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Abstract

The hippocampus is composed of various subregions: CA1, CA2, CA3, and the dentate gyrus 

(DG). Despite the abundant hippocampal research literature, until recently, CA2 received little 

attention. The development of new genetic and physiological tools allowed recent studies 

characterizing the unique properties and functional roles of this hippocampal subregion. Despite 

its small size, the cellular content of CA2 is heterogeneous at the molecular and physiological 

levels. CA2 has been heavily implicated in social behaviors, including social memory. More 

generally, the mechanisms by which the hippocampus is involved in memory include the 

reactivation of neuronal ensembles following experience. This process is coordinated by 

synchronous network events known as sharp-wave ripples (SWRs). Recent evidence suggests 

that CA2 plays an important role in the generation of SWRs. The unique connectivity and 

physiological properties of CA2 pyramidal cells make this region a computational hub at the core 

of hippocampal information processing. Here, we review recent findings that support the role of 

CA2 in coordinating hippocampal network dynamics from a systems neuroscience perspective.

Introduction

The basic anatomical organization of the hippocampal formation has been known since 

the seminal studies of Santiago Ramon y Cajal (Cajal, 1911). The hippocampus has been 

traditionally conceived as having mainly a feedforward network architecture. Cortical inputs, 

funneled through the entorhinal cortices, arrive to the dentate gyrus (DG) and from there 

propagate sequentially through the different subregions of the Cornu Ammonis (CA) to 

be finally broadcasted to multiple cortical and subcortical brain structures. Rafael Lorente 

de No continued Cajal’s studies describing the morphological variations of hippocampal 

pyramidal cells along the transverse axis of the CA. Based on morphological and 

connectivity differences, he divided the hippocampal field into three subregions: CA1, 

CA2, and CA3 (Lorente De Nó, 1934). Modern anatomical studies have shown that 

the hippocampal organization is more complex than a feedforward trisynaptic circuit, 

highlighting the relevance of numerous feedback loops, local connectivity motifs, and 

innervation to/from multiple brain areas (Amaral & Witter, 1989; Middleton & McHugh, 

2020). Most hippocampal studies had focused on the CA1, CA3, or DG areas; few 

considered the CA2 region, which was typically regarded as a mere transition zone between 
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CA3 and CA1. This neglection was in part due to the small size of CA2, which difficulted 

physiological recordings, and in part due to the lack of robust methods to precisely define its 

borders. Recently, this scenario has changed due to the development of new genetic targeting 

strategies specific to CA2 pyramidal cells (Farris et al., 2019; Hitti & Siegelbaum, 2014) 

and the improvement of electrophysiological recordings methods that enabled simultaneous 

ensemble recordings across hippocampal subregions (Boehringer et al., 2017; Kay et al., 

2016; Mankin et al., 2015; Oliva et al., 2016a, 2016b).

Recent studies on in vivo physiological properties and behavioral correlates of CA2 

demonstrated that this small subregion has remarkably distinct properties compared to the 

rest of the hippocampus. The hippocampus has been long known to be a key structure 

for episodic memory and spatial navigation (Eichenbaum, 2004; O’Keefe & Nadel, 1978). 

As part of a highly interconnected network, CA2 shares these functional roles, but it also 

displays unique specializations. Pyramidal cells from every hippocampal subfield fire at 

specific locations of the environment (‘place cells’), forming a ‘cognitive map’ that supports 

spatial navigation (O’Keefe & Dostrovsky, 1971; O’Keefe & Nadel, 1978). CA2 firing 

responses within space are less stable than that of CA1 or CA3, and the CA2 firing fields 

cover wider regions of space. CA2 firing fields are instead better at discriminating events in 

time (i.e., CA2 displays firing fields aligned to time elapsed after the trial start, independent 

of the position of the animal; and they remap after time passes in the same environment) 

(MacDonald & Tonegawa, 2021; Mankin et al., 2015) or at signaling novelty of both 

conspecifics and inanimate objects (Chen et al., 2020). CA2 cells also fire during immobility 

periods (Kay et al., 2016) and responds preferentially to social stimuli (Alexander et al., 

2016; Donegan et al., 2020; Oliva et al., 2020). The role of CA2 in social behaviors has been 

heavily investigated in recent years. CA2 activity is necessary for social memory formation 

(remembering individuals encountered in a one to one interaction) in both the adult (Leroy 

et al., 2017; Meira et al., 2018; Oliva et al., 2020) and developing brain (Domínguez et 

al., 2019; Laham et al., 2021). In addition, CA2 activity increases after a subject mouse 

is exposed to a novel conspecific during naïve interactions(Alexander et al., 2016; Chen 

et al., 2020; Donegan et al., 2020) and aggressive encounters (Leroy et al., 2018; Pagani 

et al., 2015). The correlation patterns of CA2 firing dynamics at the population level also 

differ for novel versus familiar conspecifics’ representations (Donegan et al., 2020, Boyle 

et al., 2022). In addition to these functional specializations, a general feature of CA2 is its 

pivotal role in the orchestration of hippocampal network dynamics. A remarkable example 

of this is the role of CA2 in triggering sharp-wave ripples (Oliva et al., 2016b), synchronous 

network patterns fundamental for learning and memory (Buzsáki, 2015; Joo & Frank, 2018). 

Several previous reviews have extensively discussed the unique genetic and anatomical 

features of CA2 as well as its role in social memory during physiological and pathological 

conditions (Chevaleyre & Piskorowski, 2016; Dudek et al., 2016; Middleton & McHugh, 

2020). Here we will focus on the role of the CA2 region in the generation and coordination 

of hippocampal network dynamics. We will discuss recent works that collectively contribute 

to the emergent picture of CA2 as a privileged computational hub at the core of multiple 

hippocampal functions.
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CA2 pyramidal cells have distinct electrophysiological properties

Pyramidal cells in the CA2 subregion differ from those in the neighboring CA1 and CA3 

areas in their gene expression and transcriptomic profiles (Cembrowski et al., 2016; Lein 

et al., 2007), morphology (Lorente De Nó, 1934; Srinivas et al., 2017; Tamamaki et al., 

1988), local and extrinsic connectivity (Cui et al., 2013; Hitti & Siegelbaum, 2014; Kohara 

et al., 2014), and physiological properties (Chevaleyre & Piskorowski, 2016; Leroy et al., 

2017; Sun et al., 2017). In this section, we will review how these particular features of CA2 

pyramidal cells contribute to the unique network dynamics of this area.

CA2 was originally distinguished based on morphological characteristics, including the 

absence of stratum lucidum (an additional layer between the pyramidal and stratum radiatum 

layers in CA3), larger pyramidal cells somas (Ishizuka et al., 1995; Lorente De Nó, 1934; 

Sun et al., 2017), and the lack of thorny excrescences (postsynaptic compartment between 

mossy fibers and targeted dendritic branch) along their dendritic arbor (Srinivas et al., 2017; 

Tamamaki et al., 1988). CA2 pyramidal cells have larger distal apical dendritic arborizations 

that branch out densely in the stratum lacunosum moleculare (SLM) compared to CA1 

and CA3 pyramidal cells (Chevaleyre & Siegelbaum, 2010; Ishizuka et al., 1995; Sun et 

al., 2014). From an electrophysiological point of view, CA2 pyramidal cells also differ 

from their CA1 and CA3 peers. In vitro, CA2 neurons show different membrane dynamics 

compared to CA1 and CA3, specifically lower input resistance and higher membrane 

capacitance (Chevaleyre & Siegelbaum, 2010). In addition, CA2 neurons show the least 

intrinsic excitability in vitro, as measured by the number of action potentials that cells fire 

during current injections (Sun et al., 2017). On the contrary, CA2 cells in vivo display a 

higher firing rate than CA1 and CA3 cells (Kay et al., 2016; Oliva et al., 2016a), and have 

a higher probability to fire bursts of action potentials (Boehringer et al., 2017; Oliva et al., 

2016a, 2020), suggesting CA2 has a higher excitability than its neighboring regions. Such a 

dichotomy of excitability between in vitro and in vivo might be due to endogenous changes 

in neuromodulators present in vivo, but not in vitro. In addition, CA2 firing rates display 

a unique modulation by brain state. While other hippocampal pyramidal cells preferentially 

fire during active locomotion, CA2 pyramidal cells fire more during periods of immobility 

(Kay et al., 2016; Oliva et al., 2016a, 2020); and while most cells are positively modulated 

by SWRs, a subset of CA2 cells are strongly inhibited (Kay et al., 2016; Oliva et al., 2020; 

Valero et al., 2015).

In terms of local connectivity, CA2 is more similar to CA3 than to CA1 (Figure 1). As the 

former, it exhibits a high density of recurrent excitatory connections between pyramidal cells 

(Okamoto & Ikegaya, 2019; Tamamaki et al., 1988). Similar to CA3, CA2 pyramidal cells 

receive inputs from layer 2 of the entorhinal cortex (Chevaleyre & Siegelbaum, 2010; Cui 

et al., 2013; Hitti & Siegelbaum, 2014; Kohara et al., 2014) as well as from DG granular 

cells (Kohara et al., 2014). Analogous to CA1, CA2 pyramidal cells receive projections 

from the entorhinal cortex (layer 3 in the case of CA1 and layer 2 in the case of CA2) 

(Rowland et al., 2013). Interestingly, CA2 cells have a larger distal dendritic arborization 

and branching pattern in the stratum lacunosum moleculare (SLM), where the axons from 

the entorhinal cortex arrive, and indeed, excitatory inputs from entorhinal cortex are more 

effective in discharging CA2 action potentials than they are in CA1 or CA3 (Chevaleyre 
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& Siegelbaum, 2010; Srinivas et al., 2017; Sun et al., 2014, 2017). These findings are 

particularly important as they provide a parallel processing loop, independent of the classical 

trisynaptic pathway (ECII to CA3 to CA1) between the EC and CA1 (ECII to CA2 to 

CA1). In addition, given the different anatomical outputs from CA2 compared to CA1, it 

provides a shorter circuit from the EC to various anatomical targets, including the SUM, 

LS, and ventral hippocampus. In the CA2 area there is also a higher density of interneurons 

than in CA1 or CA3, including parvalbumin positive interneurons (PV+), reelin positive 

interneurons (Reln+), calbindin positive interneurons (CB+), and somatostatin positive 

interneurons (SOM+). These interneurons locally inhibit CA2 as well as target excitatory 

cells in CA1 and CA3 (Botcher et al., 2014). In addition, the dendrites of interneurons in 

the CA2 area tend to extend wider horizontally and show strong spike frequency adaptation, 

rebound upon stimulus offset, and prominent sag potential (i.e., voltage difference between 

the peak and steady values in response to hyperpolarizing current stimulus) (Mercer et al., 

2007). Although interneurons in the CA2 area target primarily CA2 pyramidal cells, they 

also project to CA1 and CA3 pyramidal cells and receive inputs from the SUM, EC or DG 

(Botcher). Importantly, unlike CA1, CA2 pyramidal cells don’t show long-term synaptic 

potentiation after CA3 input stimulation (Zhao et al., 2007), but they do after EC input 

stimulation (Chevaleyre & Siegelbaum, 2010; Leroy et al., 2017; Sun et al., 2014). In 

addition, CA2 pyramidal cells’ potentiation can result from long-term synaptic depression in 

various types of inhibitory synapses (Leroy et al., 2017; Loisy et al., 2022; Nasrallah et al., 

2015).

Taking all these data together, it becomes clear that the CA2 region possesses properties at 

the molecular, anatomical, and electrophysiological levels that makes it unique within the 

hippocampus. The combination of pyramidal cells with high firing rates (Kay et al., 2016; 

Oliva et al., 2016) and dense recurrent connections (Tamamaki et al., 1988, Okamoto & 

Ikegaya, 2019), together with a high density of interneurons (Botcher et al., 2014), makes 

this region able to display a large dynamic range of excitatory/inhibitory balance, able to 

support high levels of synchronous spiking as well as high inhibitory tone. These unique 

properties at the single cell and micro-circuit levels constitute the mechanistic basis of the 

distinct network features of CA2, such as oscillations and synchronous population bursts, 

which have been shown to be key for supporting hippocampal memory functions.

CA2 role in the generation of sharp-wave ripples

One of the prominent features of the hippocampus is its ability to generate synchronous 

network events, such as SWRs. SWRs are transient bursts (~50-100 ms) of ~150 Hz 

oscillations (‘ripples’) that can be observed in the pyramidal layer, accompanied by a lower 

frequency negative deflection (‘sharp-wave’) in the stratum radiatum (Buzsáki, 2015). They 

coordinate sequential neuronal activity that recapitulates recent experience and have been 

shown to be fundamental for learning and memory processes (Foster, 2017; Joo & Frank, 

2018). Previously, it was shown that most hippocampal pyramidal cells and interneurons are 

robustly and positively entrained during SWRs. Surprisingly, it was recently reported that 

about half of CA2 pyramidal cells ramp up prior to SWRs and are later inhibited during 

SWRs (Figure 2; (Kay et al., 2016; Oliva et al., 2016b; Valero et al., 2015)).
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The traditional model posits that SWRs are initially generated in CA3 (Buzsáki, 2015). 

The synchronous activation of CA3 pyramidal cells, sustained by reciprocal excitatory 

connections (Ishizuka et al., 1995), produces a large depolarizing volley in CA1 apical 

dendrites (the ‘sharp-wave’). In turn, this excitatory drive induces high frequency ‘ripple’ 

oscillations in CA1 that rely on the precisely timed interactions between pyramidal cells 

and local interneurons (Gan et al., 2017; Stark et al., 2014; Ylinen et al., 1995). Using 

large scale silicon probe recordings that enable simultaneous recordings of SWRs in all 

hippocampal subregions, it was shown that CA2 cells tend to fire prior to SWR onset 

(Figure 3). A subset of CA2 pyramidal cells displayed a ramping activity 20-30 ms before 

SWR onset (‘ramping cells’) and were rapidly inhibited afterwards. They were followed by 

a phasic response from another subset of CA2 pyramidal cells (‘phasic cells’) right at the 

onset of the SWR, which then propagated to CA3. Finally, the input from CA3 to CA1 

produced the classical SWR pattern, with the oscillation in the pyramidal layer and the 

depolarization in the stratum radiatum. This sequence of activity suggests that CA2 has a 

key role in triggering SWRs, likely facilitated by its dense excitatory recurrent connections 

and abundant parvalbumin-expressing basket cells. However, it has been suggested that 

several mechanisms could support the generation of SWRs.

An important determinant for SWR generation is brain state. SWRs occur both during 

awake behavior, when animals are immobile or engaged in ‘consummatory’ tasks, or during 

non-REM sleep (Buzsáki, 2015; Joo & Frank, 2018). CA2 cells were shown to be active 

prior to a SWR’s occurrence in CA1 were more likely to contribute prior to a CA1 SWR 

during awake immobility rather than non-REM sleep (Oliva et al., 2016b). This is likely 

related to CA2 firing patterns identified specifically during immobility (Kay et al., 2016).

Importantly, some SWRs were shown to directly travel from CA2 to CA1 without involving 

CA3 (Figure 3; (Oliva et al., 2016b)). While axons from both CA2 and CA3 innervate apical 

and basal CA1 dendrites, they have opposite target regions. CA3 innervation is denser in 

the apical dendrites (stratum radiatum) and CA2 in the basal ones (stratum oriens). As a 

consequence of this, the sharp-wave generated by CA3 inputs is recorded as a negative 

deflection in the stratum radiatum, accompanied by a current ‘sink’ (reflecting inward flow 

of positive ions into the cell). On the other hand, the signature of SWRs propagating directly 

from CA2 to CA1 is a negative wave and associated sink in the stratum oriens, and a positive 

wave and current ‘source’ in the radiatum (reflecting passive outward flow of positive ions 

(Figure 3)).

The observation that both CA2 and CA3 can trigger SWRs that propagate to the main output 

of the hippocampus (CA1), suggests that they may have different spiking ‘content’ and, 

potentially, distinct functional correlates. CA2 and CA3 preferentially target different CA1 

pyramidal cell subpopulations, anatomically segregated along its radial axis. CA3 is biased 

to innervate pyramidal cells in the CA1 ‘superficial’ sublayer while CA2 inputs those in the 

‘deep’ sublayer (Kohara et al., 2014; Meira et al., 2018). Interestingly, a minority of deep 

CA1 cells also show negative modulation during SWRs, similar to many CA2 cells (Kay et 

al., 2016; Oliva et al., 2016b; Valero et al., 2015). In addition, CA1 deep and superficial cells 

preferentially encode different types of information during behavior (Danielson et al., 2016; 
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Sharif et al., 2021). This evidence supports the hypothesis that SWRs initiated in CA2 or 

CA3 engage segregated downstream circuits and encode different types of information.

One of the functional specializations that CA2-initiated SWRs may serve is the encoding 

and consolidation of social memories. SWRs have been shown to coordinate the sequential 

reactivation of cells that encoded recent experiences (Diba & Buzsáki, 2007; Foster 

& Wilson, 2006; Karlsson & Frank, 2009). Memory ‘replay’ during SWRs had been 

investigated almost exclusively in the context of spatial experiences (Diba & Buzsáki, 

2007; Foster & Wilson, 2006; Karlsson & Frank, 2009). A recent study investigated the 

role of SWRs in mice performing a social memory task (Oliva et al., 2020). In this work, 

it was found that silencing CA2 activity during long periods of time (~30s every two 

minutes) during sleep, decreased the number of SWRs, which resulted in social memory 

deficits. Furthermore, artificially generating SWRs using previously defined optogenetic 

methods (Fernández-Ruiz et al., 2019; Stark et al., 2015) selectively from CA2 (using 

Amigo2-Cre animals, which express Cre in CA2 pyramidal cells) during post-experience 

sleep, was sufficient for extending social memory recall in mice (Oliva et al., 2020). In an 

analogous experiment, SWRs were triggered from the CA3 region (using Grik-4 animals, 

which express Cre in CA3 pyramidal cells), but showed no impact on social memory (Oliva 

et al., 2020). These results were not observed when mice, instead of learning to discriminate 

between other conspecifics, explored novel inanimate objects. This work supports the idea 

that the extensively studied hippocampal mechanisms of spatial learning and memory can 

be generalized to other cognitive domains, reflecting the emerging view of the hippocampus 

as a general-purpose memory structure rather than being exclusively specialized in spatial 

coding (Behrens et al., 2018).

The evidence discussed above suggests that functional specializations of different 

hippocampal subfields can influence the content of memory reactivation during SWRs. 

However, SWRs are not restricted to specific subregions but are a global phenomenon 

that engage the whole hippocampus, and the synchronous output from CA1 triggers the 

reactivation of neuronal ensembles in multiple downstream areas (Ji & Wilson, 2007; 

Pennartz et al., 2004; Peyrache et al., 2009; Tang et al., 2017, 2017). Thus, a complementary 

possibility is that CA2 and CA3 inputs play different roles in the organization of SWR-

associated neuronal sequences that are later distributed to downstream targets. Silencing 

of CA3 strongly reduces the number of SWRs (Davoudi & Foster, 2019; Yamamoto & 

Tonegawa, 2017), suggesting that this is the main excitatory input that directly drives ripple 

generation in CA1. Acute CA2 silencing also reduced SWR occurrence and power, although 

in smaller magnitude than CA3 silencing (He et al., 2021; Oliva et al., 2020). Conversely, 

chronic or extended periods of CA2 silencing results in more SWRs (Alexander et al., 

2018; Boehringer et al., 2017). CA2 silencing had little effect on CA1 or CA3 firing 

rates but it strongly affected the temporal precision of assembly activation during replay 

events, as well as their sequential structure (He et al., 2021). Optogenetic stimulation of 

hippocampal pyramidal cells in CA1 (Fernández-Ruiz et al., 2019; Stark et al., 2015), CA2, 

or CA3 subregions (Oliva et al., 2020) induce artificial SWRs with properties and associated 

neuronal sequences that closely resemble those of spontaneous ones. These experiments 

suggest that local interactions in every subregion are sufficient to generate at least some of 

the observed sequential dynamics during SWRs. Interestingly, in addition to local activity, 
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SWRs generated in CA2 entrained both CA3 and CA1 neuronal responses, while SWRs 

generated in CA3 entrained mainly CA1 activity. Intriguingly, optogenetic silencing of the 

entorhinal cortex also decreases SWR rate detected in the hippocampus (Yamamoto & 

Tonegawa, 2017). In parallel, entorhinal activity has been shown to precede and follow 

SWRs differentially during awake vs sleep states, respectively (Oliva et al., 2018; Yamamoto 

& Tonegawa, 2017). Because CA2 pyramidal cells strongly respond to cortical inputs from 

the medial (MEC, (Chevaleyre & Siegelbaum, 2010; Srinivas et al., 2017; Sun et al., 2014, 

2017) and lateral (LEC, (Lopez-Rojas et al., 2022)) entorhinal cortices, it is plausible that 

entorhinal inputs play an important role in triggering SWRs, specifically in CA2. Future 

work is needed to elucidate how inputs from CA3 and CA2 interact with local dynamics 

in CA1 to precisely organize replay sequences and how inputs from the entorhinal cortices 

affect the coordination of local ensemble dynamics in the distinct subregions.

Theta, gamma and neuromodulatory control of CA2 network dynamics

In addition to SWRs, other types of coordinated population activity are prominent in the 

hippocampus. During active locomotion and REM sleep, hippocampal activity is dominated 

by the theta rhythm, 6-10 Hz oscillations that entrain both pyramidal cells and interneurons 

and have been shown to be important for memory encoding and retrieval (Buzsáki, 2002, p. 

200; Colgin, 2013; Hasselmo, 2006). As most other hippocampal neurons, CA2 pyramidal 

cells fire phase locked to theta oscillations (Oliva et al., 2016a). The precise timing of 

spiking within the theta cycle is determined by the relative strength of inputs that arrive at 

different theta phases (Fernández-Ruiz et al., 2017; Navas-Olive et al., 2020). The two main 

excitatory inputs that control CA2 firing come from CA3 (at the descending theta phase) 

and layer 2 of the entorhinal cortex (at the theta trough), while inhibition is maximal at 

the ascending theta phase (Fernández-Ruiz et al., 2017; Oliva et al., 2016a). Because of 

this, the firing probability of CA2 pyramidal cells is greatest at the theta trough (Fernandez-

Lamo et al., 2019; Oliva et al., 2016a). However, the timing of spiking during theta is 

dynamically modulated as a function of behavior. As an animal runs, the phase of a place 

cell’s spikes systematically shifts along its place field, a phenomenon known as ‘phase 

precession’ (O’Keefe & Recce, 1993) which is considered a hallmark of temporal coding. 

Similar to CA1 and CA3, CA2 place cells also exhibit phase precession, but their phase 

range is greatly reduced compared to that of CA1 place cells (Oliva et al., 2016a). This 

spike phase shift can be explained by the shifting strength of CA3 and entorhinal inputs 

within the place field, whose relative strengths determine the output phase of target neurons 

(Fernández-Ruiz et al., 2017). Since CA3 and ECII inputs peak at closer theta phases than 

CA3 and ECIII (in CA1), there is a resultant reduced phase precession range for CA2. Other 

important contributors to the theta firing dynamics of CA2 could be the inputs from the 

supramammillary nucleus (SUM) or medial septum diagonal band (MSDB), both important 

theta pacemakers. Local photostimulation of SUM axons reduces the spike timing variability 

of CA2 pyramidal cells (Chen et al., 2020), and photostimulation of ChAT+ neurons in the 

MSDB increases the firing of CA2 neurons via disinhibition (Pimpinella et al., 2021; Robert 

et al., 2020). At the population level, phase precessing place cells with overlapping fields 

organize as compressed ‘theta sequences’ (ordered firing of a subgroup of pyramidal cells 

within a theta cycle) that represent past, current, and future position within each theta cycle 
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(Dragoi & Buzsáki, 2006; Foster & Wilson, 2007; Skaggs et al., 1996). Theta sequences 

have been proposed to contribute to navigation and planning (Gupta et al., 2012; Tang et 

al., 2021). Future work is needed to elucidate the representational role of temporal coding 

(MacDonald & Tonegawa, 2021) and theta sequences in CA2, as well as how they are 

coordinated across hippocampal subregions.

Within theta cycles, hippocampal assemblies are temporally synchronized at ‘gamma’ 

frequency (~30-100 Hz; (Harris et al., 2003)). Different theta-nested gamma oscillations 

generated by afferent inputs have been characterized, specifically in the CA1 and DG 

regions (Colgin et al., 2009; Fernández-Ruiz et al., 2017, 2021; Lasztóczi & Klausberger, 

2016; Lopes-dos-Santos et al., 2018; Schomburg et al., 2014). While such detailed 

characterization is still missing for CA2, several studies have analyzed the broad gamma 

modulation of CA2 firing. CA2 pyramidal cells display phase locking to a wide range of 

frequencies in the gamma band (Alexander et al., 2018; Fernandez-Lamo et al., 2019), 

and CA2 silencing for long periods of time preferentially affected the low gamma band 

component in CA1 (Alexander et al., 2018). Interestingly, theta modulation strength 

increases across CA1 towards the border with CA2, while gamma modulation displays an 

opposite trend (Fernandez-Lamo et al., 2019). Further research is needed to elucidate the 

mechanisms by which CA2 excitatory and inhibitory inputs contribute to the spatio-temporal 

profile of gamma oscillations and how these are modulated by behavioral demands and brain 

state.

The distinct anatomical connectivity of CA2 can be a major contributor to the generation of 

network patterns in this area. Various subcortical neuromodulatory areas send projections 

into the CA2 area, including the SUM (Cui et al., 2013; Hitti & Siegelbaum, 2014; 

Kohara et al., 2014; Middleton & McHugh, 2020), medial septum diagonal band (MSDB), 

paraventricular nucleus (PVN), median raphe nucleus (MRN) (Cui et al., 2013; Hitti 

& Siegelbaum, 2014; Middleton & McHugh, 2020), and ventral tegmental area (VTA) 

(Takeuchi et al., 2016). Importantly, neuromodulatory inputs to the hippocampus change 

as a function of behavioral and brain state and strongly influence its network dynamics 

(Hasselmo, 2006). For instance, cholinergic tone is higher during locomotion and REM 

sleep, and is tightly coupled to the occurrence of theta oscillations (Hasselmo, 1999). On 

the other hand, SWRs coincide with the lowest level of acetylcholine in the hippocampus 

(Zhang et al., 2021), supporting the hypothesis that a permissive neuromodulatory tone 

is required to trigger these events. In addition, CA2 is specifically enriched in receptors 

for other neuromodulators and peptides, such as oxytocin and vasopressin. Activation of 

both local oxytocin receptors and vasopressin receptors in CA2 induce burst firing in 

pyramidal cells and enhance their feedforward output onto CA1 (Eyring et al., 2020; Tirko 

et al., 2018). Oxytocin receptors have been proposed to enhance the saliency of social 

information (Froemke & Young, 2021) while vasopressin 1b receptors are necessary for 

affective behavior (Bielsky & Young, 2004). It is therefore plausible that both oxytocin and 

vasopressin receptors help coordinate the CA2 ensemble dynamics necessary for encoding 

features of a social episode (Alexander et al., 2016; Donegan et al., 2020; Oliva et al., 2020) 

within different social contexts (Leroy et al., 2017; Meira et al., 2018).
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The local circuit dynamics of the CA2 area, combined with the intrinsic properties of 

its cells and the region’s rich anatomical connectivity, make CA2 a privileged functional 

hub that could coordinate network events across hippocampal subregions in a brain-state 

dependent manner. Further investigations will elucidate the relation between the cortical and 

subcortical inputs into CA2 and their impact in the broad hippocampal dynamics, as well as 

how these inputs contribute to the diversity of cellular ensemble responses observed in CA2.

CA2 in epilepsy: hyperexcitability and resilience

The role of the hippocampus in epilepsy has been extensively studied as it is one of 

the most common epileptic loci in humans (Schwartzkroin, 1994). The mechanisms of 

epileptogenesis involve a dysregulation of the excitatory-inhibitory balance that enables 

the propagation of hypersynchronous excitatory activity through a network with no (or 

low) inhibition (Traub & Wong, 1982). In slices, stimulation of the fornix in the absence 

of inhibition triggers synchronized bursts of action potentials that originate in the CA2/

CA3a border (Wong & Traub, 1983). The high excitability of CA2 pyramidal cells and 

their recurrent connectivity suggest that this region could contribute to the generation of 

epileptic activity. Indeed, in a mouse model of temporal lobe epilepsy (TLE) there was 

an increase in CA2 excitability that contributed to seizure generation (Whitebirch et al., 

2022). Another feature of epilepsy is the interictal discharge (ID), a large but brief (~30 ms) 

synchronous population event that occurs between seizures (Wadman et al., 1983). Typically, 

IDs are evoked by a large depolarization from the Schaffer collaterals, presenting a negative 

deflection in the stratum radiatum and a positive wave in the pyramidal layer when detected 

in CA1 (Wadman et al., 1983), resembling the classical SWR events triggered by CA3 input 

(Buzsáki, 2015; Oliva et al., 2016b). Other less common types of IDs are evoked by a large 

depolarization of the basal dendrites in CA1, manifested as a negative deflection above the 

pyramidal layer and a positive wave in the stratum radiatum (Wadman et al., 1983), similar 

to the SWRs that are generated in CA2 and directly propagate to CA1 (Oliva et al., 2016b). 

This suggests that IDs can be generated by both CA3 and CA2 population discharges. In 

fact, recordings of CA2 neurons in human hippocampal slices show interictal-like event 

generation in this region (Wittner et al., 2009). Also, inhibitory circuits are altered in the 

CA2 region in the epileptic brain, showed by a decrease in the number of PV+ interneurons 

(Andrioli et al., 2007) or by an inhomogeneous distribution of the branching pattern of 

interneurons (Arellano et al., 2004). In addition to a lack of inhibition (Williamson & 

Spencer, 1994), electron microscopy revealed that there are more frequent synapses between 

excitatory cells in epileptic tissue (Wittner et al., 2009). Furthermore, hippocampal slices 

from patients with TLE show progressive neuronal death of CA1 and CA3 pyramidal cells, 

but not CA2, subiculum, or granular cells in the dentate gyrus, which are resistant to this 

defeat (Blümcke et al., 2013; Steve et al., 2014). Recent evidence suggests that sprouting 

of mossy fibers (i.e., the axons of dentate granule cells) into CA2 underlies this resilience 

(Freiman et al., 2021; Häussler et al., 2016). These results suggest that the high excitability 

of CA2 in vivo makes it especially prone to generating epileptic activity. At the same time, 

the intrinsic properties of CA2, which allow these cells to maintain high firing rates for 

long periods of time (Kay et al., 2016; Oliva et al., 2016b), could make these cells more 

resilient to epileptic activity. Altogether, this makes the CA2 region a potential therapeutic 
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target of special interest in epilepsy. Combining optogenetic tools with electrophysiological 

recordings and targeted closed-loop manipulations could help reveal the role of this region in 

the generation of epileptogenic activity and seizure development.

Conclusions

In recent years, new results have highlighted the role of CA2 in social behaviors, facilitated 

by the help of novel transgenics and large-scale physiological tools. However, recent results 

have also described a more general role of CA2 in coordinating hippocampal network 

dynamics during learning and memory. In addition to the unique molecular content of 

CA2 pyramidal cells, recent data suggest additional physiological heterogeneity compared 

to cells in other hippocampal subfields. Future research will clarify how these two axes 

of variability, molecular and physiological features, contribute to the particular functional 

roles of this area. Further experiments combining behavioral assays, in vivo recordings, 

optogenetics or chemogenetics manipulations, and anatomical and molecular profiling will 

help bridge the gap on how the unique CA2 area coordinates hippocampal network events 

such as sharp-wave ripples, theta, or gamma oscillations during different behaviors. The 

profuse anatomical connectivity of CA2 makes this region uniquely suited to coordinate 

information processing across distributed brain circuits, a key aspect to understanding how 

the brain generates higher order cognitive functions.
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Figure 1: Hippocampal anatomical connectivity.
The main inputs and outputs of area CA2 are shown. CA2 receives projections from CA3, 

DG, layer II in EC (both medial and lateral portions) and send projections to CA1 and back 

to layer II in MEC. In addition to intrahippocampal and entorhinal cortex connections, long 

range inputs from supramammillary nucleus (SM), paraventricular nucleus (PVN), lateral 

septum (LS), medial septum diagonal band (MSDB), median raphe nucleus (MRN), and 

ventral tegmental area (VTA) are also included.
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Figure 2: Entrainment of CA1, CA2, and CA3 pyramidal cells by SWRs
A) Typical SWR responses of CA1, CA3, and CA2 pyramidal cells. Note the strong firing 

rate increase of CA1, CA3, and one of the CA2 pyramidal cells (red histogram background), 

while the other CA2 cell ramps up before SWRs and becomes silenced during SWRs (blue 

histogram background) (Kay et al., 2016). B) SWR responses of hippocampal pyramidal 

cells along its transverse axis. All neurons exhibit strong phasic entrainment to SWRs except 

a subset of CA2 pyramidal cells (CA2 ramping, dark green) that became inhibited after an 

initial ramp up before SWRs (Oliva et al., 2016b). C) Intracellular recordings (blue trace) 

demonstrated that some CA2 pyramidal cells are silenced during entire SWRs (black trace, 

extracellular signal in CA1), contrary to most other hippocampal cells (Valero et al., 2015).
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Figure 3: Synchronous activity in CA2 precedes SWR.
A) Large scale silicon probes enabled simultaneous recordings of all hippocampal subfields. 

CA2 can be identified by immunolabeling against specific proteins such PCP4 (green in the 

figure; Oliva et al., 2016b). B) Ripple oscillations and sharp-waves occur simultaneously 

in CA1 (top LFP traces) and coincide with CA3 ripples. Ripple activity starts in CA2 ~20 

ms before CA1 and CA3. C) Activation of pyramidal cells from different regions along 

the hippocampal transverse axis during SWRs. CA2 ramping cells (dark green) discharge 

right before SWR onset and become silenced afterwards. CA2 phasic cells (light green) 

follow next and after them activity propagates through CA3 (blue) and finally CA1 (red) 

(Oliva et al., 2016b). D) Most SWRs occur simultaneously across the CA1 region and 

are accompanied by current ‘sinks’ (black arrow) in the stratum radiatum reflecting the 

synchronous depolarization from CA3 axons. CA2 ripples (white arrow) precede the onset 

of activity in CA1 (Oliva et al., 2016b). E) A minority of SWRs are triggered by direct 

inputs from CA2 to CA1 basal dendrites. They are characterized by a negative deflection in 

stratum oriens (black arrow) and the absence of a sharp-wave in stratum radiatum (Oliva et 

al., 2016b).
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