous findings obtained in the hippocampus (Pawelzik et al., 2002; Glickfeld 

& Scanziani, 2006; Cea-del Rio et al., 2010; Szabo et al., 2010; Lee et al., 2011), basal 

amygdala (Andrasi et al., 2017; Barsy et al., 2017) and neocortex (De-May & Ali, 2013; 

Miyamae et al., 2017; Koukouli et al., 2022). These data provide further support to the 

concept that BCs are built to perform different tasks within cortical networks, despite 

targeting the same cellular domain in the PrL (Nagy-Pal et al., 2023). ChCs and PVBCs, 

although both display a fast spiking phenotype, exhibited several differences in their 

membrane properties. For instance, ChCs had slower membrane time constant, more 

depolarized AP threshold and larger input resistance, this latter difference resembling that 
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described in the somatosensory cortex (Woodruff et al., 2009). PVBC firing was the least 

accommodating and its action potentials were followed by an afterhyperpolarization with 

the largest amplitude. The large AHPs following PVBC spikes compared to those after 

ChC spikes have been reported earlier from the rat and monkey mPFC as well (Povysheva 

et al., 2013). The differences and tendencies described in that paper in terms of additional 

membrane properties of PVBCs and ChCs do not match our observations, although this 

might be due to the different species used. However, all these results highlight the need 

for future studies to distinguish between these IN types. 

 

5.2. Excitation on PTIs 

Despite the fact that we tested the potential innervation of ChCs by PNs in 49 cases, 

we only found excitatory connections between these cells in 6 cases, 3 of which had to 

be excluded due to high series resistance or the low number of recorded postsynaptic 

events. A previous study from the PrL reported similarly low connection probabilities for 

excitatory synapses on ChCs by paired recordings (Lu et al., 2017), while PNs and ChCs 

in the BA were found to be reciprocally connected in about 50% of the cases (Veres et 

al., 2014). This difference might be explained by the fact that ChCs in the neocortex with 

their somata in L2/3 extend their dendrites into L1 where axons of L2/3 PNs, the PNs we 

targeted for paired recordings with ChCs do not arborize (Schuman et al., 2021; Huang 

et al., 2024), while ChCs in the BA do not show such polarity in the lack of layers in this 

nucleus (Vereczki et al., 2016; Miyamae et al., 2017). 

By performing paired recordings, we showed that excitatory connections from local 

PNs give rise to significantly larger unitary currents in PVBCs compared to CCKBCs, in 

line with results obtained in the basal amygdala (Andrasi et al., 2017). Unitary EPSCs in 

PVBCs followed presynaptic spiking with shorter latency than in CCKBCs, which 

implies a general preference for the fast and precise activation of PVBCs over the 

recruitment of the CCKBC populations (Glickfeld & Scanziani, 2006). On the other hand, 

we found that transmitter release after PN activation was similarly reliable from synapses 

contacting either type of BCs, which is in contrast with results showing higher ratio of 

failure at synapses contacting CCKBCs in the basal amygdala (Andrasi et al., 2017). 

Given the larger input resistance of CCKBCs compared to PVBCs (Figure 8), increased 

transmission probability could be a way of recruiting CCKBCs more efficiently in the 

PrL compared to the basal amygdala. On the other hand, uEPSCs on CCKBCs showed 
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pronounced short-term depression compared to the steady uEPSCs recorded from 

PVBCs, a difference implying that sustained PN firing prefers to recruit PVBCs rather 

than CCKBCs. Although previous studies suggested that the synaptic transmission 

between PNs and PVBCs is strongly depressing (paired pulse ratio, PPR, ~0.6 in the 

hippocampus, Ali et al., 1998; Pouille & Scanziani, 2004; 0.7 in the neocortex, Reyes et 

al., 1998), recent investigations reported less pronounced depression at these synapses 

(PPR, 0.85 and 0.92 in the hippocampus, Karlocai et al., 2021; Aldahabi et al., 2022; 0.89 

in the basal amygdala, T. Andrasi & N. Hajos, unpublished observations). Thus, PPR of 

1.06 observed in PN-PVBC pairs in the PrL are in line with the latest results.  

To address the reason behind the differential kinetics of uEPSCs on BCs we recorded 

mEPSCs and the differences in uEPSCs were recapitulated in both the rise time and decay 

kinetics of mEPSCs. Slower rise time of miniature events in CCKBCs may suggest that 

excitatory synapses on this cell type are electrotonically more distant from the soma than 

those on PVBCs. Indeed, PVBCs receive many excitatory synaptic contacts on their 

somata (Gulyas et al., 1999; Hioki et al., 2013; Rovira-Esteban et al., 2020), in contrast 

with CCKBCs (Mátyás et al., 2004). It should be noted however, that in the basal 

amygdala uEPSCs in PVBCs and CCKBCs have been shown to exhibit different rise time 

kinetics in spite of the fact that the distance between the soma and the actual synaptic 

contacts were found to be similar (Andrasi et al., 2017). The contrasting decay kinetics 

on the other hand might be explained, at least partially, by the AMPA receptor subunit 

composition on PVBCs, as these cells were shown to express glutamate receptor subunit 

4 (GluR4) which dictates rapid decay kinetics for EPSCs (Geiger et al., 1997; Fuchs et 

al., 2007). 

 

5.3. uIPSCs evoked by PTIs 

PVBC output synapses have long been regarded as reliable, fast transmitting sites of 

communication (Buhl et al., 1995; Tamas et al., 1997; Maccaferri et al., 2000; Bartos et 

al., 2002; Gonzalez-Burgos et al., 2005; Hefft & Jonas, 2005; Glickfeld & Scanziani, 

2006; Galarreta et al., 2008), features that we observed in the mouse PrL as well. ChC 

and PVBC output synapses gave rise to uIPSCs with similarly low failure rate and short 

latency, possibly due to the fast and reliable release machinery. The first uIPSCs evoked 

by these INs were followed by the strong depression in amplitude, as it is typical for 

synapses with high release probabilities (Zucker & Regehr, 2002). In contrast, CCKBCs 
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were able to maintain a steady level of inhibition during the time window of our action 

potential trains, although the amplitude of these uIPSCs remained small. Our observation 

that the two BC types evoked unitary currents in PNs with similar decay kinetics is in line 

with previous reports (Hefft & Jonas, 2005; Galarreta et al., 2008; Szabo et al., 2010; 

Kohus et al., 2016; Andrasi et al., 2017; Barsy et al., 2017; Veres et al., 2017) and the 

finding that hippocampal GABAA receptor subunit compositions are similar in synapses 

on PNs facing CCKBC or PVBC axon terminals (Kerti-Szigeti & Nusser, 2016). The 

smaller variance in decay kinetics of PVBC synapses could be, however, a necessary 

feature during rhythm generation (Buzsaki & Wang, 2012), as changes in IPSC decay 

kinetics were shown to also impact the frequency of neuronal oscillations (Fisahn et al., 

1998; Pietersen et al., 2014; Heistek et al., 2010). Apart from the similarities in uIPSC 

kinetics, BC output synapses are characterized by contrasting strength, precision, and 

reliability in the mPFC as well. In terms of the latter two parameters, ChC synapses are 

comparable to PVBCs. However, the synaptic strength of ChC output synapses was less 

powerful compared to PVBC output synapses, although previous works reported from the 

hippocampus and BA that the potency of uIPSCs evoked by ChCs can match or even 

exceed PVBC-driven synaptic inhibition (Szabo et al., 2010; Kohus et al., 2016; Barsy et 

al., 2017). A factor that could contribute to this difference is the targeted ChC population, 

since the mouse strain we used only visualizes a portion of L2/3 ChCs but not those in 

deeper layers (Taniguchi et al., 2013; Raudales et al., 2024). The advent of further mouse 

strains for ChC labeling that are independent of PV content will facilitate the thorough 

description of how different subpopulations of ChCs affect their postsynaptic partners.  

 

5.4. Homotypic and heterotypic basket cell connections 

Electrical coupling and chemical synapses between inhibitory cells can serve as 

means of enhancing synchronous activity (Gibson et al., 1999; Tamas et al., 2000; Bennett 

& Zukin, 2004), a circuit motif also utilized by PVBCs to aid rhythm generation in local 

circuits (Beierlein et al., 2000; Bartos et al., 2002). Studies show that inhibitory cells of 

the same class are frequently coupled (Tamas et al., 2000; Szabadics et al., 2001; Meyer 

et al., 2002; Galarreta et al., 2008; Andrasi et al., 2017) and our recordings obtained from 

CCKBCs strengthen this general concept (Iball & Ali, 2011). However, PVBCs were 

connected to a lesser extent via gap junctions than expected based on prior studies, even 

though the recorded cells were located within 100 µm and innervated each other with 
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chemical synapses in 52% of the tests. A reason behind this contradiction could be that 

studies reporting high connectivity rates via electrical synapses were typically obtained 

in juvenile animals (Coulon & Landisman, 2017), while the number and strength of gap 

junctions between PVBCs were shown to decrease with age (Meyer et al., 2002). Our gap 

junction tests with PVBCs were recorded in animals older than P65 (mean age=76 days, 

n=4 animals), which might account for the decreased probability in electrical coupling 

between PVBCs. However, it cannot be ruled out that the low ratio of electrical 

connections between the sampled PVBCs was partly due to the considerable distance 

between the gap junctions and the location of the recording pipettes as these connections 

were shown to occur up to several hundred µm away from the somata (Fukuda et al., 

2006). Chemical synapses on the other hand displayed similar tendencies in terms of their 

strength, reliability and latency as the synapses that contact PNs, and as in homotypic 

paired recordings obtained in the hippocampus, where CCKBCs establish facilitating 

synapses but PVBC connections show synaptic depression (Bartos et al., 2001; Daw et 

al., 2009; Kohus et al., 2016). This facilitation at 40 Hz in synapses between CCKBCs 

appears to be stronger than in CCKBC synapses contacting PNs both in the mPFC and 

the hippocampus (Kohus et al., 2016). However, the short-term dynamics of the 

homotypic basket cell connections in the PrL and the BA are also comparable (Andrasi 

et al., 2017).   

Synaptic communication between the two BC types have only been investigated 

previously in a small number of studies (Karson et al., 2009; Andrasi et al., 2017; Dudok, 

Klein, et al., 2021), despite the fact that inhibitory regulation is a major factor in the 

activity of interneurons as well, and consequently, in the activity of neuronal circuits 

(Chamberland & Topolnik, 2012). According to the quantifications of immunolabeled 

terminals in the primary somatosensory cortex, CCKBCs indeed establish synaptic 

connections with PV+ cells by providing 12% of the inhibitory boutons contacting PV+ 

somata (Hioki et al., 2018). Moreover, paired recordings obtained in the hippocampus 

reported functional synapses between the two types of BCs originating from CCKBCs 

(Karson et al., 2009) or PVBCs (Kohus et al., 2016). On the other hand, the same method 

led to the conclusion that the two BC types avoid innervating each other in the basal 

amygdala (Andrasi et al., 2017). Our pharmacological and optogenetic approaches 

combined with immunocytochemical investigations provided higher throughput than dual 

whole-cell recordings and were able to reveal connections between BC types in the 

mPFC, providing a further step towards deciphering BC operation. 
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5.5. The effect of fear learning on PTI input 

The BA is a center of emotional processing where correlates of aversive signal-driven 

associative learning can be assessed through a simple but powerful paradigm such as fear 

learning. Fear learning involves plasticity within the neuronal circuits of the BA, but our 

knowledge regarding the mechanisms that lead to changes in PTI activity is limited. To 

dissect how excitatory synaptic inputs on PTIs in the BA are shaped after fear memory 

formation versus processing aversive stimuli we used 3 groups of animals that underwent 

different paradigms. Since it has been shown that the activity of interneurons changes in 

response to both the CS and US (Krabbe et al., 2019), we assessed the effects of aversive 

stimuli by comparing the only CS group to the unsigned US. Then, to separate the effects 

of aversive stimuli and fear memory formation, we used the unsigned US group compared 

to the signed US group where the noxious stimulus was predicted by the presentation of 

the CS. With the use of these groups, we demonstrated that in response to the aversive 

stimulation and/or fear memory formation, excitatory synaptic inputs of all PTI types in 

the BA were modified.  

Notably, CCKBCs were the only PTI type that showed a change in kinetic properties 

of their excitatory synaptic inputs. The faster decay of mEPSCs in the unsigned group 

may be related to changes in subunit composition of ionotropic glutamate receptors 

mediating the synaptic communication between the excitatory cells and CCKBCs. Such 

changes in kinetics upon environmental challenges have been described recently (Shultz 

et al., 2022). The increased mEPSC amplitude after fear conditioning may suggest that 

increasing excitation on CCKBCs can lead to a more potent recruitment of these 

interneurons upon learning. This elevated recruitment may cause an increased synaptic 

inhibition in the principal neuron populations that can be overcome only by those highly 

active, presumably coding, principal neurons that are able to trigger depolarization 

induced suppression of inhibition (DSI) at their GABAergic inputs from CCKBCs (Pitler 

& Alger, 1992; Wilson & Nicoll, 2001; Zhu & Lovinger, 2005; Losonczy et al., 2010), 

while the synaptic inhibition on the non-coding cells remains intact. This process, 

therefore, may be an efficient mechanism to improve the signal-to-noise ratio in BA 

networks during aversive stimulus processing (Grewe et al., 2017). Alternatively, the 

change in the excitatory synaptic transmission received by CCKBCs could reflect their 
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crucial role in stress responses evoked by the unpredictable noxious stimuli, a paradigm 

that also serves as a stress model (Matuszewich et al., 2007).  

A previous study compared the changes of synaptic inputs on PV interneurons in the 

LA and BA after fear learning and found that the rate of mEPSCs in PV interneurons is 

altered only in the LA but not in the BA (Lucas et al., 2016). However, that study did not 

distinguish between PVBCs and ChCs. As the excitatory synaptic inputs of these 

GABAergic cell types in the BA underwent different alterations after learning, pooling 

their data may mask the changes in mEPSCs recorded from PVBCs and PV ChCs. Our 

previous study might also describe a mechanism that could explain the US-induced 

decrease in the amplitude of excitatory synaptic inputs observed in PVBCs, as we found 

that these inputs on PVBCs and ChCs can undergo LTD in a CB1 receptor dependent 

manner in the hippocampus (Peterfi et al., 2012). Although an earlier influential study 

that investigated PV cell function in fear learning reported heightened PV cell activity, 

our results do not necessarily contradict those findings (Wolff et al., 2014), since the 

increased PV activity in that paper was detected during tone presentation. Our results, 

however, provide insight into a general shift in the excitatory microcircuit targeting PTIs. 

Conceivably, this decrease in the rate and amplitude of excitatory events on PVBCs 

contributes to the decreased inhibitory tone in the BA, proposed by previous publications 

as a necessary alteration promoting learning (Bissiere et al., 2003; Tully et al., 2007; Lee 

et al., 2013). The increased mEPSC rate in ChCs after fear learning, however, indicates 

that synaptic mechanisms underlying the changes in mEPSC properties observed in 

PVBCs and ChCs during the different challenges are necessarily distinct.  

Although the extent of the changes in mEPSC properties may seem rather small, it 

has to be kept in mind that both PV and CCK interneurons receive thousands of 

glutamatergic inputs (Gulyas et al., 1999; Mátyás et al., 2004) of which only a small 

portion is expected to be altered upon associative learning or noxious stimulus processing. 

This assumption is based on the observations that PTIs receive excitatory inputs from 

their neighboring principal neurons (Andrasi et al., 2017), of which only 10–15% is 

engaged in memory processes or pain processing (Trouche et al., 2013; Senn et al., 2014; 

Grewe et al., 2017; Corder et al., 2019). In addition, interneurons are innervated also by 

extraamygdalar excitatory afferents, e.g., from the thalamus (Krabbe et al., 2019). 

Although their ratio within the glutamatergic synapses received by distinct GABAergic 

cell types in the BA is unknown at present, these inputs may also undergo plastic 

modifications upon fear learning (Barsy et al., 2020), thus, they can also contribute to or 
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counteract the observed changes in this study. Moreover, not all GABAergic interneurons 

within a population have been found to participate in these neural processes (Bienvenu et 

al., 2012; Wolff et al., 2014; Krabbe et al., 2019). Thus, the excitatory inputs that 

underwent plastic changes on a randomly sampled interneuron pool in our circumstances 

may constitute only a small subset of the entire excitatory synapse population.  

 

Taken together, our work highlights the differential contribution of the 3 PTIs to the 

microcircuits of the mPFC in its default state and the microcircuits of BA in mice 

subjected to a behavioral paradigm involving an evolutionary conserved function, 

namely, fear learning. PVBCs provide potent inhibition to the local network both in the 

mPFC and the BA (Veres et al., 2017) and were mostly targeted by changes in the 

excitatory network in the BA when behavioral challenges arose. Interestingly, CCKBCs, 

termed as the fine-tuners of perisomatic inhibition (Freund & Katona, 2007) are excited 

in the BA by faster decaying events in response to aversive stimuli implying changes in 

how they integrate incoming inputs. In the mPFC, CCKBCs evoke uIPSCs with modest 

but the steadiest amplitude during the STP protocol and possibly induce a longer lasting 

inhibitory effect. Interestingly, when comparing mEPSCs from CCKBCs and PVBCs 

across the PrL and the BA, the tendencies are similar in both brain regions. CCKBCs 

receive mEPSCs that show slower kinetic properties compared to PVBCs, while PVBCs 

receive mEPSCs with a higher rate and amplitude in line with previous results from the 

BA (Andrasi et al., 2017). ChCs, the cell type previously reported to be sensitive for 

noxious stimuli in the BA (Bienvenu et al., 2012) receive increased rate of mEPSCs 

following fear learning, therefore, the excitatory circuit might shift from activating 

PVBCs to recruiting ChCs. ChCs provide strong inhibition both in the BA (Veres et al., 

2014; Barsy et al., 2017) and the PrL, but given the low connection probability from PNs 

in the PrL, the source of their excitation remains elusive.  
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6. CONCLUSIONS  

 

By performing in vitro whole-cell recordings from PTIs of the PrL, we found that 

PVBCs significantly differ from the other two PTI types with their low input resistance, 

short membrane time constant or large AHP amplitude, while CCKBCs fired the widest 

action potentials with the lowest maximum firing rate. After obtaining paired recording, 

analysis of the uEPSCs recorded from PTIs showed that PVBCs receive synaptic 

excitation from local PNs with short latency and large amplitude from synapses that are 

less depressing than earlier works described. Unitary EPSCs from CCKBCs had the 

slowest kinetic properties, which seemed as a universal feature of the synaptic excitation 

targeting the two basket cells, as contrasting kinetics of mEPSCs resembled that of 

uEPSC. We found excitatory connections on ChCs in only a handful of cases, but ChCs 

innervated neighboring PNs with high probability and evoked uIPSCs very reliably that 

showed similar short-term depression as connections established by PVBCs. Activation 

of PVBCs and ChCs gave rise to uIPSCs with significantly shorter latency compared to 

events evoked by CCKBC spiking which could contribute to their role in selecting active 

members of the neuronal population. 

Homotypic synaptic connections between basket cells are frequent and show cell type 

specific features in the PrL that resemble uIPSCs evoked in PNs. Our pharmacological 

and optogenetical tools supported by anatomical data allowed us to provide evidence for 

the functional connectivity between the two types of basket cell populations. 

To study how the inputs of PTIs in the BA are affected by noxious stimulation and 

fear memory formation itself, we investigated how the mEPSCs recorded in PTIs are 

altered by the unsigned and signed footshock compared to when only the tone is 

presented. Using these 3 different behavioral conditions we found that ChCs were the 

only cells that received heightened rate of excitation following fear conditioning. Kinetics 

of the recorded events were affected only in CCKBCs after unsigned US presentation, 

while events recorded from PVBCs decreased both in their rate and amplitude. Therefore, 

these cell types might be differentially involved in processing aversive stimuli and fear 

memories. 
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7. SUMMARY 

 

Cortical regions like the mPFC and the BA are responsible for diverse functions but 

consist of similar neuronal elements, including PTIs. PTIs are strategically positioned to 

regulate the activity of their targeted postsynaptic partners, therefore they are key 

components in balancing circuit activity. Still, knowledge regarding their connectivity 

and contribution to circuit functions at the synaptic level in these regions has been limited.  

In this study, by using transgenic mouse lines and in vitro whole-cell recordings we 

targeted PTIs in the mouse mPFC to investigate how they are embedded in local circuits. 

Our paired recordings revealed that PNs located in the PrL not only evoke larger unitary 

excitatory postsynaptic currents in PVBCs than in CCKBCs, but these currents have 

shorter latency and faster kinetic parameters. We determined that although these cell types 

all provide inhibition preferentially to the perisomatic region, the connections these PTIs 

establish on the local excitatory cells differ in their speed, reliability, and their 

connectivity rates. Following prior publications that investigated the connectivity 

between BCs in the hippocampus and the BA, we provided anatomical and 

electrophysiological evidence that BCs innervate not only their own kind but also 

establish functional connections with the other BC type.  

In the BA, a central component of emotional circuits controlling fear learning, we 

dissected how the excitatory postsynaptic inputs onto PTIs are affected by aversive 

stimulation, a neutral tone, and the association between the two that results in fear 

learning. As a measure of how excitatory networks targeting PTIs are reorganized in the 

BA in response to the 2 elements of fear conditioning (the CS and US) and the actual 

association between them, we recorded mEPSCs from PTIs. Our results show that fear 

learning induces distinct changes in these cell types, including the rate, the amplitude and 

the kinetics of these spontaneous events, implying that the recruitment of the three PTI 

types undergo long-term changes in response to fear memory formation. 
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