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1. INTRODUCTION 

1.1. Overview of the hippocampus 

The hippocampus is a C-shaped structure located in the temporal lobe of the brain. It 

is part of the limbic system and plays a fundamental role in several cognitive functions, 

especially those related to memory, learning, spatial navigation and emotional processing 

in mammals including humans (O’Keefe and Conway, 1978; Schiller et al., 2015). The 

hippocampus is in reciprocal relationship with almost all sensory and associative areas 

through the entorhinal and perirhinal cortices. One of its crucial functions is to support 

the formation and retrieval of memory traces, by constructing a cognitive map that binds 

and encodes spatial and contextual information (Andersen et al., 1971). An important 

component of this role is the processing of spatial memory, allowing individuals to 

recognize and navigate familiar environments, such as recalling the layout of a building 

or the route home. As widely studied cellular substrates of this mechanism in animals, 

place cells within the hippocampus fire in response to specific locations, contributing to 

the brain’s internal representation of physical space (Eichenbaum, 2017; O’Keefe et al., 

1971).  

Besides spatial memory, the hippocampus is essential for processing declarative and 

episodic memories in humans (Buzsáki, 2015), and damage to this region can result in 

severe deficits, such as anterograde amnesia, where individuals struggle to form new 

memories while retaining older ones (as seen in the famous patient H.M.) (Corkin, 1984; 

Scoville and Milner, 2000). Additionally, the hippocampus interacts with the amygdala 

to regulate emotional memory (Yavas et al., 2019). It plays a vital role in neuroplasticity, 

allowing for the reorganization of neural circuits throughout life. It is particularly 

vulnerable to neurodegenerative diseases like Alzheimer’s, as well as conditions such as 

stress and hypoxia, which can lead to significant cognitive impairments (Eichenbaum, 

2013). Without a properly functioning hippocampus, our ability to form and retrieve 

memories would be severely compromised. 

1.2. Structural organization and subfields of the hippocampus  

The hippocampus is one of the most extensively studied brain regions. The 

hippocampus proper includes distinct subfields: Cornu Ammonis area 1 (CA1), CA2, 

CA3, the dentate gyrus (DG), and the subiculum. The main excitatory cell types are the 
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pyramidal cells (PCs) and the granule cells of the dentate gyrus. Its subfields are thought 

to form a sequential information processing network with special input systems and 

distinct roles.  

Each subfield of the hippocampus exhibits a trilaminar organization, which is similar 

for all fields of the hippocampus, including a deep fiber layer, a principal cellular layer, 

and an outer molecular layer. The main cellular layer, known as the pyramidal cell layer 

or stratum (str.) pyramidale in the CA areas, is the principal site of the cell bodies of 

excitatory neurons. Beneath this layer lies the str. oriens, a narrow zone containing basal 

dendrites and afferent and efferent fibers. The molecular layer of the CA regions is 

subdivided into additional layers. Unique to CA3, is the str. lucidum, a thin band that sits 

directly above the pyramidal layer and contains mossy fiber (MF) axons originating from 

DG. At the distal end of the str. lucidum, a thickened region marks the transition between 

CA3 and CA2. While classical theories suggested that CA2 neurons lack MF input 

(Lorente de No, 1934), more recent studies (Chevaleyre and Siegelbaum, 2010; Kohara 

et al., 2014) using cell type specific molecular markers have shown that a small fraction 

of CA2PCs do receive MF projection, although these boutons are smaller and the density 

is lower than in the CA3. The str. radiatum contains the apical dendrites of neurons. The 

outermost hippocampal layer, str. lacunosum-moleculare (SLM) contains the apical tuft 

dendrites and houses perforant pathway fibers mostly from the entorhinal cortex 

(Andersen et al., 1971; Cappaert et al., 2015; van Strien et al., 2009) (Fig. 1B). 

 

 

Figure 1. Structure and PCs of the hippocampus. (A) Classical illustration of 

hippocampus, drawn by Santiago Ramón y Cajal. (B) Layers and morphological 
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differences between CA1 and CA3 (own image of a CA1 and CA3PC, loaded with 

fluorescent dye). 

1.3. The trisynaptic circuit 

The cells in DG, CA3 and CA1 are connected via the ‘trisynaptic loop’ (Amaral and 

Witter, 1989; Andersen et al., 1971) (Fig. 2A). 

The circuit begins in the entorhinal cortex (EC), where neurons in layer 2 project via 

the perforant path (PP) to the DG and also send axons to CA3PCs (Witter, 1993). This 

pathway carries information about spatial and contextual cues from various sensory 

modalities, providing the hippocampus with external sensory input.  

The DG is thought to serve as a gatekeeper, regulating the flow of information into 

the hippocampus. It participates in pattern separation, the process by which similar inputs 

are differentiated into distinct representations, thus facilitating the formation of unique 

memories. From DG, granule cells project to proximal dendrites of CA3PCs via MFs 

which provide a sparse but powerful excitatory connection. Each granule cell typically 

forms about 15 synaptic contacts with different CA3PCs, and a single CA3PC receives 

input from ~50 MF boutons. This leads to a highly divergent and convergent connectivity 

pattern in the MF pathway (Henze et al., 2002; Vyleta et al., 2016). In addition to MF 

input, CA3PCs also receive excitatory input from the EC via the PP. While these inputs 

are more abundant, they are weaker than MF synapses (Ishizuka et al., 1990). CA3PCs 

also give prominent recurrent collaterals (RCs) to other CA3PCs that are proposed to be 

essential in pattern completion (Guzman et al., 2016). However, measurements of the 

actual connectivity rates in brain slice experiments yielded conflicting numbers that do 

not suggest particularly high interconnectivity. Guzman et al. found a very low rate of 

connectivity (0.9%) between CA3PCs of rats. However, Sammons et al. found ten times 

higher connectivity rate in mice (Sammons et al., 2024). A recent study (also in mice) 

showed that recurrent connectivity was abundant from superficial to deep, but almost 

absent from deep to superficial PCs (Watson et al., 2024). 

The final stage of the trisynaptic circuit is the Schaffer collateral (SC) pathway, 

through which CA3PCs send projections to CA1PCs.  

In addition to the canonical loop, a direct monosynaptic projection from layer 3 EC 

neurons – known as the temporoammonic pathway – targets the distal dendrites of 

CA1PCs. This input bypasses the DG and CA3 and allows cortical information to 
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influence CA1 activity more rapidly and directly, contributing to the integration of current 

sensory input with stored memory representations (Dvorak-Carbone and Schuman, 1999; 

Maccaferri and McBain, 1995).   

CA1 integrates processed information from CA3 with direct input from layer 3 of the 

EC. CA1 then transmits information back to the deep layers of EC (layer 5), closing the 

loop of the trisynaptic circuit (Cenquizca and Swanson, 2007; Delatour and Witter, 2002). 

The trisynaptic pathway is essential within the hippocampus, playing a key role in 

processing and encoding declarative memories, especially those related to spatial 

navigation and episodic memory. Since these connections are vital for transmitting and 

storing important information about the environment, it is crucial to understand how 

principal neurons integrate different input patterns and how this integration influences the 

output. 

 

 

Figure 2. Schematic illustration of the hippocampal circuitry. (A) The trisynaptic 

loop. (B) Subregions of the CA3 (own illustrations).  

 

1.4. Cellular heterogeneity in the CA3 region  

CA3 is thought to be essential for memory recall due to its dense recurrent 

connectivity, which enables associative memory retrieval (pattern completion). This 

property allows for the reconstruction of previously stored information even when only 

partial cues are available. CA3 plays a critical role in associating incoming sensory 

information with stored memories, contributing to episodic memory formation. 

Traditionally, CA3 has been considered a single interconnected network. However, 

accumulating evidence suggests significant functional heterogeneity along both the 

proximodistal (Kowalski et al., 2016; Sun et al., 2017) and radial (deep-superficial) axes 
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(Bilkey and Schwartzkroin, 1990; Fitch et al., 1989), reflecting differences in dendritic 

morphology, innervation patterns, and electrophysiological properties. 

CA3 is commonly divided into three approximately equal-size subfields along the 

proximodistal axis, CA3a, b and c, which likely fulfill different functions when encoding 

spatial information (Sun et al., 2017) (Fig. 2B). Proximal CA3c PCs, located closest to 

the DG, receive strong MF input on both their apical and basal dendrites but have 

relatively sparse dendritic arborization in SLM, resulting in weak PP input (Sun et al., 

2017). Distal CA3 neurons (CA3a and CA3b) have larger dendritic trees with significant 

recurrent input (Ishizuka et al., 1990; Witter, 2007). Notably, CA3a-CA3b PCs display 

more dendritic intersections in the SLM compared to CA3c PCs (Sun et al., 2017). Recent 

work by the Knierim and Moser groups suggests that the proximal CA3 may support 

pattern separation through interactions with the DG (GoodSmith et al., 2019), whereas 

distal CA3, where the RCs are more extensive, may rather play a role in pattern 

completion (Lee et al., 2015; Lu et al., 2015). 

 A small gradient in the resting membrane potential (Vm) has been identified, with 

CA3c having the most negative Vm followed by CA3b, CA3a and CA2. Another study 

found that the probability of burst-type activity is highest in CA3a, followed by b and c 

(Oliva et al., 2016; Spruston, 2008) 

 Furthermore, differences along the deep-superficial axis have been documented. 

Multiple studies (Bilkey and Schwartzkroin, 1990; Fitch et al., 1989; Watson et al., 2024) 

indicate that deep cells (with soma near str. oriens) are more likely to fire in bursts 

compared to superficial cells (with soma closer to str. radiatum). The most notable 

difference between these two cell subtypes is in the length of the proximal apical dendrite: 

deep-layer cells tend to have a longer primary apical dendrite. 

Recent work from the Spruston lab in rodent slices has suggested the existence of a 

distinct class of bursting CA3PCs that lack MF input, as indicated by the absence of 

thorny excrescences (TE) – referred to as ‘athorny’ cells (Hunt et al., 2018). However, 

findings from the Jonas group propose a more flexible classification of CA3PCs. Their 

study in mouse slices demonstrated that the complete absence of TEs is not a strict 

requirement for subclass identity. Instead, deep CA3PCs exhibit burst firing phenotype 

and may have either sparse or absent MF input (Watson et al., 2024).  
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Based on these studies, it is evident that CA3 is not a homogeneous network. Rather, 

there is significant diversity in dendritic morphology and electrical properties depending 

on both proximodistal and radial positioning, highlighting distinct functional differences 

among its subregions. 

1.5. Passive and active electrical properties of dendrites 

The dendritic tree, which receives the majority of synaptic inputs, integrates those 

signals throughout a combination of passive and active electrical properties. This process, 

known as synaptic integration, is shaped by the spatial and temporal arrangement of 

inputs. When inputs arrive close together on a branch, they may summate in a sublinear 

fashion, producing a smaller effect than expected due to reduction in driving force. When 

inputs are more dispersed in time, their summation tends to be linear. In some cases, 

active ion channels boost the effect of individual inputs, creating supralinear summation 

(Gulledge et al., 2005; London and Häusser, 2005). 

Passive membrane properties of dendrites influence electrical signals without active 

amplification by voltage-gated ion channels. These properties are determined by 

membrane resistance, axial resistance, and membrane capacitance, which collectively 

modulate how signals attenuate as they travel along the dendritic tree. These parameters 

influence the local amplitude, the kinetics and the dynamic interactions of synaptic 

events, as well as the propagation of synaptic voltage signals along dendrites.  Passive 

properties are strongly influenced by dendritic morphology, including branching patterns 

(e.g. the presence of oblique dendrites) and diameter variations, affecting the integration 

of synaptic inputs and neuronal output. Computational models clearly demonstrated that 

dendritic morphology is important in shaping local synaptic responses (Gulledge et al., 

2005; Stuart and Spruston, 2015).  

Active electrical properties of dendrites enable neurons to dynamically shape and 

propagate electrical signals through voltage-gated ion channels. Unlike passive 

properties, which influence signal attenuation and integration, active properties allow 

dendrites to amplify and modulate the kinetics of voltage signals produced by synaptic 

inputs. Voltage-gated ion channels, such as Na+, K+, Ca2+ and non-specific cation 

channels (e.g. h-current) are critical for dendritic excitability, dendritic spike generation, 

and neuronal output (Gulledge et al., 2005; London and Häusser, 2005; Spruston, 2008). 
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1.5.1. Voltage-gated Na+ channels (VGNCs) 

VGNCs are primarily responsible for the initiation and propagation of action 

potentials (APs). While they are most concentrated at the axon initial segment, dendrites 

also express these channels (Lorincz and Nusser, 2010).  In many neurons (e.g., 

hippocampal CA1PCs), APs can travel back actively into the dendrites (backpropagating 

APs (bAPs)) via Nav1.2 and Nav1.6 channels (Golding et al., 2001; Hu et al., 2009). This 

backpropagation plays a crucial role in synaptic plasticity. Additionally, Na+ channels 

contribute to nonlinear synaptic integration by generating dendritic Na+ spikes, one 

mechanism whereby clustered synaptic activation can lead to supralinear summation 

(Ariav et al., 2003; Losonczy and Magee, 2006; Sun et al., 2014; Waters et al., 2005). 

1.5.2. Voltage-gated K+ channels (VGKCs)  

VGKCs counteract depolarization by repolarizing the membrane, shaping the action 

potential, shortening spike duration, and overall controlling firing patterns and synaptic 

integration. There are many different VGKC subtypes, which modulate dendritic 

excitability in distinct ways (Golding et al., 1999). Low threshold voltage activated Kv1 

channels primarily influence AP threshold and neural excitability (Feria Pliego and 

Pedroarena, 2020). Kv2 channels mediate delayed rectifier K+ current that regulates 

intrinsic excitability, repolarize the membrane after APs and limit dendritic spike duration 

(Bishop et al., 2015; Murakoshi and Trimmer, 1999; Palacio et al., 2017). Ca²⁺-activated 

K+ channels (BK, SK) link Ca2+ influx to changes in K+ outflow, regulate neuronal 

excitability, shape AP duration and firing pattern. Large conductance BK channels 

contribute to fast afterhyperpolarization (AHP), spike repolarization, while small 

conductance SK channels mediate slow AHP, spike frequency adaptation and dampen 

dendritic EPSPs (Sah and Faber, 2002). A-type K+ channels (Kv1.4, Kv3.4, Kv4.2, 

Kv4.3) also known as transient outward K+ channels, which are defined by their rapid 

inactivation kinetics. They play a crucial role in the regulation of local Na+ spike initiation 

and propagation, AP backpropagation, as well as synaptic integration and plasticity 

(Losonczy et al., 2008). To support these diverse roles, they are highly expressed in 

dendrites (Hoffman and Johnston, 1998; Kerti et al., 2012). M-type K+ channels 

(Kv7/KCNQ) generate a slow outward current, stabilizing the membrane potential and 

preventing excessive firing or burst generation. 
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1.5.3. Voltage-gated calcium channels (VGCCs)  

VGCCs are found in many cell types, and their properties may vary from cell to cell. 

They are essential mediators of neuronal excitability and intracellular calcium signaling, 

influencing synaptic transmission, plasticity, and intrinsic firing properties (Zamponi et 

al., 2015). They are classified into high-voltage-activated (HVA) and low-voltage-

activated (LVA) channels based on their activation thresholds. The Cav1 (L-type) and 

Cav2 (P/Q-, N-, and R-type) families belong to the HVA category, requiring substantial 

depolarization to open, while Cav3 (T-type) channels are LVA, activating at more 

hyperpolarized potentials, a property making them critical for subthreshold oscillations 

and burst firing (Simms and Zamponi, 2014). 

L-type Ca2+ channels (Cav1.1 - Cav1.4) exhibit slow inactivation (the “L” stands 

partly for long-lasting). Cav1.1 channels are predominantly expressed in skeletal muscle, 

Cav1.4 is mostly localized in retinal photoreceptors, but Cav1.2 and Cav1.3 channels are 

the most abundant in the brain and they are located postsynaptically on the soma and 

dendrites (Zamponi et al., 2015).  

The Cav2 channel family includes three members: P/Q-, N- and R-type Ca2+ channels 

(Cav2.1, Cav2.2 and Cav2.3). These channels play roles in synaptic transmission and 

contribute to plasticity. 

T-Type Ca2+ channels (Cav3.1–3.3) activate at low voltages and due to their 

hyperpolarized range of activation and inactivation they are suited to regulate neuronal 

excitability. They also contribute to rhythmic firing in neurons, pacemaker activity and 

enhancing temporal coding (Zamponi et al., 2015). 

 

Na+, K+, and Ca2+ channels work together to regulate dendritic excitability, synaptic 

integration, and neuronal output. Na+ channels drive AP generation and backpropagation, 

K+ channels refine excitability and firing precision, while Ca2+ channels mediate synaptic 

plasticity and dendritic spike dynamics. Their interplay determines how neurons process 

information, encode memory, and generate complex firing patterns, making them 

essential for hippocampal and cortical computations. 
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1.5.4. NMDA receptors as active conductances 

Although not voltage-gated in the classical sense, dendrites also contain N-methyl-D-

aspartate receptors (NMDARs), which contribute to active synaptic integration and 

dendritic excitability. Due to the voltage-dependent removal of intracellular Mg2+ ions 

from the channel pore, NMDA receptors require both voltage depolarization and 

glutamate binding for efficient ion conductance, making them critical for coincidence 

detection and synaptic plasticity. 

1.5.5. Dendritic spikes in the hippocampus 

Dendritic ion channels are essential for shaping local voltage responses that 

eventually determine somatic firing patterns, yet their precise roles remain incompletely 

understood. Various voltage-gated ion channels can be activated by subthreshold 

excitatory postsynaptic potentials (EPSPs) (Magee and Johnston, 1995), while certain 

dendritic voltage-gated cation channels are capable of generating regenerative voltage 

responses, known as dendritic spikes, in response to strong synaptic input. These dendritic 

spikes can be mediated by voltage-gated Na+ or Ca2+ channels or NMDARs, enhancing 

synaptic depolarization, modulating firing patterns, and contributing to synaptic 

plasticity. 

The temporal and spatial characteristics of dendritic spikes depend on the type of ion 

channel involved and the dendritic compartment in which they are generated. Na+ spikes 

are typically observed in small-diameter dendrites, but they can be also evoked in the 

main apical dendrites of cortical and hippocampal PCs, they are fast (lasting only a few 

milliseconds) and exhibit variable propagation, typically attenuating as they travel toward 

the soma (Gasparini et al., 2004). NMDAR-mediated spikes are typically initiated in thin 

basal and tuft dendritic compartments (Stuart and Spruston, 2015), they are slow (lasting 

tens of milliseconds) and remain spatially restricted, as they require both voltage 

depolarization and glutamate binding for activation (Major et al., 2008). Ca2+ spikes often 

occur in the main apical trunk of CA1PCs and layer 5 PCs, display intermediate durations 

(several tens of milliseconds) and propagate relatively effectively within the dendrites 

(Golding et al., 1999; Schiller et al., 1997). 

While dendritic spikes are well-characterized in CA1PCs, less is known about their 

types and roles in CA3PCs. Pioneering work by the Jonas group suggested that CA3PC 
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dendrites can efficiently generate local Na+ spikes, likely due to a high dendritic Na+ 

channel density (Kim et al., 2012). Furthermore, our laboratory has identified synaptically 

evoked Na+ and NMDA spikes in thin perisomatic basal and apical dendrites of CA3PCs, 

which receive RC inputs (Makara and Magee, 2013).  

1.5.6. Dendritic Ca2+ spikes 

Studies have shown that various PC types, including CA1 and cortical L5 PCs, can 

generate VGCC-mediated spikes – large, global events that lead to prolonged 

depolarization, typically occurring in the main apical dendrite (Francioni and Harnett, 

2021; London and Häusser, 2005; Stuart and Spruston, 2015; Stuyt et al., 2021; Williams 

and Stuart, 1999). These Ca2+ spikes emerge in the apical dendrites in response to 

widespread synaptic depolarization, often coinciding with bAPs and complemented by 

NMDAR activation (Grienberger et al., 2014; Harnett et al., 2013; Larkum et al., 2009; 

Takahashi and Magee, 2009). At the soma, Ca2+ spikes manifest as an afterdepolarization 

(ADP) driving additional APs and thereby producing a characteristic complex spike 

bursts (CSBs) output (Lisman, 1997; Wong and Prince, 1978).  

1.5.7. Complex spike burst (CSB) 

CSBs represent a characteristic firing pattern of hippocampal PCs, consisting of high-

frequency burst of 2–6 APs with progressively decreasing amplitude and increasing 

duration (Raus Balind et al., 2019). CSBs occur during goal-directed behavior, 

navigation, rest, and sharp-wave ripples (SWRs) (Bittner et al., 2015; Grienberger et al., 

2014; Kowalski et al., 2016; Ranck, 1973; Zucca et al., 2017). A key mechanism 

underlying CSBs is the plateau potential, a prolonged dendritic depolarization event 

primarily mediated by Ca2+ and NMDA spikes. Once initiated, the plateau potential 

sustains neuronal excitability, leading to additional APs and burst firing. Recent in vivo 

intracellular recordings demonstrated that CSBs often occur when CA1PCs fire within 

place fields, and dendritic plateau potentials – whether spontaneous or experimentally 

induced – are sufficient to establish new place fields in previously silent CA1PCs (Bittner 

et al., 2017, 2015). 

In vitro studies revealed that in CA1PCs CSBs are typically initiated by coincident 

activation of proximal SC and distal EC excitatory synapses, producing an ADP lasting 

~20–60 ms at the soma (Bittner et al., 2017; Lisman, 1997). These bursts are thought to 
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encode associative input patterns and contribute to long-term synaptic plasticity 

(Takahashi and Magee, 2009). 

Compared to CA1PCs, CA3PCs exhibit distinct dendritic morphology and 

connectivity, potentially leading to differences in CSB generation. However, the 

mechanisms underlying CSB generation in CA3PCs, as well as their role in vivo, remain 

poorly understood.  

1.6. Neuromodulatory regulation of dendritic function 

Beyond voltage-gated ion channels, neuronal activity is also influenced by various 

neuromodulatory systems, which fine-tune excitability, synaptic integration and 

plasticity. In the hippocampus, multiple neuromodulators, including acetylcholine, 

dopamine, serotonin, and norepinephrine, dynamically regulate neuronal function by 

modulating intrinsic membrane properties and synaptic transmission (Hasselmo, 1999; 

Palacios-Filardo and Mellor, 2019). Among these, the cholinergic system plays a crucial 

role in learning, memory, and attention. The cholinergic system and its specific effects 

on hippocampal activity will be introduced in the following chapter. 

1.7. Cholinergic modulation of hippocampal neurons  

The cholinergic system plays a critical role in the modulation of hippocampal 

function, influencing synaptic plasticity, neuronal excitability, and network oscillations. 

The hippocampus receives cholinergic input primarily from the medial septal nucleus, 

which projects extensively to the hippocampal formation, targeting pyramidal neurons 

and interneurons. Acetylcholine (ACh) exerts its effects via muscarinic (mAChRs) and 

nicotinic (nAChRs) receptors. Among mAChRs, the hippocampus expresses M1, M2, 

M3, and M4 receptors, with M1 and M3 receptors predominantly located on CA3PCs, 

and M2/M4 on GABAergic interneurons (Dasari and Gulledge, 2011; Hájos et al., 1998; 

Levey et al., 1995; Martinello et al., 2015). Activation of mAChRs leads to membrane 

depolarization, enhanced excitability, and persistent firing in PCs, effects that are thought 

to facilitate memory encoding and synaptic plasticity. nAChRs, particularly the α7 

subtype, mediate fast synaptic responses and influence interneuron excitability, thereby 

modulating inhibitory control within hippocampal circuits (Cobb and Davies, 2005; 

Dannenberg et al., 2017; Prince et al., 2016).  
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Cholinergic activity helps to shape memory encoding and retrieval by modifying 

synaptic plasticity and network oscillations. Cholinergic modulation in CA3 is thought to 

balance memory encoding (pattern separation) and retrieval (pattern completion) by 

dynamically shifting network activity (Prince et al., 2016). 

1.8. Unexplored properties and roles of the CA3 region 

The CA3 region has long been recognized for its critical role in memory formation 

and retrieval, particularly in pattern completion and autoassociative network functions 

(Marr, 1971; McNaughton and Morris, 1987; Rolls, 2013). These theories are based on 

the dense recurrent connectivity among CA3PCs, which is thought to support the rapid 

storage and retrieval of associative memories from partial cues. However, despite these 

well-established concepts, several aspects of CA3’s cellular and computational properties 

remain underexplored, especially regarding synaptic integration, plasticity mechanisms, 

and neuronal heterogeneity. 

Although CA3PCs frequently generate CSBs both in vivo and in vitro (Ding et al., 

2020; Hablitz and Johnston, 1981; Hunt et al., 2018; Kowalski et al., 2016; Mizuseki et 

al., 2012; Oliva et al., 2016) – sometimes more frequently than CA1PCs in vivo (Mizuseki 

et al., 2012; Oliva et al., 2016) –, the dendritic events underlying CSB generation remain 

largely unexplored. In vitro studies and computational models suggested that VGCCs 

contribute to CSB generation (Lazarewicz et al., 2002; Traub et al., 1994; Wong and 

Prince, 1978), but a detailed mechanistic understanding of the dendritic events underlying 

these bursts is still lacking. 

While dendritic Na+ and NMDA spikes have been demonstrated in CA3PCs 

(Brandalise et al., 2016; Kim et al., 2012; Makara and Magee, 2013), the mechanisms 

underlying dendritic Ca2+ spikes, key drivers of regenerative dendritic events and plateau 

potentials are still largely unknown. Early studies using blind microelectrode recordings 

observed putative dendritic Ca2+ spikes to which bursting was attributed (Nuñez and 

Buño, 1992; Wong et al., 1979), but these spikes have not been systematically examined.  

Plateau potential has emerged as key mechanisms in synaptic plasticity and memory 

formation. These large, sustained depolarizations can induce a form of long-term synaptic 

modification known as behavioral time scale plasticity (BTSP), which operates over 

seconds rather than milliseconds (Bittner et al., 2017). Unlike traditional Hebbian models, 

where synaptic strengthening depends on precise millisecond-scale correlations between 
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presynaptic and postsynaptic activity, BTSP allows synapses to be modified by 

postsynaptic depolarization occurring even seconds after presynaptic activation. This 

mechanism has been well characterized in CA1PCs (Bittner et al., 2017, 2015), where it 

contributes to rapid place field formation and may play a crucial role in the formation of 

context-dependent memories. Interestingly, CA3PCs have higher incidence of long bursts 

than those in CA1 and recent results indicate that place field-inducing plateau potentials 

and CSBs in CA3PCs are particularly prolonged, lasting for up to several hundreds of 

milliseconds (Li et al., 2024). However, the dendritic mechanisms underlying such long-

lasting regenerative events in CA3PCs remain poorly understood, and it is still unclear 

whether BTSP operates in CA3 with similar rules as in CA1. 

One more striking feature is that unlike the long main, often unbranched apical trunks 

of CA1PCs, CA3PCs exhibit early bifurcation of their primary apical dendrites into 

multiple trunk branches. This creates distinct apical subtrees receiving laminally 

segregated inputs: MF synapses from the DG target the thick proximal dendrites in str. 

lucidum, RCs from other CA3PCs arrive to thinner higher-order basal and proximal 

apical dendrites and EC inputs targeting distal branches in SLM. These anatomical 

features suggest that CA3PC dendrites may act as parallel integrative compartments.  

In line with the cellular heterogeneity discussed earlier in Chapter 1.4, CA3 is not a 

homogeneous network but consists of functionally distinct subregions (CA3a, b, c) that 

differ in their connectivity, intrinsic excitability, and computational roles. (Lee et al., 

2015; Sun et al., 2017). Cells in proximal CA3 (CA3c) receive strong MF input and are 

thought to contribute to pattern separation, which helps distinguish similar memories. In 

contrast, distal CA3 (CA3a-b) has more recurrent connections and is more involved in 

pattern completion Despite this heterogeneity, it remains unknown whether all CA3PCs 

can generate dendritic Ca2+ spikes and long-lasting CSBs, or whether these properties are 

restricted to specific subpopulations. 

Given the extensive topographic variability in morphology, connectivity, and 

intrinsic properties, it is likely that the mechanisms underlying CSB generation are 

similarly heterogeneous across the CA3 network.   
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2. OBJECTIVES  

The hippocampal CA3 region plays a critical role in memory encoding and retrieval. 

While Ca2+ spikes are well characterized in CA1PCs, their properties in CA3PCs remain 

less understood. Although early electrophysiological studies suggested their presence 

(Lazarewicz et al., 2002; Nuñez and Buño, 1992; Wong et al., 1979), their specific role 

and characteristics in CA3PCs require further exploration. This raises the question: Do 

Ca2+ spikes universally serve the same function across hippocampal PC types, or do their 

properties vary, enabling different forms of input-output transformations and 

computations? 

 The aim of this dissertation is to unravel the properties, biophysical mechanisms and 

functional significance of dendritic Ca2+ spikes and CSBs in CA3PCs by addressing the 

following questions: 

 

1. What are the intrinsic mechanisms of CSB generation in CA3PCs? 

2. What are the biophysical properties and roles of dendritic Ca2+ spikes in CA3PCs? 

3. How heterogeneous are these properties and functions across CA3PCs? 

4. How are they regulated by cholinergic neuromodulation? 

 

By addressing these questions, the dissertation will contribute to a deeper 

understanding of the mechanisms underlying dendritic integration, burst generation, and 

neuromodulation in CA3PCs, providing new insights into their role in hippocampal 

memory processes.  
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3. METHODS 

3.1. Contributions 

The majority of the somatic patch-clamp recordings, Ca2+ imaging and pharmacological 

experiments were done by me, in collaboration with Judit Makara, Snezana Raus Balind, 

Mahboubeh Ahmadi, Bela Erlinghagen and Mátyás Irás. Dendritic patch-clamp 

experiments were carried out by Ádám Magó (Fig. 7), Judit Makara and me, with Ádám 

Magó also performing dual recording. Morphological reconstructions and Sholl analysis 

were performed together with Zsófia Varga Németh. All optogenetic experiments were 

conducted by me. Judit Herédi made confocal and STED images from biocytin-filled cells 

(Fig. 19). Data analysis and clustering were supported by custom scripts developed by 

Balázs Lükő and Balázs Ujfalussy. 

 

3.2. Hippocampal slice preparation 

Adult (7 to 12-week-old) male Wistar rats, male FVB/AntJ mice, and male and 

female ChAT-Cre/Ai32 transgenic mice were used to prepare acute slices from the middle 

to dorsal part of the hippocampus of both hemispheres (400-μm-thick transverse slices in 

rats and 300-μm-thick coronal or transverse slices in mice) as described (Kis et al., 2024; 

Magó et al., 2021; Makara and Magee, 2013; Raus Balind et al., 2019), according to 

methods approved by the Animal Care and Use Committee of the Institute of 

Experimental Medicine, and in accordance with the Institutional Ethical Codex, 

Hungarian Act of Animal Care and Experimentation 40/2013 (II.14), and European 

Union guidelines (86/609/EEC/2 and 2010/63/EU Directives). To obtain expression of 

Channelrhodopsin-2 (ChR2) in cholinergic fibers for optogenetic experiments, we 

crossbred ChAT-Cre (The Jackson Laboratory, RRID: IMSR_JAX:006410) and Ai32 

(The Jackson Laboratory, RRID: IMSR_JAX:024109) mice. 

Animals were deeply anesthetized with 5% isoflurane and quickly perfused through 

the heart with ice-cold cutting solution containing (in mM): sucrose 220, NaHCO3 28, 

KCl 2.5, NaH2PO4 1.25, CaCl2 0.5, MgCl2 7, glucose 7, Na-pyruvate 3, and ascorbic acid 

1, saturated with 95 % O2 and 5 % CO2. The brain was quickly removed, and slices were 

prepared in cutting solution using a vibratome (VT1000S, Leica, Leica Biosystems 
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GmbH, Nussloch, Germany). Slices were incubated in a submerged holding chamber in 

ACSF at 35 °C for 30 min and then stored in the same chamber at room temperature.  

3.3. Patch-clamp recordings 

Slices were transferred to a custom-made submerged recording chamber under the 

microscope where experiments were performed at 32-34 °C in ACSF containing (in mM): 

NaCl 125, KCl 3, NaHCO3 25, NaH2PO4 1.25, CaCl2 1.3, MgCl2 1, glucose 25, Na-

pyruvate 3, and ascorbic acid 1, saturated with 95 % O2 and 5 % CO2. Cells were 

visualized using Zeiss Axio Examiner or Olympus BX-61 epifluorescent microscope 

under infrared illumination and water immersion lens (63X or 60X during recording, 20X 

or 10X for overview z-stacks, Zeiss or Olympus). In every slice, we selected a region 

within CA3 where the apical trunks of most neurons were oriented slightly downwards 

to access neurons with mostly preserved dendritic arborization (directed into the tissue), 

and we targeted somata located >50 μm deep in the slice. Somatic (2–6 MΩ) and/or 

dendritic (6–10 MΩ) patch pipettes were filled with a solution containing (in mM): K-

gluconate 134, KCl 6, HEPES 10, NaCl 4, Mg2ATP 4, Tris2GTP 0.3, phosphocreatine 14 

(pH = 7.25), typically complemented with 50 µM Alexa Fluor 594 and 100 µM Oregon 

Green BAPTA-1 (OGB-1) or Oregon Green BAPTA-6 (OGB-6) (all fluorescent dyes 

from Invitrogen-Molecular Probes). Electrophysiological results were similar using 

OGB-1 and OGB-6F and therefore results obtained with different Ca2+-sensitive dyes 

were pooled.   

Current-clamp whole-cell recordings were performed using BVC-700 amplifiers 

(Dagan, Minneapolis, MN) in the active “bridge” mode, filtered at 3 kHz and digitized at 

50 kHz. Series resistance was typically between 15-25 MΩ in somatic and 25–60 MΩ in 

dendritic recordings, frequently checked and compensated with bridge balance and 

capacitance compensation; recordings were terminated when somatic series resistance 

exceeded 30 MΩ. Only CA3PCs with somatic Vm more negative than -60 mV after break-

in were used for experiments. Cells were usually kept at -68 – -72 mV with appropriate 

constant current injection. After establishing the somatic whole-cell current clamp 

configuration, cells were loaded for >20 min to visualize the dendritic tree by two-photon 

imaging. Application of carbachol usually led to ~2 – 6 mV depolarization, which was 

compensated with hyperpolarizing current to keep Vm constant. 



22 

 

At dual soma-dendrite recordings, a dendrite was patched first, and after establishing 

the dendritic whole-cell configuration, cells were loaded for >10 minutes to visualize the 

soma for targeted patching. Intracellular solution and recording settings were the same at 

the dendrite as at the soma. 

In all recorded CA3 neurons, dendrites were carefully inspected for thorny 

excrescences in proximal apical parent dendrites and small spines on more distal dendritic 

branches, and for verifying that no main proximal apical trunk was cut. 

3.4. Two-photon imaging and uncaging 

Dual galvanometer based two-photon (2P) scanning systems (Bruker, former Prairie 

Technologies, Middleton, WI, USA) were used to image the patched neurons and to 

uncage glutamate at individual dendritic spines. Two ultrafast pulsed laser beams 

(Chameleon Ultra II; Coherent, Auburn, CA) were used: one laser at 920 or 860 nm for 

imaging OGB dyes and Alexa Fluor 594, respectively, and the other laser tuned to 720 

nm to photolyze MNI-caged-L-glutamate (Tocris). The intensity of the laser beam was 

controlled with electro-optical modulators (model 350-80, Conoptics, Danbury, CT). 

Linescan Ca2+ measurements were performed with 8 μs dwell time at ~200 to 300 Hz.   

MNI-caged-L-glutamate (10 mM in ACSF) was applied through a puffer pipette with a 

~20-30-μm-diameter, downward-tilted aperture above the slice using pneumatic ejection 

system (PDES-02TX, NPI, Tamm, Germany).  

2P glutamate uncaging (2PGU) was performed at a clustered set of 20 spines on the 

patched apical trunk using 0.5 ms uncaging duration at each spine with 0.1 ms intervals 

between synapses, repeated five times at 40 Hz (i.e., gamma burst stimulus). Uncaging 

laser power was adjusted to yield compound voltage responses near the threshold of 

regenerative events (bAPs or dendritic spikes), preferably so that both subthreshold and 

suprathreshold responses could be evoked.  

3.5. Optogenetic stimulation of cholinergic axons 

Optogenetics enables precise control of neuronal activity using genetically encoded 

light-sensitive proteins (opsins), such as ChR2, a blue-light-activated cation channel that 

induces neuronal depolarization and action potential firing (Duebel et al., 2015; Häusser, 

2014). This technique provides high temporal precision and cell-type specificity, making 

it an invaluable tool for investigating neural circuit function. 
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Acute slices were prepared from ChAT-Cre/Ai32 mice as described above. 

Cholinergic axons were activated using pulsed train illumination (100-ms pulses with 

100-ms intervals, applied for 10 s (Hunt et al., 2018) through the 60X objective with 447-

nm laser light. While we cannot precisely mimic the firing dynamics of cholinergic axons 

projecting to the hippocampus, elevated acetylcholine release on a similar second-long 

time scale was observed in the hippocampus of awake behaving animals (Lovett-Barron 

et al., 2014; Zhang et al., 2021). 1-s Iinj steps were applied either without preceding 

illumination (control) or during the end of the illumination train. CSB rate and duration 

were measured at the threshold Iinj level eliciting CSBs under control conditions (3 cells 

produced no CSBs with up to 1 nA Iinj). 

3.6. Chemicals 

Tetrodotoxin (TTX, Tocris or Alomone Labs), guangxitoxin (GxTX, Tocris), XE991 

dihydrochloride (XE991, Tocris), iberiotoxin (IbTx, Tocris), apamin (Ap, Tocris), 

carbachol (CCh, Tocris), hexamethonium bromide (Tocris), D-AP5 (Tocris), SNX-482 

(Peptides International), ω-Conotoxin MVIIC (CTX, Alomone Labs), dendrotoxin-I 

(DTX, Alomone Labs), AmmTx3 (Alomone Labs) and ipratropium bromide (Sigma-

Aldrich) were prepared in stock solution in distilled water. For peptide toxins the solvent 

also contained 0.1% BSA (Sigma- Aldrich). Nimodipine (Tocris), nifedipine (Tocris) and 

TTA-P2 (Alomone Labs) were dissolved in DMSO. 

Stock solutions were stored at -20°C and dissolved to final concentration (in at least 

1:1000 dilution) into bubbled ACSF before application. In experiments with peptide 

toxins, the perfusion tubes were pretreated with 0.1% BSA (dissolved in ACSF) to 

prevent the toxin from binding to the wall. 

TTX at 1 μM concentration is widely used to block VGNCs (Kaneda et al., 1989; 

Madeja, 2000) and it eliminated APs in our experiments.  Ca2+ channel blockers at the 

concentration applied in this study are generally considered selective to the targeted Ca2+ 

channel subtype. TTA-P2 inhibits primarily T-type Ca2+ channels (Choe et al., 2011; 

Dreyfus et al., 2010; Mishra and Hermsmeyer, 1994), SNX-482 specifically blocks R-

type Ca2+ channels (Newcomb et al., 1998), CTX inhibits N-type and P/Q-type Ca2+ 

channels (Hillyard et al., 1992), and nimodipine and nifedipine are antagonists of L-type 

Ca2+ channels (Furukawa et al., 2005, 1999). Although SNX-482 has been reported to 

also inhibit Kv4 potassium channels (Kimm and Bean, 2014), we did not observe an effect 
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of SNX-482 on the halfwidth of Ca2+ spikes, arguing against a confounding effect on K+ 

channels. The concentration of carbachol we applied (2 μM) is expected to activate 

acetylcholine receptors in the physiological range: the concentration of acetylcholine 

during awake exploration or memory tasks has been estimated to rise to the ~0.1-1 μM 

range (Kametani and Kawamura, 1990; McIntyre et al., 2003; Mineur and Picciotto, 

2023; Nail-Boucherie et al., 2000; Pepeu and Giovannini, 2004), and CCh has a several-

fold lower affinity for mAChRs compared to acetylcholine  (Kellar et al., 1985; 

Yamamura and Snyder, 1974). 

3.7. Data analysis 

Analysis of voltage and Ca2+ recordings was performed using custom-written scripts 

in IgorPro (WaveMetrics, Lake Oswego, OR) and Python.  

3.7.1. Analysis of CSBs and Ca2+ spike properties 

CSBs evoked by Iinj were identified based on the combination of the following 

properties: (1) ≥2 high-frequency APs with progressively decreasing peak amplitude, 

preceded by at least one additional simple AP in the given Iinj pulse, (2) riding on an 

underlying slow ADP that followed the first AP of the CSB, and (3) typically 

accompanied by a Ca2+ signal in a distal apical dendrite.  

CSB rate (i.e. propensity) was calculated by dividing the number of Iinj steps (100-

ms-long steps of 300–600 pA) displaying CSB with the total number of Iinj steps (5 per 

trace, 5-10 repetitions). The duration of full-blown CSBs evoked by Iinj was measured 

using the 1-s-long Iinj steps at or slightly above the lowest current evoking CSBs. CSB 

duration was calculated as the time difference between the peak of the last simple 

(‘reference’) AP before the sudden drop in the AP amplitude, which marks the beginning 

of the CSB and the peak of the last AP in the CSB either (i) with reduced amplitude 

compared to reference AP or (ii) fired <50 ms after the preceding AP, whichever comes 

first. The AP threshold was measured as the voltage value where dV/dt exceeded 20 V/s. 

The properties of pharmacologically isolated Ca2+ spikes were determined after >10 

min bath application of Na+ channel blocker tetrodotoxin (TTX), using 1-s-long step or 

ramp Iinj. Typically, a range of Iinj levels were tested with multiple repetitions, including 

subthreshold and different suprathreshold values that evoked the Ca2+ spike with different 
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latencies. We aimed to set the Iinj to the level where the Ca2+ spike was evoked at the 

approximate middle of the step. 

To analyze Ca2+ spike properties measured in TTX at the soma (illustrated in Fig. 

16A, B), traces were smoothed using the built-in binomial (Gaussian) smoothing 

algorithm (num=10000) of IgorPro. dV/dtmax and dV/dtmin were determined as the 

maximum and minimum of the derivative of this smoothed trace, respectively. We 

defined the parameter dV/dtotal as the full dV/dt range (dV/dtmax minus dV/dtmin). Spike 

threshold was measured as the voltage where dV/dt crossed an adaptive threshold (20% 

of the maximum of the first spike-associated dV/dt peak with an upper bound of 0.25 

V/s). Amplitude was measured as voltage peak minus threshold; halfwidth was calculated 

as the time difference at half maximum amplitude. The number of spike peaks was 

calculated using a custom Python algorithm where we take all the local maxima and 

discard those which are not separated by a local minimum that is at least 3 mV smaller 

than maxima on either side. The above parameters were measured on multiple (typically 

5) repetitions and averaged to represent Ca2+ spike properties of a cell. In some of the 

experiments testing the effect of carbachol on Ca2+ spikes, the slow repolarization after 

the Ca2+ spike prevented the precise measurement of the halfwidth; in these cases we 

considered halfwidth to be 0.3 s. 

In a small subset of CA3PCs, the step Iinj invariably evoked the Ca2+ spikes at the 

beginning of the step (<100 ms) where kinetic parameters could not be adequately 

measured. These cells were either excluded from detailed Ca2+ spike analysis, or 

alternatively we applied a ramp protocol using linearly increasing current for 1 second 

that allowed extraction of the parameters.  

3.7.2. Analysis of Ca2+ signals 

Ca2+ signals are expressed as ΔF/F0 = (F(t)-F0)/F0, where F(t) is fluorescence at a 

given time point and F0 is the mean fluorescence during 50 ms preceding the depolarizing 

Iinj. To measure Ca2+ spike associated Ca2+ signal amplitude, traces were aligned to the 

initial rise (~300 mV/s dV/dt value) of the Ca2+ spike, and we calculated the difference 

between the maximum average of 5 consecutive points following the spike and the 

average of the 20-50 ms period preceding the spike. Ca2+ traces and some of the 

electrophysiological traces are presented with slight smoothing (binomial, num=1). 
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3.8. Clustering 

Clustering of Ca2+ spikes measured in TTX was performed with the Ward 

hierarchical clustering method, using the sklearn.cluster module in Python. For each 

individual cell, the z-score normalized dV/dttotal, log10(halfwidth), and number of peaks 

were considered. 

3.9. Morphological analysis 

Dendritic morphological and distance measurements were performed using ImageJ 

(NIH, Bethesda, MD) on stacked 2P images of dye-loaded (Alexa Fluor 594) neurons, 

collected at the end of the experiment. The analysis was done blind to the 

electrophysiological cluster identity of the cells.  

Primary apical trunk length was measured on the 2D z-stacks by manually drawing 

a segmented line from the apical edge of the soma to the first main bifurcation. A cell was 

considered to have a single primary trunk if the initial thick apical trunk was at least 10 

μm long before the first branchpoint. In cells with multiple primary trunks the length of 

all primary trunks was averaged as a measure of primary trunk length.  

Radial soma position was determined for a subset of cells where 2P Dodt contrast 

images were also taken and was measured as the Euclidean distance of the soma center 

from the border of str. pyramidale and str. lucidum. 

The relative proximodistal position was calculated based on measurements on low-

magnification fluorescent images of the whole hippocampus. The distal border of CA3a 

(from CA2) was considered to be located at 200 μm from the sudden widening of the 

pyramidal cell layer (i.e., CA1-CA2 border).  For separate analysis of proximal (relative 

position 0-0.3) and distal (relative position: 0.4-1) CA3PCs, cells in the transition zone 

(relative position between 0.3-0.4) were not included (Kis et al., 2024). Proximal CA3 

approximately corresponds to CA3c, and distal CA3 roughly corresponds to CA3a and 

CA3b (Raus Balind et al., 2019; Sun et al., 2017).  

In a subset of experiments, morphological parameters of the dendritic tree were 

extracted from semiautomated analysis of fully reconstructed CA3PCs with the most 

complete dendritic arbor using Vaa3D software (Peng et al., 2014, 2010), followed by 

visual inspection, and manual corrections where necessary.  

To characterize the complexity of the dendritic arbor, Sholl analysis was performed 

on the 2D maximal intensity projections of the z-stacks of the recorded CA3PCs. In Raus 
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Balind et al. (2019) the analysis was done on the whole dendritic tree, whereas in Kis et 

al. (2024) Sholl analysis was performed on the apical dendritic arbor in a subset of the 

recorded CA3PCs in which the apical dendritic arborization was fully conserved and well 

visualized in the 2P z-stack until at least 200 µm apical distance from the soma. We 

measured the number of apical dendritic intersections along concentric circles with 50, 

100, 150 and 200 µm radius, centered at the soma. 

3.10. Statistical analysis 

Statistical analysis was performed with the Statistica software (Statsoft, Tulsa, OK). 

Where possible, nonparametric tests (Wilcoxon test for two paired groups or for one 

sample compared to median=1, Mann–Whitney test for two unpaired groups, Kruskal-

Wallis test with post hoc multiple comparisons for 3 unpaired groups, Friedman test for 

one-way repeated measures, Spearman correlation) were used, which do not make 

assumptions about the distribution of data. Mixed ANOVA with post hoc Tukey’s test 

was used for Sholl analysis. The specific test used for a given analysis is indicated in the 

text.  All statistical tests were two-tailed. Differences were considered significant when P 

< 0.05. In all figures, *P < 0.05; **P < 0.01; ***P < 0.001.  



28 

 

4. RESULTS 

4.1. Diverse CSB generation in hippocampal CA3PCs 

To explore the role of distal apical dendrites in CSB generation in CA3PCs, neurons 

were loaded with a Ca2+-sensitive fluorescent dye (either OGB-1 or OGB-6, 100 μM) and 

a Ca2+-insensitive marker (Alexa Fluor 594, 50 μM) via somatic patch pipettes (Fig. 3A). 

To assess CSB generation, we applied somatic depolarizing current injections (Iinj, five 

100-ms-long pulses of 300–600 pA with 80.55-ms-long interpulse intervals) from a 

baseline Vm of approximately −70 mV (Fig. 3B).  

Using this protocol, in many CA3PCs we readily observed CSBs, characterized as 

bursts of ≥ 2 APs with progressively smaller amplitudes and longer durations riding on a 

prolonged ADP of variable duration (~20–70 ms), that were distinct from simple APs. 

CSB were accompanied by time-locked Ca2+ responses detected even in the most distal 

apical dendrites of the SLM, occurring in an all-or-none fashion (Fig. 3C). To quantify 

the propensity of CA3PCs to generate CSBs, we calculated the CSB rate, defined as the 

ratio of pulses with CSBs to the total number of pulses. The results demonstrated that the 

CSB rate increased with stronger Iinj. Within the pulse series, CSBs were most commonly 

triggered by the first pulse but also occurred on subsequent pulses, especially with higher 

depolarizing currents (Fig. 3E, F). When comparing CA3PCs with CA1PCs, we observed 

that CSB propensity was significantly higher in CA3PCs than in CA1PCs under 

comparable conditions (Fig. 3F).  

 

 

Figure 3. Characterization of CSBs and associated dendritic Ca2+ signals in CA3PCs. 

(A) Z-stack of a CA3PCs loaded with 50 μM Alexa594 and 100 μM OGB-6F. Ca2+ 
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imaging line is indicated in green. (B) Example traces showing simultaneous somatic 

current-clamp recordings and corresponding dendritic (ddr) Ca2+ signals from the cell 

shown in (A). CSBs are marked by red asterisks. The Iinj protocol is shown above the 

traces. (C) Zoomed-in view of the dashed region from (B), illustrating the slow 

depolarization underlying CSB and the time-locked dendritic Ca2+ signal. (D) Results of 

the total 50 pulses of 10 traces recorded from the cell shown in (A-C). (E) CSB rate across 

different pulses in a train of Iinj in a set of 20 CA3PCs that generated CSBs in response 

to 300 pA Iinj. Data points and whiskers represent mean ± SEM (F) Comparison of CSB 

rates at 300 pA and 600 pA Iinj between CA3PCs (n = 118 and 117 cells, respectively) 

and CA1PCs (n = 26 cells). Data are shown as mean ± SD (Raus Balind et al., 2019). 

 

This elevated CSB propensity aligns with the distinctive dendritic architecture and input-

output dynamics of CA3PCs, which often serve as integrative hubs in hippocampal 

memory circuits. 

Interestingly, heterogeneity was evident among individual CA3PCs, which we 

categorized into three groups based on their CSB propensity: 1) high bursting cells 

(CSBH), which exhibited CSBs at lower Iinj thresholds (300 pA); 2) low bursting cells 

(CSBL), which required stronger Iinj (400–600 pA) for CSB generation, and 3) regular 

spiking cells (RS), which did not generate CSBs, even at higher Iinj levels (no CSB at 600 

pA) (Fig 4. A-C).  

 

 

Figure 4. Diversity of CSB propensity among CA3PCs. (A) Representative voltage 

traces and distal dendritic Ca2+ signals recorded from a CSBH cell in response to 
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repetitive 100-ms-long somatic Iinj (300 and 600 pA). The Iinj protocol is shown above. 

Red asterisks mark the CSBs. The region within the dashed box is magnified in the inset 

to highlight the detailed waveform. (B) RS cell upon 600 pA. Note the absence of CSBs. 

(C) Fraction of CSBH, CSBL, and RS cells in the whole recorded dataset (Raus Balind et 

al., 2019).  

 

We first examined whether synaptic or rather intrinsic mechanisms underlie CSB 

generation. Blocking AMPA/NMDA glutamate receptors (Fig. 5A, n = 10, p = 0.753, 

Wilcoxon test) or GABAA/GABAB receptors (Fig. 5B, n = 11, p = 0.892, Wilcoxon test) 

did not affect CSB rate, indicating that CSBs are primarily driven by intrinsic cellular 

properties. Indeed, blockade of APs by TTX in CSB cells uncovered an underlying 

depolarizing component that was eliminated by the VGCC blocker cadmium (Cd2+, 100–

200 μM, Fig. 5C, D, n = 7, p = 0.017, Wilcoxon test), suggesting the role of VGCCs in 

CSB generation. 

 

 

Figure 5. Intrinsic mechanisms and VGCC dependence of CSBs. (A) Effect of AMPA 

and NMDA receptor blockade on CSB generation. CSB rates were measured at 300 pA 

and 600 pA Iinj before and after the application of 10 μM NBQX and 50 μM D-AP5. (B) 

Effect of GABAA/GABAB receptor inhibitors (2 μM SR95531 and 2 μM CGP55845) on 

CSB rate at the same Iinj. (C) Representative voltage traces from a CSBH cell under three 

conditions: control (black), after the application of 1 μM TTX (red), and following 

subsequent addition of 200 μM Cd2+ (orange). Regenerative responses in TTX are 

eliminated by Cd2+. (D) Summary illustrating the effect of Cd2+ on Ca2+ spikes recorded 

(Raus Balind et al., 2019). 
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We next aimed to identify the potential anatomical factors associated with the vast 

heterogeneity in CSB generation observed among different CA3PCs. Since several 

properties of CA3PCs vary according to their topographic location, we investigated the 

relationship between CSB propensity and soma position in dorsal CA3PCs by 

categorizing cells based on their proximodistal (three regions: CA3a, CA3b, CA3c (equal 

one-thirds of the full proximodistal length (Sun et al., 2017)) and radial (superficial: soma 

within str. pyramidale or deep: soma in str. oriens or on the pyramidale-oriens border) 

locations (Fig. 6A, B). 

Analysis (two-way ANOVA, using data with 600 pA Iinj in deep and superficial 

CA3a and CA3c cells (p = 0.027 for proximodistal axis, p = 0.173 for radial axis, p = 

0.025 for interaction)) revealed a complex dependency of CSB propensity on these 

parameters. CSB rates increased along the proximodistal axis (CA3c to CA3a) (p = 0.027, 

Fig. 6C-F), while differences between superficial and deep cells were significant only in 

CA3a, where deep cells exhibited higher CSB rates (p = 0.065, Tukey’s post hoc test) and 

had higher proportions of CSB cells (p = 0.034, χ² test), whereas in CA3c there was no 

significant difference (Fig. 6C, CSB rate: p = 0.909, Tukey’s test; ratio of CSB cells, p = 

0.424, χ² test). Basic electrophysiological properties, such as input resistance (Rin) and 

Vm, did not fully explain these patterns (although Rin showed an increase in the a-to-c and 

deep-to-superficial direction, Fig. 6D, E, two-way ANOVA, p = 0.004 for proximo-distal 

axis, p = 0.005 for radial axis, p = 0.028 for interaction). 

We next examined whether variations in dendritic morphology are related to CSB 

propensity with the help of 3D reconstructions (Vaa3D) and Sholl analysis of dendritic 

arborization. We compared several dendritic parameters of CA3PCs of the two extreme 

electrophysiological phenotypes: CSBH and RS cells, and analyzed them separately 

within CA3a and CA3c without distinction by radial position (Fig. 6G-J). The primary 

apical dendrite was longer in CSBH cells compared to RS cells (two-way ANOVA, p < 

0.001 for subregion, p = 0.082 for firing type, p = 0.011 for interaction, significant paired 

comparisons by post hoc Tukey test are indicated in Fig. 6I). This is consistent with 

dependence of CSB rate on soma position (Fig. 6C), because the primary apical trunk of 

deep CA3PCs runs longer to reach str. lucidum where it typically branches. 

In a subset of fully reconstructed CA3PCs we analyzed dendritic arbor complexity, which 

exhibited significant variability across all cell groups. Sholl analysis highlighted some 
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previously reported differences between PCs in CA3a and CA3c (Fig. 6H). However, no 

major differences were observed in total dendritic length, branchpoint numbers, or the  

 

 

Figure 6. Spatial and morphological factors influencing CSB propensity in CA3PCs. 

(A) Definition of CA3 subregions along the proximodistal CA3a, CA3b, CA3c. (B) 
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Definition of radial cell groups based on soma location. Superficial cells had their somas 

located within the str. pyramidale, while deep/border cells had somas positioned on or 

beyond the border between str. pyramidale and str. oriens. (C) CSB propensity across 

CA3PC subgroups. The graph shows the propensity for CSB generation in response to 

300 pA (left) and 600 pA (right) Iinj series across the six defined CA3PC groups 

(subregion × radial position). Symbols and error bars represent mean ± SEM. (D, E) Vm 

and Rin measurements across the six CA3PC groups (mean ± SEM). (F) Ratio of CSBH, 

CSBL, and RS in the CA3a and CA3c regions. Number of deep and superficial cells, 

respectively: CA3a: 25/10, CA3c: 13/20. (G) Representative morphologies of CA3PCs 

from CA3a and CA3c subregions. (H) Sholl analysis comparing dendritic arborization 

patterns of CSBH and RS cells in CA3a and CA3c. Upper panel: sum of dendritic 

intersections in str. oriens, proximal str. radiatum (100–280 μm), distal str. radiatum 

(300–500 μm) and SLM (>520 μm). Symbols and error bars represent mean ± SEM. The 

branching profile was different between CA3a and CA3c PCs, but did not depend on CSB 

propensity (two-way repeated measures ANOVA, p < 0.001 for subregion, p = 0.310 for 

bursting phenotype, p = 0.409 for interaction). Lower panel: branching profiles as mean 

lines ± SEM shadings. (I) Primary apical trunk length and number, measured from 2P 

image stacks (CA3a CSBH: n = 34; CA3a RS: n = 11; CA3c CSBH: n = 11; CA3c RS: n 

= 24). (J) Morphometric analysis of dendritic architecture, including total dendritic 

length, average distance of oblique dendrites from the soma, and branch point numbers 

across the analyzed groups (CA3a CSBH: n = 11; CA3a RS: n = 7; CA3c CSBH: n = 9; 

CA3c RS: n = 9). Statistical comparisons were performed using two-way ANOVA with 

Holm-Bonferroni correction. Filled symbols and error bars in (I-J) represent mean ± 

SEM. *p < 0.05; ***p < 0.001 (Raus Balind et al., 2019). 

 

distance of oblique dendrites from the soma between the two electrophysiological 

phenotypes (Fig. 6J), although there was a trend for apical obliques to branch from the 

trunk more distally in RS cells. Overall, while primary dendrite length appeared to be a 

reliable predictor for bursting activity in distal CA3 (Bilkey and Schwartzkroin, 1990; 

Hunt et al., 2018), dendritic morphology generally did not correlate strongly with CSB 

rate across the entire CA3 region. 
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Based on the previous study (Hunt et al., 2018), that suggested the presence of 

‘athorny’ CA3PCs in deeper distal layers with bursting phenotype, we examined the 

proximal apical dendrites of our CSBH cells located in deep CA3a-b using high-

magnification imaging. Our analysis revealed that all examined CSBH cells (n = 11) 

displayed at least one, and often several, large, lobular, complex spine-like postsynaptic 

structures on first- or higher-order dendritic trunks in str. lucidum. This confirms that 

these cells were not ‘athorny’ CA3 cells. Thus, our findings indicate that the majority of 

classical thorny CA3PCs in deep distal CA3 exhibit a CSB phenotype. 

 

4.2. Distinct dendritic Ca2+ spike forms 

To better understand the dendritic electrophysiological mechanisms underlying the 

diverse firing patterns observed in CA3PCs, we focused on dendritic Ca2+ spikes, which 

play a central role in the generation of CSBs described earlier. We performed dendritic 

and dual patch-clamp recordings combined with 2P Ca2+ imaging (Fig. 7A). These 

recordings targeted higher-order dendritic trunks at distances of approximately 165–400 

μm from the soma. Using 1-s-long depolarizing Iinj via either somatic or dendritic 

electrodes, we aimed to characterize the distinct properties of dendritic Ca2+ spikes and 

their contributions to somatic outputs.  

Our experiments revealed two distinct types of dendritic Ca2+ spikes (beside other 

regenerative events including bAPs and Na+ spikes): ADP-type spikes (Fig. 7B, C) and 

dendritically initiated (DI) spikes (Fig. 7D, E). ADP spikes followed bAPs and often 

triggered bursts of somatic action potentials, whereas DI spikes were fast, locally 

generated regenerative events that were initiated independently of bAPs.  
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Figure 7. Diversity of dendritic Ca2+ spike forms in dual soma-dendrite recordings from 

CA3PCs. (A) Schematic of a soma-dendrite dual patch recording configuration. The 

green line indicates a typical Ca2+ imaging site located distal to the dendritic patch 

electrode. (B) Example recording of a slow ADP. The top panel shows simultaneous 

dendritic (black) and somatic (blue) voltage responses to dendritic Iinj. The middle panel 

displays the corresponding distal dendritic Ca2+ signal. The dashed box highlights an 

event magnified in the bottom panel, showing a prolonged, sustained ADP that generates 

a gradual depolarization larger in the dendrite than in the soma. The open arrowhead 

marks the characteristic sharp inflection (kink) of the initiating bAP. (C) Example 

recording of a fast ADP. Panel ordering is the same as (B). The purple arrowhead on the 

bottom panel marks the fast ADP event. (D-E) Representative recordings of DI spikes. 

Panels follow the same structure as in (B, C). (E) The DI spike can evoke a consecutive 

somatic AP. The open arrowhead marks the AP kink, while orange arrowheads indicate 

the DI spikes. Note the differences in time scales across the various Ca2+ spike forms. (F) 

Proportional distribution of Ca2+ spike types across recorded dendrites (n = 21) from 

dual soma-dendrite patch recordings (Magó et al., 2021). Dual patch-clamp recordings 

were done by Ádám Magó. 

  

We further characterized the properties of these spikes using Iinj in a larger set of 

single-site dendritic recordings (n = 69, at 159–450 μm from soma, mean ± SEM: 272 ± 

8 μm). Replicating the findings of dual recordings, 1-s-long dendritic Iinj steps elicited 

different types of putative Ca2+ spikes, that is, ADPs and/or DI spikes in the majority 
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(~85%) of individual dendrites (Fig. 8A-D). Within the tested Iinj range (300–600 pA), 

ADP and DI spikes were observed in 56% and 53% of dendrites, respectively, with 24% 

exhibiting both types (Fig. 8E, pooled dual- and single-site recordings, n = 70). The 

dominant spike type often depended on the magnitude of the current injection, with ADPs 

typically occurring at lower Iinj levels and DI spikes requiring stronger depolarization 

(Fig. 8C, E). In some cases, both spike types occurred intermingled within the same 

depolarizing trace (Fig. 8D). 

The role of VGCCs in generating these spikes was confirmed by pharmacological 

experiments. Bath application of 200 μM Ni2+, which nonspecifically blocks Ca2+ 

channels at this concentration, abolished all types of Ca2+ spikes while sparing bAPs, 

reinforcing the conclusion that VGCCs are fundamental for ADP and DI spike generation 

(Fig. 8G). 

 

 

Figure 8. Characterization of dendritic Ca2+ spike types. (A) Schematic of dendritic 

patch-clamp experiment. (B) Example dendritic voltage (top) and Ca2+ signal (bottom) 

traces illustrating two distinct forms of Ca2+ spikes: ADP (left) and DI spike (right) from 

different cells. (C) Dendritic responses to increasing Iinj. Magnified views on the right 

highlight the distinct spike types, with purple arrowheads marking ADPs and the orange 

arrowhead indicating a DI spike. (D) Heterogeneous Ca2+ spike activity recorded from a 

single dendritic trace at 600 pA Iinj, showing the coexistence of multiple spike forms. (E) 
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Left: proportion of dendrites expressing bAPs and Ca2+ spikes (ADPs and DI spikes 

included) in response to 300–600 pA Iinj. Right: proportion of dendrites expressing 

distinct Ca2+ spike types (ADPs and DI spikes) under the same current conditions (pooled 

dual- and single-site recordings, n = 70 dendrites). (F) Amplitude comparison of fast 

ADPs and DI spikes at threshold current injections. Open circles represent individual 

dendrites, filled symbols indicate the mean ± SEM across experiments. (G) Example 

traces recorded at two different Iinj levels under control conditions (top) and after bath 

application of 200 μM Ni2+ (bottom). Insets on the right (dashed boxes) highlight distinct 

spike components: (i) DI spikes (orange arrowhead) and (ii) bAPs (light blue arrowhead) 

(Magó et al., 2021).  

 

To determine whether these distinct Ca2+ spike forms could also be evoked under 

more physiological stimulation, we employed 2PGU to activate synaptic inputs (Fig. 9A-

C). We patched dendrites (n = 10 experiments, 230 ± 17 μm from soma); clustered spines 

(20 per dendrite) located 171–441 μm from the soma were stimulated quasi-

simultaneously 5x at 40 Hz, with laser power adjusted to achieve moderately 

suprathreshold activation. Importantly, these experiments were conducted in the presence 

of 50 μM D-AP5 to block slow NMDA spikes and isolate Ca2+-spike-specific responses. 

Synaptic stimulation successfully evoked both ADP and DI spikes, either individually 

(ADP only: 3/10 dendrites, Fig. 9B; DI spikes only: 4/10 dendrites, Fig. 9C) or in 

combination (1/10 dendrites). In the remaining two dendrites, stronger stimulation 

eventually triggered ADP spikes. All these spike profiles elicited by uncaging closely 

resembled those evoked by direct current injection.  

 

 

Figure 9. Synaptic activation of dendritic Ca2+ spikes via 2PGU. (A) Schematic of 2PGU 

experiments. (B) Example dendrite responding to 2PGU. Left: single scan image of a 
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dendritic segment showing 20 identified synapses in the plane, targeted for glutamate 

uncaging (yellow dots). Right, top: voltage responses to five quasi-synchronous 

stimulations at 40 Hz. Gray traces: subthreshold responses, black traces: suprathreshold 

events. Right, bottom: The same dendrite responding to Iinj via the patch pipette. (C) 

Dendritic recording with a DI spike evoked by 2PGU. The panel follows the same layout 

as (B), showing similar spike characteristics between 2PGU and Iinj stimulation (Magó 

et al., 2021). 

 

To isolate dendritic Ca2+ spikes from other regenerative events, we applied 1 μM 

TTX to block VGNCs. As expected, TTX abolished bAPs and dendritic Na+ spikes while 

preserving Ca2+ spikes associated with large dendritic Ca2+ signals. The kinetics of these 

spikes were diverse and correlated with the types observed in control conditions. In 

dendrites expressing only ADP spikes under baseline conditions, the remaining TTX-

resistant spikes were typically slow (166.6 ± 26.8 ms, n = 12, Fig. 10A, C), whereas 

dendrites that fired DI spikes exhibited fast, transient TTX-resistant Ca2+ spikes (9.3 ± 

0.7 ms, n = 13; Mann–Whitney test, p < 0.001, Fig. 10B, C). In some cases, both fast and 

slow spike components were observed. 

 

 

Figure 10. Effect of TTX on ADP and DI spikes. (A) Representative traces showing 

membrane potential (Vm, top traces) and distal dendritic Ca2+ signals (bottom traces) 

recorded during ADP-type Ca2+ spikes under control conditions (left) and following 

application of 1 μM TTX at various Iinj levels. (B) Similar recordings from a dendrite 

exhibiting DI-type Ca2+ spikes, showing the effect of TTX on spike waveform and 

associated Ca2+ signals. The inset magnifies the 0–20 ms width range for better 

visualization of short-duration spikes. (C) Quantification of TTX-resistant Ca2+ spike 

width. Data are shown for dendrites expressing ADP spikes only (purple, n = 12) and 

dendrites exhibiting DI spikes (orange, n = 13). Open circles represent individual 
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dendritic recordings, while open stars indicate dendrites where the spike width was 

capped at 300 ms because the Vm did not return to half amplitude during the current step 

duration. Filled black symbols indicate the mean ± SEM. Inset magnifies the 0–20 ms 

width range (Magó et al., 2021).  

 

The variability in dendritic Ca2+ spike properties observed in CA3PCs raised the 

question of how these compare to the well-characterized dendritic Ca2+ spikes in CA1PCs 

(Golding et al., 1999; Magee and Carruth, 1999; Takahashi and Magee, 2009). 

Performing similar experiments in CA1PC apical trunks (227–457 μm from the soma, n 

= 12), we observed that dendritic depolarization by 300–600 pA Iinj primarily evoked 

VGCC-mediated ADP spikes, but these required higher current thresholds than that in 

CA3PCs (Fig. 11A–D). Importantly, DI spikes were absent in CA1PCs, and bAPs 

consistently preceded Ca2+ spikes (Fig. 11C).  

The duration of TTX-resistant Ca2+ spikes in CA1PCs was clearly distinct from those 

observed in CA3PC dendrites under similar conditions. CA1PC Ca2+ spikes displayed an 

intermediate duration compared to the fast and slow spike types observed in CA3PCs, 

while their amplitudes were similar (width: 39.4 ± 5.1 ms, n = 6, Fig. 11F, G), further 

indicating cell-type-specific differences in Ca2+ spike properties. The Ca2+ spikes in 

CA1PCs were also eliminated by 200 μM Ni2+ (Fig. 11E), confirming a fundamental role 

of VGCCs in generating a wide kinetic range of Ca2+ spikes. 
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Figure 11. Dendritic Ca2+ spikes in CA1PCs. (A) 2P image of a CA1PC filled with OGB-

1 and Alexa Fluor 594 via a dendritic patch pipette. (B) Representative dendritic 

recordings showing Vm (upper traces) and corresponding distal dendritic Ca2+ signals 

(lower traces) in response to 1-s-long  Iinj (300–600 pA). (C) Enlarged view of the initial 

responses to Iinj steps, highlighting the prolonged depolarization phase characteristic of 

ADP-like Ca2+ spikes. The first bAP is marked by a blue arrowhead, while the ADP-type 

Ca2+ spike is indicated by a purple arrowhead. (D) Top: proportion of dendrites 

exhibiting bAPs (light blue) and dendritic Ca2+ spikes (red) (n = 12). Bottom: relative 

distribution of ADP-type Ca2+ spikes (purple) and DI Ca2+ spikes (orange) across the 

recorded dendrites (n = 12). (E) Pharmacological analysis of Ca2+ spikes. Left: Vm 

responses to current steps under control conditions (upper traces) and following bath 

application of 200 μM Ni2+ (lower traces). Right: magnified view of the boxed regions, 

showing the inhibition of ADP-type Ca2+ spikes (purple arrows) by Ni2+ (n = 3 

experiments). (F) Ca2+ spikes recorded in the presence of 1 μM TTX to block voltage-

gated Na+ channels. Iinj was applied in 100 pA increments (300–700 pA), and associated 

dendritic Ca2+ signals are shown. (G) Comparison of dendritic Ca2+ spike properties 

between CA1PCs and CA3PCs. Spike amplitude and width (measured in TTX) are plotted 
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for CA1PCs (green, n = 7/6 for amplitude/width), slow Ca2+ spikes in CA3PCs (purple, 

n = 12), and fast Ca2+ spikes in CA3PCs (orange, n = 18/13 for amplitude/width). Spike 

width was quantified for events with an amplitude exceeding 5 mV. Open stars: where 

width was maximized as 300 ms because Vm did not return to half amplitude within the 

duration of the Iinj step (Magó et al., 2021).  

 

The distinct characteristics of fast and slow Ca2+ spike components raise the question 

whether their propagation and compartmentalization properties are also different. To 

address this, we recorded Ca2+ spike-associated dendritic Ca2+ signals in TTX, both 

distally within the same dendritic family (250 ± 28 μm distal from the patch pipette, n = 

14 cells; depicted as d1 in Fig. 12A) and in another dendrite branching off more 

proximally, typically from a different low-order trunk segment (d2; dendritic distance 

from pipette: 294 ± 23 μm, n = 14, Fig. 12A). We used the high-affinity dye OGB-1 to 

be able to detect even small increases in Ca2+ as a reporter of spike propagation within 

and across dendritic compartments. We found a strong difference between fast and slow 

spikes in their propagation properties (two- way repeated measures ANOVA, p < 0.001 

for kinetic group, p = 0.005 for location, p < 0.001 for interaction). Slow Ca2+ spikes 

(width > 60 ms) propagated efficiently across major dendritic bifurcation points and were 

detectable in distant dendritic branches (Fig. 12B, C, n = 5 cells, p = 0.781, Tukey’s post 

hoc test), including basal dendrites (measured in n = 3 cells). In contrast, fast Ca2+ spikes 

(width < 20 ms) remained restricted to their originating dendritic compartment and did 

not propagate efficiently across proximal branch points (Fig. 12B, C; n = 9 cells, p < 

0.001, Tukey’s post hoc test). These findings highlight distinct propagation mechanisms 

for fast and slow Ca2+ spikes, suggesting that slow spikes may act as global signals across 

the dendritic tree, whereas fast spikes remain compartmentalized within specific dendritic 

domains, where they originate (Fig. 12D).  
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Figure 12. Propagation of different Ca2+ spikes. (A) Dendritic Ca2+ signals were 

monitored using 2P imaging across different regions of the dendritic tree. (B) Examples 

of TTX-resistant Ca2+ spikes showing distinct propagation patterns. Left: a slow Ca2+ 

spike evoking robust Ca2+ signals in both the patched dendritic branch (i) and a 

neighboring apical subtree (ii). Right: a fast Ca2+ spike generates strong Ca2+ signal in 

the patched branch (i) but shows no propagation to the neighboring subtree (ii). Ca2+ 

signals were measured using the high-affinity Ca2+ indicator OGB-1. (C) Slow Ca2+ 

spikes generated large, widespread Ca2+ signals in apical (a) as well as basal (b) 

dendrites, whereas fast Ca2+ spikes exhibited localized signals. (D) Schematic 

representation of compartmentalization rules governing Ca2+ spike propagation (Magó 

et al., 2021). 

 

As our previous results have indicated, the electrophysiological properties of 

CA3PCs are linked to their topographic position and dendritic morphology. We therefore 

also examined the relationship between dendritic Ca2+ spike phenotype and some of the 

morphological properties (the abundance of TEs and the number and length of primary 

apical trunks) of CA3PCs in our dendritic recording dataset. TE coverage of proximal 

dendrites varied significantly (Fig. 13A, B) and was inversely correlated with the length 

of first-order apical trunks (Fig. 13C, Spearman R = −0.495, p < 0.001, n = 89), consistent 

with our previous observation as well as with prior reports (Fitch et al., 1989). The 

dendritic Ca2+ spike phenotype correlated with these anatomical features. CA3PCs 

expressing DI spikes in the recorded dendrite (with or without ADPs) had approximately 

twice the TE coverage (Figure 13D, ADP-only: 40 ± 5 μm, n = 19; DI: 84 ± 8 μm, n = 

35, p < 0.001, Mann–Whitney test) compared to ADP-only cells. Furthermore, DI spike-

expressing cells had shorter primary trunks (Figure 13E, ADP-only: 128 ± 11 μm, n = 
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20; DI: 57 ± 5 μm, n = 41, p = 0.002) and were more likely to have multiple first-order 

trunks (Figure 13F, ADP-only: 1 ± 0, n = 20; DI: 1.49 ± 0.11, n = 41, p < 0.001). 

 

 

Figure 13. Correlation between dendritic Ca2+ spike phenotypes and morphological 

features. (A, B) Representative 2P images show two distinct CA3PC morphologies 

corresponding to ADP-only spikes (A) and DI spikes (B). Enlarged views of the yellow 

dashed boxes highlight TEs, marked by pink shading on the primary trunk segments. (C) 

Scatter plot showing the relationship between the length of the first-order apical trunk 

and the total dendritic length covered by TEs among CA3PCs (n = 89 cells). For cells 

with multiple primary trunks, the mean trunk length is plotted. (D, E) Cumulative 

probability distributions of morphological parameters for cells exhibiting ADP-only 

(purple) or DI (orange) Ca2+ spike phenotypes: (D) Total TE-covered dendrite length (n 

= 19 ADP-only; n = 35 DI) and (E) first-order apical trunk length (n = 20 ADP-only; n 

= 41 DI). (F) Number of first-order apical trunks in CA3PCs expressing ADP-only 

(purple, n = 20) or DI (orange, n = 41) Ca2+ spikes (Magó et al., 2021).  

 

Importantly, at the somatic level, ADP and DI spikes evoked in the patched dendrites 

evoked distinct output patterns. ADP spikes promoted bursts of APs, whereas DI spikes 



44 

 

produced only single somatic action potentials (Fig. 14A-B). These findings suggest that 

the two spike types serve different computational roles within CA3PCs, potentially 

contributing to diverse synaptic integration and firing behaviors. 

 

 

Figure 14. Opposing impact of different Ca2+ spike types on somatic output. (A) 

Example AP output evoked by ADP (i) and DI spike (ii) in dual recordings at different 

cells (blue: somatic voltage, black: dendritic voltage). Responses (dashed box) are shown 

at higher temporal resolution on the right panels. (B) Median number of APs evoked at 

threshold Iinj by ADPs and DI spikes in individual cells (Magó et al., 2021). 

 

The results of our dendritic recordings suggested a surprisingly complex dendritic 

integrative regime in CA3PCs, where individual apical dendrites can act as diverse Ca2+ 

spike generators producing fast or slow Ca2+ spikes. Nevertheless, the cell population 

displayed large cell-to-cell heterogeneity in these properties. The results opened 

fundamental questions about the ion channel mechanisms underlying the diversity of 

spike characteristics, the spatial organization of the different Ca2+ spikes in the arbor, 

their final integration at the soma to produce AP output.  

Furthermore, it remained to be addressed whether the Ca2+ spike profile of a given 

CA3PC is static or dynamically regulated. On one hand, the correlation between 

functional and morphological properties of CA3PCs points to an at least partially rigid 

organization of dendritic spike mechanisms across dendritic compartments; for example, 

long primary trunks may facilitate the generation of low-threshold, slow Ca2+ spikes, 

whereas higher-order trunks act as individual Ca2+ spike generators. On the other hand, 

the ion channels contributing to generating or shaping the Ca2+ spikes might be under 
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activity- or state-dependent regulation, rendering further flexibility to active dendritic 

properties of CA3PCs. 

In the following part of our study, we aimed to address these open questions. The 

following chapters present our findings on how various dendritic spike summation at the 

soma determines the shape and burstiness of AP output. 

 

4.3. Compound Ca2+ spikes 

4.3.1. Cell-to-cell heterogeneity of compound dendritic Ca2+ spikes 

To gain a deeper understanding of how dendritic Ca2+ spikes in different branches 

can interact and contribute to somatic activity in CA3PCs, we next employed a different 

approach, where we recorded at the soma and induced dendritic Ca2+ spikes by somatic 

depolarization while pharmacologically blocking VGNC with TTX (1 μM). Long (1 s) 

step or ramp depolarizing current injections (Fig. 15A) were applied to induce widespread 

Ca2+ channel activation across the apical dendritic tree, during which dendritic Ca2+ 

signals were also recorded (Fig. 15B). This approach allowed us to investigate how Ca2+ 

spikes with diverse kinetic properties from various dendritic compartments combine into 

compound somatic Ca2+ spike events. We hypothesized that global depolarization of the 

apical dendritic tree could recruit spatially distributed dendritic Ca2+ spikes with varying 

kinetics, resulting in compound Ca2+ spikes dominated by either fast or slow components.  

Under these conditions, regenerative compound Ca2+ spikes could be consistently 

evoked in the majority of cells (331 out of 361 cells, 91.7%; Fig. 15C). Interestingly, 

while the waveform of Ca2+ spikes remained stereotypical within individual CA3PCs 

(regardless of the level of Iinj) (Fig. 15D), their properties varied across different cells. 

Specifically, spike amplitude showed a normal distribution (n = 317, P = 0.416, Shapiro–

Wilks test for normality), whereas kinetic parameters, including the duration (measured 

as the halfwidth), showed non-Gaussian distribution and large coefficient of variation 

(CV; Fig. 15E).  The most heterogeneous parameter was Ca2+ spike halfwidth (CV = 

0.984, P < 0.001, Shapiro–Wilks test; Fig. 15E). Based on this parameter, cells could be 

categorized into two main groups: short-duration Ca2+ spikes (peak halfwidth ~9.44 ms) 

and long-lasting Ca2+ spikes (peak halfwidth ~46.24 ms). Within the long-lasting group, 

further heterogeneity was observed, with many cells exhibiting complex, multipeak spike 
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phenotypes, which were a mixture of slow and superimposed fast components 

characterized by repetitive activations at frequencies between 10–70 Hz (35.3 ± 1.3 Hz, 

n = 89; Fig. 15C and Div). 

While the Ca2+ spikes were evoked by Iinj at the soma, both short and long-duration 

events were accompanied by time-locked Ca2+ signals in distal apical dendrites located 

more than 300 μm from soma, with similar amplitudes across spike types (Fig. 15C). 

 

 

Figure 15. Characterization of compound Ca2+ spikes in CA3PCs using somatic Iinj and 

2P imaging. (A) 1-s-long step (left) and ramp (right) somatic Iinj protocols with variable 

amplitude to evoke compound Ca2+ spikes. (B) 2P collapsed Z-stack image of a CA3PC 

loaded with Alexa Fluor 594 and OGB-1. The green line indicates the position of the Ca2+ 

imaging. (C) Representative examples of compound Ca2+ spike types recorded from three 

distinct CA3PCs. Top panels: somatic voltage responses to subthreshold and two levels 

of suprathreshold Iinj. Middle panels: dV/dt traces showing the temporal dynamics of the 

corresponding Ca2+ spikes (color-matched with the top panel). Bottom panels: Ca2+ 

signals recorded distally from dendrites, aligned with the somatic voltage traces (D) (i, 

iii, iv) Examples showing stereotypical Ca2+ spikes, where repeated stimulations 

produced highly consistent waveforms. (ii) In some cases, short-duration Ca2+ spikes 
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displayed an additional secondary peak, with slight temporal variability across 

repetitions. (E) Distribution of the amplitude (left) and the halfwidth (right) of compound 

Ca2+ spikes (n = 317 cells). The inset shows the log10 (halfwidth) values that segregate to 

two distinct groups (Kis et al., 2024). 

 

We performed hierarchical clustering analysis based on the most distinctive spike 

parameters, including dV/dttotal, duration, and number of peaks (Fig. 16A). The analysis 

confirmed that the observed heterogeneity in Ca2+ spike waveforms could be well 

described by three clusters: a first division of the dendrogram produced short- and long-

lasting Ca2+ spike groups, and the latter group was further subdivided into simple and 

complex forms (Fig. 16B, n = 317 cells). Short Ca2+ spikes had on average steeper rise 

and decay compared to long-lasting Ca2+ spikes, while their amplitude and threshold were 

relatively similar (Fig. 16C).  

 

 

Figure 16. Properties, hierarchical cluster analysis and the distribution of kinetic 

parameters of Ca2+ spikes (A) Definition of compound Ca2+ spike parameters. Top: 
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example somatic voltage responses to Iinj. Bottom: the corresponding dV/dt belonging to 

the Ca2+ spike. Same scale bar applies for all Vm traces, whereas the Y scales of dV/dt 

traces are different. (B) Hierarchical clustering of Ca2+ spike types based on kinetic 

parameters. Top panel: individual data points representing 317 CA3PCs plotted along 

the three primary z-scored kinetic parameters. Bottom panel: dendrogram of the 

clustered dataset, revealing three distinct groups: short Ca2+ spikes (n = 152), simple 

long-lasting Ca2+ spikes (n = 76), and complex long-lasting Ca2+ spikes (n = 89). (C) 

Comparison of kinetic parameters across Ca2+ spike groups. Distribution plots highlight 

significant differences between short-duration spikes and long-lasting spikes across 

several parameters: maximum rise rate (dV/dtmax, P < 0.001), maximum decay rate 

(dV/dtmin, P < 0.001), amplitude (P < 0.001), halfwidth (P < 0.001), spike threshold (P = 

0.004), and number of peaks (P < 0.001) (Mann–Whitney test) (Kis et al., 2024). 

 

Ca2+ spikes, as shown in both our work (Raus Balind et al., 2019) and that of others 

(Grienberger et al., 2014; Wong and Prince, 1978), play a critical role in driving CSB 

firing at the soma. To directly determine the relationship between compound Ca2+ spikes 

and somatic firing pattern, we measured CSB rates and durations under control conditions 

in ACSF and subsequently in TTX to eliminate APs and isolate Ca2+ spikes. Cells 

expressing short-duration compound spikes displayed a low (or no) propensity for CSB 

generation and predominantly exhibited regular spiking behavior. When CSBs were 

observed in these cells (typically at higher Iinj levels), they were short in duration. In 

contrast, cells exhibiting long-duration compound Ca2+ spikes showed a higher CSB 

propensity, often producing long, plateau-like bursts (Fig. 17A and B).  

These results again demonstrated significant cell-to-cell heterogeneity in compound 

Ca2+ spike properties among CA3PCs, consistent with the previous observations. 

Importantly, our data altogether suggest that a subpopulation of CA3PCs expresses only 

short-duration Ca2+ spikes and therefore cannot sustain prolonged depolarization and 

CSBs, whereas cells with long-lasting spikes effectively drive somatic plateau potential.  
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Figure 17. Relationship between Ca2+ spike types and CSB properties. (A) Comparison 

of CSB rate between short (n = 62) and long-lasting Ca2+ spikes (n = 75), measured at 

600 pA (P = 0.002, Mann–Whitney test). Gray open circles represent individual cells, the 

box plot shows the interquartile range, the horizontal line indicates the median, the filled 

black circle denotes the mean and whiskers represent the 10th to 90th percentile. (B) 

Kinetic relationship between CSBs and underlying Ca2+ spike types. Left panel: example 

CSBs recorded in ACSF alongside their corresponding Ca2+ spikes observed in TTX 

(segments taken from 1-s-long Iinj steps). Middle panel: CSB duration was significantly 

longer in cells expressing long-lasting Ca2+ spikes (n = 52) compared to those with short 

Ca2+ spikes (n = 11, P < 0.001, Mann–Whitney test). Box plot follows the same 

conventions as in (A). Right panel: correlation between CSB duration and Ca2+ spike 

halfwidth across recorded cells (n = 63, Spearman R = 0.564, P < 0.001), indicating a 

positive relationship between spike kinetics and burst duration (Kis et al., 2024). 

 

4.3.2. Morpho-topographic mapping of compound Ca2+ spike heterogeneity 

As mentioned in the previous chapters, we observed correlations between 

topographic location and CSB propensity, as well as between dendritic morphology and 

dendritic Ca2+ spike properties in CA3PCs. We therefore also aimed to investigate 

comprehensively how compound Ca2+ spike phenotypes relate to these anatomical 

features. By mapping Ca2+ spike phenotypes onto the proximo-distal  and radial (taking 

primary dendrite length as a proxy) position of the cells (Fig. 18A and B) (Bilkey and 

Schwartzkroin, 1990; Fitch et al., 1989; Hunt et al., 2018; Ishizuka et al., 1995; Lee et al., 

2004; Masukawa et al., 1982; Sun et al., 2017; Yao et al., 2021), we discovered a non-

uniform distribution of spike types across the CA3 area (Fig. 18C). Cells with short-

duration Ca2+ spikes were mainly located in proximal CA3, whereas long-lasting spikes 

were enriched in distal CA3, particularly in deeper layers associated with longer primary 
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apical dendrites (Fig. 18C and D). In distal CA3, short spikes were mostly restricted to 

PCs with short primary trunks (Fig. 18C and D), often heavily decorated with TEs. These 

results are in line with our previously described distribution of RS and CSB cells (Raus 

Balind et al., 2019) as well as with our earlier finding that individual apical dendrites 

expressing fast dendritic Ca2+ spikes are more likely to be observed in cells with short 

trunk(s) (Magó et al., 2021).  

Next, we analyzed whether different Ca2+ spike types are also associated with distinct 

apical dendritic arborization patterns in the CA3 area. This analysis revealed that cells 

with short-duration spikes often possessed multiple primary apical trunks, while those 

with long-lasting spikes typically had one (Fig. 18E). To further explore the relationship 

between proximal apical dendritic structure and Ca2+ spike phenotype, we performed 

Sholl analysis at four distances from the soma (50, 100, 150, and 200 μm), which revealed 

that cells with long-duration spikes had simpler apical dendritic arbors, reflected in a 

lower number of intersections at all measured distances (Fig. 18F, G). These differences 

were more pronounced than those found in our earlier study investigating CSBs using 

Sholl analysis, where only subtler morphological differences were detected between 

CSBH and RS cells (Raus Balind et al., 2019): Sholl analysis highlighted some 

proximodistal differences but showed correlation only of primary dendrite length (but not 

with dendritic complexity) with CSB propensity (Fig. 6H). However, in that study we 

had much lower sample size, and we focused only on the CSB propensity (CSBH or RS) 

without considering the duration of the burst, whereas in the current study we categorized 

cells based on their compound Ca2+ spike properties. One possible explanation for the 

discrepancy can be the relationship between Ca2+ spike phenotype and CSB propensity. 

Cells with short-duration Ca2+ spikes mostly exhibit RS firing, but they can occasionally 

also fire CSBs; however, these CSBs are short in duration. In contrast, cells with a higher 

tendency to produce CSBs (especially long, plateau-like bursts) are more likely to exhibit 

long-lasting compound Ca2+ spikes. Thus, the characteristics of the compound Ca2+ spike 

better predict the anatomical and morphological properties of CA3PCs than CSB 

propensity.  
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Figure 18. Morpho-topographic correlates of Ca2+ spikes. (A) Measurement parameters 

for morphological and positional analysis. Top: proximodistal position was defined 

relative to the dentate gyrus (proximal) and CA2 (distal). Bottom: primary apical trunk 

length was measured from the soma to the first main bifurcation point. (B) Correlation 

between soma depth and primary trunk length across proximal (green, relative position 

≤0.3, n = 68) and distal (red, relative position 0.4–1, n = 94) CA3PCs. Deeper soma 

correlated with longer primary trunks (distal: Spearman R = 0.748, P < 0.001, proximal: 

Spearman R = 0.556, P < 0.001). (C) Distribution of Ca2+ spike clusters across the 

proximodistal axis and primary trunk length. Individual cells (n = 298) are represented 

as dots, color-coded by Ca2+ spike cluster: short (orange), simple long-lasting (deep 

blue), and complex long-lasting (light blue). (D) Comparison of primary dendrite length 

in distal CA3PCs. Primary dendrite length differed significantly between short and long-

lasting spike cells (Kruskal–Wallis test: P < 0.001), but not between simple and complex 

long-lasting clusters (P = 1). (E) Proportion of CA3PCs with one or multiple primary 

apical trunks analyzed separately for short-duration (n = 148), simple long-lasting (n = 

70), and complex long-lasting (n = 80) spike clusters. (F) Sholl analysis of apical 

dendrites (n = 211 cells). Statistical analysis revealed significant effects of distance from 
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soma, spike cluster type, and their interaction (P < 0.001 for all, Mixed ANOVA). Post 

hoc Tukey’s tests showed significant differences between short vs. simple long-lasting (P 

< 0.001) and short vs. complex long-lasting clusters (P < 0.001) at 100, 150, and 200 

μm, but no differences between the two long-lasting clusters (P > 0.890) at any distance. 

(G) Apical dendritic intersections at 150 μm were plotted against proximodistal position, 

color-coded by Ca2+ spike cluster identity (n = 211, colors as in (C)) (Kis et al., 2024). 

 

In our large dataset of hundreds of recorded and 2P-imaged CA3PCs throughout the 

research project, we consistently observed TEs – albeit in varying densities – on the 

proximal dendrites. Despite our best effort, we did not find cells that completely lacked 

TEs (athorny cells’, Hunt et al. 2018); TE-like structures (even if only one or a few) were 

always present even in deep distal CA3PCs. Nevertheless, because 2P imaging has 

relatively lower resolution compared to other fluorescent cellular imaging techniques, we 

aimed to confirm this conclusion by examining a subset of CA3PCs (after 2P microscopy) 

using stimulated emission depletion (STED) super-resolution imaging to visualize 

proximal dendrites in str. lucidum. Our primary focus was on deep distal CA3PCs, as this 

subpopulation was most likely to correspond to the previously described bursting cells. 

Using these advanced imaging techniques, we observed that every CA3PC, recorded and 

STED-imaged in a subset of experiments (n = 10 cells), displayed well-defined TEs, 

including those in deep distal regions (Fig. 19A and C-H). While the density and spatial 

distribution of TEs appeared somewhat reduced in distal CA3 compared to proximal 

regions (Fig. 19B and I–K), TEs were consistently present. This finding strongly 

indicates that CA3PCs in adult rats, regardless of their proximodistal or radial location, 

receive innervation from MFs.  
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Figure 19. 2P, confocal and STED images of proximal apical dendrites of CA3PCs 

with diverse TE coverage and Ca2+ spike phenotypes. (A)  Example distal CA3PCs 

expressing short, and long Ca2+ spikes. Scale bars: 10 μm. (B) Proximal CA3PCs with 

both short and long-duration Ca2+ spikes show dense TE clustering along their primary 

apical trunks and, in some cases, extending onto basal dendrites. Scale bars: 10 μm. (C) 

2P z-stack of a long-shafted deep distal CA3PCs filled with Alexa Fluor 594 and biocytin. 

(D) Confocal maximum intensity projection images of the cell in C. White box indicates 

the location of the enlarged apical dendritic area. Note the TEs along the trunk. (E) Boxed 

areas (i, ii) are shown at higher magnification with STED microscopy. (F–H) Same as 

C–E for another long-shafted deep distal CA3PCs filled with Alexa Fluor 594 and 

biocytin. (I) 2P z-stack of a short-shafted proximal CA3PCs filled with Alexa Fluor 594 

and biocytin. (J) Confocal image of the apical trunk of the cell in I. Note the clusters of 

TEs on the primary and secondary apical trunks. (K) STED microscopy image sections 
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of TE clusters of the cell in I and J (i, ii) (Kis et al., 2024). Confocal and STED images 

were made by Judit Herédi. 

 

4.3.3. Ion channels underlying diverse Ca2+ spike forms 

What are the biophysical mechanisms driving the kinetic diversity of dendritic Ca2+ 

spikes? While passive properties arising from different morphologies might contribute, 

we hypothesized that the observed variability is more likely attributed to differences in 

the VGCCs and K+ channels responsible for generating and modulating Ca2+ spikes. 

Using the high-throughput somatic recording approach, we next explored the ion channels 

contributing to short- and long-duration compound Ca2+ spikes. 

One possibility we considered was that distinct types of VGCCs might differentially 

shape the kinetics and duration of Ca2+ sikes. VGCCs have many subtypes (T, L, R, N, 

and P/Q) and exhibit unique activation and inactivation kinetics (Avery and Johnston, 

1996; Fisher et al., 1990; Johnston et al., 1980; Mogul and Fox, 1991; Tanabe et al., 

1998). To determine whether specific VGCC subtypes contribute differently to short- and 

long-lasting Ca2+ spikes, we systematically applied specific pharmacological blockers 

and analyzed their effects on Ca2+ spike amplitude and rate of rise (dV/dtmax). We found 

that the T-type channel inhibitor TTA-P2 (10 μM) (along with other T-type blockers), 

caused only a slight reduction in long-lasting Ca2+ spikes. Similarly, the R-type channel 

inhibitor SNX-482 (0.5 μM) marginally affected long-duration spikes, while the N/P/Q-

type channel inhibitor ω-CTX MVIIC (CTX, 1 μM) slightly suppressed short Ca2+ spikes. 

However, none of these blockers produced robust effects (Fig. 20A, B). The efficacy of 

these blockers at the applied concentrations was verified in independent control 

experiments (data not shown). 

In contrast to the above VGCC inhibitors, blocking L-type VGCCs with nimodipine 

(20 μM) or nifedipine (10 μM) consistently abolished or strongly reduced the amplitude 

and dV/dtmax of both short- and long-lasting Ca2+ spikes (Fig. 20A, B). This finding 

suggests that L-type VGCCs are the dominant contributors to dendritic Ca2+ spikes in 

CA3PCs, irrespective of their kinetic properties. Therefore, the heterogeneity in Ca2+ 

spikes cannot be explained by different contributions from distinct VGCC subtypes. 

Since VGCCs could not explain the observed variability in Ca2+ spike kinetics, we 

turned our attention to K+ channels. Specifically, we hypothesized that K+ conductances 
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might actively regulate the duration of short Ca2+ spikes by accelerating their 

repolarization and preventing the emergence of prolonged event. We began by testing 

blockers for several prominent candidate K+ channel types, including Ca2+-activated K+ 

channels (combination of 0.1 μM IbTx and 0.1 μM apamin), Kv1-containing channels 

(0.1 μM DTX), and Kv2-containing channels (0.1 μM GxTX). While these treatments 

modulated spike amplitude and dV/dt, they failed to significantly prolong the halfwidth 

of short Ca²⁺ spikes, suggesting that these channel types are not primarily responsible for 

regulating spike duration (Fig. 20D). However, two VGKC types emerged as key 

regulators of Ca2+ spike duration. First, inhibition of the A-type K+ current (mediated by  

 

 

Figure 20. Ion channel contributions to diverse Ca2+ spike forms in CA3PCs. (A) 

Example recordings of short (left) and long-lasting (right) Ca2+ spikes in the presence of 

TTX. Voltage responses are shown before (black, control) and 10–20 minutes after (red) 

bath application of the L-type VGCC inhibitors: nimodipine (top) and nifedipine 
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(bottom). (B) Summary of various VGCC inhibitors effect on Ca2+ spike amplitude (top) 

and dV/dtmax (bottom) in short (orange) and long (blue) Ca2+ spikes. Thin lines are 

individual experiments, connected symbols show the mean ± SEM. Complete spike 

elimination is represented by a value of 0. Tested inhibitors: TTA-P2: n = 6 short, n = 6 

long; SNX-482: n = 5 short, n = 8 long; CTX: n = 5 short, n = 6 long; nimodipine: n = 

12 short, n = 19 long; nifedipine: n = 5 short, n = 8 long. (C) Representative traces of 

short (left) and long (middle) Ca2+ spikes in TTX, recorded before (black) and after (red) 

bath application of A-type VGKC inhibitor AmmTx3 (top) and M-type VGKC inhibitor 

XE991 (bottom). Right panel: example showing the effect of combined A-type and M-type 

VGKC inhibition in a cell initially expressing a short Ca2+ spike. (D) Summary of the 

changes in spike amplitude (top) and halfwidth (bottom) in short (orange) and long-

lasting (blue) Ca2+ spikes after applying various VGKC inhibitors. The following 

inhibitors were tested: combined IbTx and apamin: n = 6 short, n = 4 long; DTX: n = 4 

short; GxTx: n = 8 short, n = 5 long; AmmTx3: n = 7 short, n = 5 long; XE991: n = 11 

short, n = 6 long; combined AmmTx3 and XE991: n = 8 short.  

*p<0.05, **p<0.01, ***p<0.001, Wilcoxon test (Kis et al., 2024). 

 

Kv4 channels) using AmmTx3 (1–2 μM) (Zoukimian et al., 2019) resulted in an increase 

in the halfwidth of short spikes. This suggests that A-type K+ currents rapidly repolarize 

dendritic Ca2+ spikes, effectively limiting their duration. Second, blocking the M-type K+ 

current (mediated by Kv7 channels) with XE991 (10 μM) amplified the slow spike 

component and prolonged all Ca2+ spike forms. In many cases, this blockade also induced 

repetitive short spike components. When both A-type and M-type K+ currents were 

simultaneously inhibited, the effects were even more pronounced: short-duration spikes 

shifted toward a complex, long-lasting phenotype, resembling the kinetic behavior of the 

longest compound Ca2+ spikes observed under baseline conditions (Fig. 20C, D). These 

results indicate that A-type and M-type K+ channels play a critical role in determining 

Ca2+ spike kinetics. 

 

4.3.4. Cholinergic regulation of Ca2+ spike kinetics 

 ACh, released by axons originating from the medial septum/diagonal band of Broca, 

is a key modulator of hippocampal circuits and plays an important role in learning and 
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memory processes through diverse intrinsic, synaptic, and network-level effects 

(Hasselmo, 2006; Solari and Hangya, 2018). Among its many molecular targets (Cobb 

and Davies, 2005; Dannenberg et al., 2017; Prince et al., 2016), ACh is known to 

modulate the activity of voltage-gated ion channels, including VGCCs (Fisher and 

Johnston, 1990; Gähwiler and Brown, 1987; Tai et al., 2006; Williams and Fletcher, 

2019) and A-type and M-type VGKCs (Gähwiler and Brown, 1987; Nakajima et al., 

1986), as well as facilitate burst firing (Macvicar et al., 1989). These effects suggest that 

cholinergic signaling could regulate CSB firing via modulation of dendritic Ca2+ spike 

properties. 

To test this hypothesis, we investigated the impact of cholinergic receptor activation 

on dendritic Ca2+ spikes using the non-hydrolysable cholinergic agonist carbachol (CCh, 

2 μM) in the presence of TTX to isolate Ca2+ spikes. Remarkably, carbachol transformed 

short Ca2+ spikes into long-lasting forms, reflected in an approximate five-fold increase 

in spike halfwidth, along with a reduction in amplitude and dV/dtmax (Fig. 21A). In 

contrast, combined blockade of nicotinic and muscarinic ACh receptors with 

hexamethonium (100 μM) and ipratropium bromide (10 μM) failed to shorten the long-

lasting Ca2+ spikes (Fig. 21B). This observation suggests that the baseline heterogeneity 

of Ca2+ spike kinetics in CA3PCs cannot be explained by variable levels of cholinergic 

tone in the acute slice.  

To further investigate the functional consequences of cholinergic modulation, we 

examined the effect of carbachol (2 µM in the bath) on somatic firing patterns in the 

absence of TTX. Consistent with its effects on dendritic Ca2+spikes, carbachol facilitated 

CSB firing in response to both somatic Iinj and synaptic stimulation via 2PGU on clustered 

spines located on apical dendrites (Fig. 21C-F). To avoid activation of confounding 

NMDA spikes, these experiments were performed in the continuous presence of an 

NMDAR blocker in the bath (D-AP5, 50 µM). 

The CSBs triggered by carbachol were eliminated by the L-type VGCC inhibitor 

nifedipine (10 μM), confirming that L-type VGCCs mediate the observed cholinergic 

effects on Ca2+ spike kinetics and CSB firing (Fig. 21G). 
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Figure 21. Cholinergic modulation of Ca2+ spike kinetics and CSBs. (A) Representative 

Ca2+ spikes in TTX, before (black) and after bath application of 2 µM CCh (red). Right 

panels: summary of CCh’s effect on short (orange, n = 9) and long-lasting (blue, n = 6) 

spikes (*P < 0.05, **P < 0.01, Wilcoxon test). (B) Left: example long Ca2+ spike in TTX 

(black) and after the application of 100 µM hexamethonium- and 10 µM ipratropium 

bromide (purple). Right: summary effect on long Ca2+ spike properties. (C) Example 

recording in ACSF, showing somatic firing patterns (top) and distal dendritic Ca2+ 

signals (bottom) before (left) and after (right) CCh application. (D) CCh effect on CSB 

threshold (left) and occurrence (right) (P < 0.01, Wilcoxon test). Lines connect data from 

the same cells. Filled symbols indicate CSB generation, open symbols indicate failure to 

evoke CSB at up to 1.2 nA Iinj. Right: proportion of CA3PCs (n = 10) generating CSBs in 

control (gray) and in CCh (red). (E) Effect of CCh on firing pattern, evoked by synaptic 

stimulation. Left: schematic of 2PGU experiment. Middle: single frame scan indicating 

the stimulated 20 synapses (yellow dots). Right: example suprathreshold voltage traces 

to 2PGU (20 spines stimulated quasi-synchronously 5x@40 Hz) under control conditions 

(black) and in the presence of CCh (red). (F) CCh effect on CSB rate (left) and duration 

(right) in response to 2PGU stimulation (n=9 cells). White dots: no CSB; grey dots: CSB 

in control; red dots: CSB in CCh (*p<0.05, Wilcoxon test). (G) CSB duration with CCh 
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and CCh + nifedipine (n=7 cells). White dots: no CSB; colored dots: CSB. Filled black 

circles and error bars represent mean ± SEM (Kis et al., 2024). 

 

Finally, to determine whether endogenous acetylcholine release could induce similar 

effects, we employed optogenetic stimulation of cholinergic axons in a transgenic mouse 

line (ChAT-Cre/Ai32) expressing ChR2-eYFP under the choline acetyltransferase 

(ChAT) promoter.  

Since all of our previous work was conducted in slices from rats, we first compared 

Ca2+ spike properties and CSBs in wild-type mice (FVB/AntJ) to that in rats. We found 

that CA3PCs showed qualitatively similar (although less pronounced) heterogeneity in 

Ca2+ spike kinetics to rat CA3PCs (Fig. 22A-C), with both short- and long-duration Ca2+ 

spikes.  

 

 

Figure 22. Different types of Ca2+ spikes in mice. (A) Example short and long-lasting 

Ca2+ spike evoked by Iinj in two CA3PCs from wild type FVB/AntJ mice. (B) Distribution 

of various Ca2+ spike parameters (color-coded based on the parameters indicated on top) 

depending on proximodistal position and apical trunk length of mouse CA3PCs. (C) 

Histogram of the log10(halfwidth) values (Kis et al., 2024). 

 

Examining the distribution of cholinergic axons in the ChAT-Cre/Ai32 mouse line 

(enhanced with immunostaining), we observed robust eYFP+ axonal innervation around 

the perisomatic region of CA3PCs (Fig. 23A), consistent with earlier reports (Aznavour 

et al., 2002; Grybko et al., 2011; Hunt et al., 2018). Using phasic photostimulation of 

cholinergic fibers (similar to Hunt et al., 2018) for 8 seconds before, and during somatic 

Iinj, we observed a significant increase in CSB rate and duration, along with an elevated 

steady-state AP frequency at comparable membrane potentials (Fig. 23B and C). 
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Figure 23. Optogenetic activation of cholinergic fibers in CA3PCs. (A) Top: widefield 

fluorescent image showing ChR2-eYFP expression in the CA3 region of ChAT-Cre/Ai32 

mice. Bottom: 2P Z-stack of a patched CA3PC loaded with Alexa Fluor 594 (red) 

surrounded by eYFP-ChR2-positive cholinergic axons (green). (B) Top left: experimental 

protocol combining photostimulation with somatic Iinj. Bottom: representative voltage 

responses of a CA3PC to somatic Iinj alone (black) and with light stimulation (blue) of 

ChR2-expressing axons. Right: overlayed traces highlight the increase in CSB duration 

with photostimulation. (C) Summary of the effects of stimulation on CSB duration (left, n 

= 7 cells with CSBs, *P < 0.05, Wilcoxon test), CSB rate (middle, n = 11, *P < 0.05, 

Wilcoxon test) and AP frequency during steady-state firing at 400–600 ms of the 

depolarization step (right, n = 10, **P < 0.01, Wilcoxon test) (Kis et al., 2024). 

 

These findings highlight that cholinergic activity regulates CSB rate and duration in 

CA3PCs by modulating Ca2+ spike kinetics. The transformation of short Ca2+ spikes into 

prolonged plateau-like events suggests a state-dependent mechanism for switching 

CA3PCs from a regular spiking mode to one characterized by sustained plateau potentials 

and CSBs. This mechanism may promote synaptic plasticity and rapid memory encoding, 

particularly in CA3PCs predisposed to short Ca2+ spikes under baseline conditions.  
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5. DISCUSSION  

Understanding the mechanisms of dendritic integration and synaptic processing in 

hippocampal CA3PCs is crucial for elucidating their role in memory encoding and 

retrieval. Previous studies have provided some evidence for complex dendritic 

computations in CA3PCs, including the generation of dendritic Ca2+ spikes. However, 

the properties of these spikes and in general the diversity in dendritic integration 

mechanisms across different CA3PC subtypes remained poorly understood. 

This thesis focused on investigating the mechanisms of dendritic Ca2+ spike and CSB 

generation in CA3PCs, the morphological and functional heterogeneity across the CA3 

subregions, and the modulatory effects of cholinergic signaling. Using a combination of 

somatic, dendritic and dual soma-dendritic patch-clamp recordings, along with 2P Ca2+ 

imaging, we examined CSBs and Ca2+ spikes.  

Our findings reveal diversity in dendritic spike mechanisms across CA3PC subtypes, 

with differential propensities for CSB generation and distinct ion channel contributions 

shaping these properties. These results suggest that CA3PCs contribute to hippocampal 

computations in a more complex and heterogeneous manner than previously assumed, 

with implications for learning, plasticity, and network dynamics. 

5.1. CSB heterogeneity in the CA3 

Previous studies in CA1 and L5 PCs have shown that certain spatiotemporal synaptic 

input patterns trigger dendritic Ca2+ spikes that can potentially contribute to associative 

cellular learning mechanisms (Bittner et al., 2015; Larkum et al., 2009; Stuart and 

Spruston, 2015; Takahashi and Magee, 2009). These findings demonstrate that Ca2+ 

spikes, together with NMDARs, generate dendritic plateau potentials, sustaining slow 

afterdepolarization at the soma, producing CSBs. The most effective excitatory synaptic 

input pattern for CSB induction in CA1 and L5 PCs involves the convergence of proximal 

and strong distal apical inputs, integrating local and long-range afferent activity (Bittner 

et al., 2015; Larkum, 2013). On the other hand, somatic depolarization alone is typically 

not effective to trigger CSBs. In CA3PCs, we examined whether CSB generation follows 

the same scheme and identified both similarities and differences. Like CA1, dendritic 

(primarily Ca2+) spikes drive CSBs in CA3PCs. However, we found that CSB propensity 

varies among the CA3PC population, including CSBH, CSBL, and RS cells. CSB 

propensity varied along the proximodistal CA3 axis, with distal CA3PCs exhibiting 
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higher CSB rates, consistent with previous findings on CA3 burst firing (Hunt et al., 2018; 

Marissal et al., 2012; Masukawa et al., 1982; Oliva et al., 2016). Additionally, radial 

position played a role, as deep-layer distal CA3PCs exhibited the highest CSB propensity. 

Interestingly, this topographic pattern is consistent with developmental findings showing 

that hippocampal PCs are generated in an inside-out pattern, whereby early-born neurons 

settle in deeper layers and later-born cells migrate past them to occupy more superficial 

positions (Li et al., 2009; Soltesz and Losonczy, 2018). In the CA3 region, early-born 

cells preferentially localize to deep CA3a-b and tend to fire in bursts (Marissal et al., 

2012). Thus, the embryonic birthdate and resulting radial positioning may contribute to 

the functional heterogeneity of CA3PCs.  

5.2. Different types of dendritic Ca2+ spikes 

Using dual soma-dendritic and single-site dendritic patch-clamp recordings in 

CA3PCs, we identified two distinct forms of Ca2+ spikes – ADP-type spikes and DI spikes 

– that differentially influence neuronal firing patterns. ADP-type spikes, which resemble 

previously described global Ca2+ spikes in other PCs, were longer lasting in CA3PCs (on 

average approximately threefold) than in CA1PCs and typically promoted somatic burst 

firing. These slow Ca2+ spikes appear globally throughout the apical (or even the whole) 

dendritic arbor, and they are most prevalent in CA3PCs with relatively long single 

primary trunks, consistent with the higher CSB propensity of deep distal CA3PCs. 

Although their precise origin remains uncertain, whether they are evoked as a ‘global’ 

dendritic spike (Connelly et al., 2015) or they have a specific generation zone from where 

they invade the arbor. The results suggest that the long primary apical trunk may act as a 

specialized generation site for slow Ca2+ spikes, but it is also possible that this dendritic 

trait simply correlates with other features (possibly including passive and/or active ion 

channel-mediated dendritic properties) that promote slow spike generation. 

 In contrast, DI spikes were much faster, spatially restricted, and triggered strictly 

a single APs followed by pronounced AHP, effectively preventing burst firing. This 

suggests that certain CA3PCs do not merely lack burst-promoting mechanisms but 

actively generate DI spikes to enforce a regular spiking phenotype. From another 

perspective, DI spikes may amplify specific local apical synaptic inputs in the absence of 

strong perisomatic activity (i.e., without bAPs) to promote neuronal output. 
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Another interesting feature of DI spikes is their semi-compartmentalization: they 

propagate efficiently within higher-order dendritic trunks but fail to propagate to other 

dendritic subtrees. This suggests that dendritic subtrees function as independent 

computational units for synaptic integration and plasticity. This reflects a ‘mesoscale’ 

level of compartmentalization that is between global and local branch specific dendritic 

spikes. DI spikes may promote localized synaptic or intrinsic (Losonczy et al., 2008) 

plasticity within a dendritic subtree, as the resulting single APs are unlikely to affect 

distant branches.  

Interestingly, a subset of CA3PCs exhibited both slow and fast Ca2+ spikes, further 

increasing the complexity of their input-output transformations. The relative contribution 

of each spike type likely depends on the spatiotemporal pattern of activity of the three 

different sources of afferent synaptic inputs (MF, RC, and EC). 

The DI spikes observed in rat CA3PCs resemble the dendritic Ca2+ spikes (called 

dCaAPs) recently reported in layer 2/3 PCs of the human neocortex, studied in tissue from 

epilepsy or tumor patients (Gidon et al., 2020). Although there were minor differences in 

amplitude, both the kinetics and the inverse relationship between spike amplitude and 

membrane depolarization were similar. Our findings contradict the idea that DI spikes 

would have developed specifically to support computational functions in the human 

cortex. Instead, DI spikes may participate in basic circuit computation motifs common to 

both hippocampal CA3 and superficial cortical PCs, for example, related to their 

intermediate position in a sequential chain of input processing (Shepherd, 2011). Their 

presence in healthy rat PCs also suggests a physiological role, rather than one associated 

with disease or treatment effects. 

Our findings demonstrate unique diversity of dendritic computation in CA3PCs and 

suggest that distinct subpopulations of PCs may be specialized for different information 

processing functions. Future research should explore how different spike types 

summarize at the soma and contribute to network computations such as pattern separation 

and pattern completion during spatial navigation and memory processing. 

5.3. Compound Ca2+ spikes 

Evoking compound Ca2+ spikes by widespread somatic depolarization revealed that 

many CA3PCs exhibit combination of slow and fast Ca2+ spike components suggesting 

possible dendritic heterogeneity. However, a large subset of cells showed short, uniform 
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compound Ca2+ spikes (~10 ms), suggesting largely homogeneous fast Ca2+ spikes 

expressed in their dendrites. This diversity may stem from differences in ion channel 

expression and interaction dynamics.  

The electrophysiological phenotype strongly correlated with morpho-topographic 

features: CA3PCs with short Ca2+ spikes are mostly located in proximal CA3 and 

superficial layers of distal CA3. These cells tended to have shorter and often multiple 

primary apical trunks, extensive dendritic arborization, and dense TEs. Under baseline 

conditions, these CA3PCs typically have low propensity to fire CSBs and when they do, 

the CSBs are brief, consistent with their short-duration Ca2+ spikes. 

Pharmacological experiments indicated that L-type VGCCs play a dominant role in 

generating both short- and long Ca2+ spikes, aligning with their relatively high voltage 

threshold and the low expression of Cav2.3 (mediating R-type VGCCs) in CA3PCs (Parajuli 

et al., 2012). N-type Ca2+ channels had a minor role, as their blocker moderately reduced 

short Ca2+ spikes. It is still possible that distinct Cav1 subunits or their cell subtype-

dependent regulation contributes to the varieties of Ca2+ spikes (Zhou et al., 2004). Our 

data suggests that differences in KA and KM currents (mediated by members of Kv4 and 

Kv7 channel families, respectively) are primarily responsible for the differences between 

the two main Ca2+ spike forms. This aligns with expression patterns of Kv7.5 channel 

subunit in CA3PCs (Tzingounis et al., 2010), particularly in superficial cell layers 

(Thompson et al., 2008), and of Kv4.2 and Kv4.3 that are expressed in moderate to high 

densities in CA3PC dendrites (Rhodes et al., 2004).  

5.4. Cholinergic regulation of Ca2+ spikes and CSBs 

We found that cholinergic activation prolongs short compound Ca2+ 

spikes converting them into long-lasting forms, promoting sustained CSB firing that may 

effectively induce synaptic plasticity (Li et al., 2024; Takahashi and Magee, 2009), 

suggesting a state-dependent dendritic mechanism for memory encoding and retrieval. 

ACh is released on a second-scale during exploration and salient experiences (Lovett-

Barron et al., 2014; Zhang et al., 2021), which are typically associated with learning. 

Elevated ACh induces cellular, synaptic, and network changes in CA3 and it is thought 

to facilitate encoding of novel information over retrieval of previously stored patterns 

(Hasselmo, 2006). In CA1PCs ACh enhances dendritic excitability and Ca2+ signaling 

(Egorov and Müller, 1999; Tsubokawa and Ross, 1997) and facilitates Ca2+ spikes by 



65 

 

modulating K+ conductances and R-type VGCCs (Benardo and Prince, 1982; Park and 

Spruston, 2012; Tai et al., 2006). Similar effects are seen in cortical L5PCs (Nuñez et al., 

2012; Williams and Fletcher, 2019). While our results show that cholinergic agonists also 

increase bursting in CA3PCs, R-type channels are only weakly expressed in these neurons 

(Parajuli et al., 2012) and do not significantly contribute to dendritic Ca2+ spikes, 

suggesting that different mechanisms underlie cholinergic modulation in CA3. 

5.5. Morpho-functional heterogeneity of CA3PCs 

Together with previous findings, our results support a model where CA3PCs form a 

morpho-functionally diverse population with distinct topographic locations, 

morphologies, firing properties, and state-dependent regulation (Cembrowski and 

Spruston, 2019; Hunt et al., 2018; Lee et al., 2020). It is still unclear whether these 

differences represent a gradual spectrum or truly distinct subpopulations, and if the latter, 

how many groups exist. Hunt et al. (Hunt et al., 2018; Linaro et al., 2022) identified two 

groups: thorny and athorny PCs in juvenile rodents (mice and rats), distinguished by their 

TEs, morphology, transcriptomics and firing profiles. In contrast, all CA3PCs recorded 

in our adult rat dataset exhibited TEs, though at varying densities, associated with 

different primary dendritic morphologies, similar to previous studies in adult rats (Juraska 

et al., 1989). This discrepancy may reflect developmental changes, as TEs and dendritic 

structures undergo significant maturation and refinement with age. It is possible that 

athorny cells represent a transient developmental stage in younger animals that later 

develop into thorny PCs as they integrate into the CA3 network. Alternatively, some of 

the differences could also be attributed to species-specific factors (mice vs. rats) or 

variations in experimental conditions. Notably, while cholinergic stimulation suppressed 

bursting in athorny cells (Hunt et al., 2018) , we consistently observed a facilitation of 

CSBs under similar conditions. 

Our findings support the existence of two main morpho-functional CA3PC subtypes, 

which may represent ends of a functional continuum and serve distinct computational 

roles. One subtype, primarily located in proximal CA3 and superficial distal CA3, shows 

low CSB propensity and brief Ca2+ spikes under baseline conditions. High ACh levels 

enable these neurons to generate long Ca²⁺ plateaus and CSBs, likely crucial for rapid 

synaptic plasticity and encoding of novel information. These cells receive strong MF 

input, consistent with the role of proximal CA3 in cooperation with the DG to form new 
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representations (Almeida et al., 2007; Hunsaker et al., 2008; Lee et al., 2015; Lu et al., 

2015). ACh may enhance dendritic excitability to promote plateau generation and 

plasticity at stratum radiatum synapses, while suppressing recurrent inputs to reduce 

interference during memory encoding (Hasselmo, 2006). Notably, these CA3c neurons 

have also been implicated in pattern separation, likely through their tight interaction with 

the DG (GoodSmith et al., 2019; Lee et al., 2015). The second subtype, located deeper in 

distal CA3, appears more heterogeneous, receives less MF input, and generates longer 

Ca2+ spikes and CSBs even under low ACh condition. Many of these cells exhibit both 

fast and slow spike components, complicating predictions about their role in input–output 

transformation. These CA3a-b neurons may be particularly involved in pattern 

completion and SWR generation (Csicsvari et al., 2000; Lee et al., 2015; Lu et al., 2015; 

Oliva et al., 2016). It remains to be determined whether different inputs selectively trigger 

different spike types, and how short vs. long Ca2+ spikes support plasticity with or without 

cholinergic modulation. We propose that this variability allows dynamic switching 

between encoding and retrieval modes depending on the spike type. 

While our slice experiments mimic elevated cholinergic tone, in vivo studies are 

needed to fully understand how natural ACh release shapes CA3PC activity. Overall, our 

study highlights the cellular diversity in CA3 and reveals distinct forms of Ca2+ spikes 

and their modulation by cholinergic activation.  
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6. CONCLUSIONS 

This dissertation investigated the mechanisms underlying dendritic Ca2+ spikes and 

CSBs in CA3PCs, addressing key questions about their structural, functional, and 

neuromodulatory properties. The results demonstrate that: 

1. CA3PCs exhibit a significantly higher CSB propensity compared to CA1PCs, with 

heterogeneity among individual cells, which can be categorized into CSBH, CSBL, 

and RS subtypes. This variability reflects diverse intrinsic properties and may be 

crucial for playing specific roles in recurrent network computations. 

2. Two distinct forms of Ca2+ spikes were characterized in individual higher-order 

dendrites of CA3PCs: ADP and DI spikes. ADP spikes are slow, triggered by bAPs 

and promote somatic burst firing, whereas DI spikes are fast, arise independently 

of bAPs and generate only single APs.  

3. Compound Ca2+ spikes measured at the soma exhibited large cell-to-cell variability 

and could be classified into short and long-duration forms. Long Ca2+ spikes could 

be further divided into simple and complex subtypes. The kinetics of Ca2+ spikes 

were closely linked to the bursting properties of CA3PCs: most cells with short Ca2+ 

spikes were RS or produced only brief CSBs, whereas long-duration Ca2+ spikes 

were associated with higher CSB propensity and sustained plateau potentials. The 

heterogeneity in compound Ca2+ spikes was related to proximodistal and radial 

positions as well as dendritic morphology. Ion channel mechanisms were found to 

play a central role in regulating these processes. Ca2+ spikes are mediated mainly 

by L-type Ca2+ channels and modulated by A- and M-type K+ channels. 

4. Cholinergic neuromodulation emerged as a critical regulator of dendritic and 

somatic activity. Pharmacologically or optogenetically enhanced cholinergic 

activity increased the duration of Ca²⁺ spikes converting short-duration events into 

prolonged plateau potentials, and thereby facilitated firing of prolonged CSBs.  

 

These findings highlight the remarkable diversity and adaptability of CA3PCs, which 

enable them to perform complex computations necessary for memory encoding, retrieval, 

and pattern separation in the hippocampus. By elucidating the cellular and molecular 

mechanisms underlying these processes, this work provides a deeper understanding of the 

CA3 region’s critical role in hippocampal function.  
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7. SUMMARY  

Hippocampal CA3PCs play a crucial role in memory encoding and retrieval. These 

neurons are known to exhibit prominent CSB firing activity, which has been proposed to 

serve as an important signal for robust intercellular communication and synaptic 

plasticity. However, the mechanisms underlying CSB generation in CA3PCs remain 

poorly understood.  

To explore the generation mechanisms of CSBs and the properties of Ca2+ spikes, we 

performed somatic and dendritic patch-clamp recordings combined with two-photon Ca2+ 

imaging in acute hippocampal slices from male rats and mice. These techniques enabled 

detailed characterization of dendritic Ca2+ spikes and their influence on neuronal output. 

Pharmacological manipulations were used to dissect the roles of different subtypes of 

Ca2+ and K+ channels in regulating Ca2+ spike generation. Additionally, pharmacological 

and optogenetic stimulation of cholinergic activity was employed to investigate 

neuromodulatory control over CSB activity. 

Our findings reveal that CSBs in CA3PCs are driven by dendritic Ca2+ spikes, which 

exhibit remarkable heterogeneity across cells influenced by their topographic position 

and dendritic morphology. All spike forms were dominantly mediated by L-type Ca2+ 

channels. With dendritic recordings, we identified two distinct types of dendritic Ca2+ 

spikes in CA3PCs: ADP-type global Ca2+ spikes promoting CSB firing and a novel, fast 

Ca2+ spike type that is initiated independently of bAPs and drives single APs. At the soma, 

compound Ca2+ spikes varied in duration, with long-lasting Ca2+ spikes (~50 ms) 

supporting plateau potentials and short spikes (few ms long) failing to sustain prolonged 

depolarization. We revealed that the time course of short spikes is restricted by A- and 

M- type K+ channels. Cholinergic activation via carbachol and optogenetic stimulation 

transformed short Ca2+ spikes into prolonged forms and enhanced CSB firing, indicating 

strong neuromodulatory control over dendritic excitability. 

These results uncover the diversity in dendritic Ca2+ spike dynamics among CA3PCs. 

The ability of cholinergic inputs to modulate Ca2+ spike kinetics and CSB generation 

suggests a state-dependent mechanism for memory encoding and retrieval within the CA3 

network. These findings provide new insights into how CA3 network dynamics support 

associative learning and may inform future research on therapeutic strategies for memory-

related disorders.  
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