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Abstract

Hippocampal area CA2 has several features that distinguish it from CA1 and CA3, including a 

unique gene expression profile, failure to display long-term potentiation and relative resistance to 

cell death. A recent increase in interest in the CA2 region, combined with the development of new 

methods to define and manipulate its neurons, has led to some exciting new discoveries on the 

properties of CA2 neurons and their role in behaviour. Here, we review these findings and call 

attention to the idea that the definition of area CA2 ought to be revised in light of gene expression 

data.

The extended mammalian hippocampal formation is critical for learning and memory1, 

spatial navigation2,3, fear processing4 and social behaviour5, among other cognitive 

functions. The hippocampus proper consists of the Cornu Ammonis (CA) region, a strip of 

pyramidal neurons, and the dentate gyrus (DG), which consists of granule cells. The CA and 

DG are anatomically arranged in a curled structure that lends itself well to both in vivo and 

in vitro electrophysiological study (FIG. 1). Early neuroanatomists described two distinct 

areas of the rodent CA; the top portion, which consisted of small pyramidal neurons (regio 

superior of Cajal), and the lower portion, which consisted of larger pyramidal neurons (regio 

inferior of Cajal).

However, in 1934, Rafael Lorente de Nó noted that a small area of the regio inferior was 

sufficiently distinct in its cytoarchitecture and connectivity to warrant a separate 

nomenclature6. For this reason, he designated the three CA areas containing pyramidal 

neurons as CA1, CA2 and CA3; and the end portion within the blades of the DG, containing 

polymorphic cells, as CA4 (REF. 6). Lorente de Nó observed that the pyramidal cell bodies 

Correspondence to S.M.D., dudek@niehs.nih.gov. 

Competing interests statement
The authors declare no competing interests.

DATABASES
Mouse.brain-map.org: http://mouse.brain-map.org/search/show?
page_num=0&page_size=20&no_paging=false&search_term=446&search_type=fine_structure
Hippocampome.org: http://www.hippocampome.org/php/index.php
ALL LINKS ARE ACTIVE IN THE ONLINE PDF

Note added in proof
Two papers that further support a role for area CA2 in social memory have been published since this Review was submitted. The first 
presents evidence that optical stimulation of PVN axons in CA2 enhances social recognition memory through AVPR1B receptors175. 
The second reports that there are age-dependent changes in excitability and synaptic inhibition in CA2 in a mouse model of 22q11.2 
deletion syndrome that is associated with social memory impairment176.

HHS Public Access
Author manuscript
Nat Rev Neurosci. Author manuscript; available in PMC 2016 August 01.

Published in final edited form as:
Nat Rev Neurosci. 2016 February ; 17(2): 89–102. doi:10.1038/nrn.2015.22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://mouse.brain-map.org/search/show?page_num=0&page_size=20&no_paging=false&search_term=446&search_type=fine_structure
http://mouse.brain-map.org/search/show?page_num=0&page_size=20&no_paging=false&search_term=446&search_type=fine_structure
http://www.hippocampome.org/php/index.php


of the CA2, like those of the CA3, are larger than those found in the CA1 (REF. 6). 

However, he noted that CA2 pyramidal cell dendrites lack the specialized thorny 

excrescences associated with input from mossy fibres from the DG, which are characteristic 

of CA3 pyramidal neurons6. CA2 neurons also receive Schaffer collateral input from CA3 

neurons, much like the cells of area CA1 (REF. 6).

Recent studies of the molecular attributes of CA2 neurons, however, support the use of an 

updated definition of this region that extends beyond the initial description by Lorente de 

Nó7–9. In addition, it has been shown that the presence of heavy axonal input from the 

supramammillary nucleus (SuM) and the paraventricular nucleus (PVN) of the 

hypothalamus may also be helpful when identifying the CA3–CA2 boundary, as the bulk of 

axonal projections from these regions terminate precisely at the site of molecular markers 

that delineate CA2 pyramidal neurons in rodents9–11. Thus, expression of genes enriched in 

the CA2 region, together with the distribution of SuM and PVN inputs to the hippocampus, 

may suffice to define CA2 in many species, rather than relying on Lorente de Nó’s definition 

that is dependent on the presence or absence of mossy fibre input12 (FIG. 2).

Area CA2 has attracted the interest of researchers because of its relatively high resistance to 

damage from injury13,14 and resistance to synaptic plasticity15 compared with other CA 

regions. CA2 pyramidal neurons also exhibit cellular signalling pathways and neuro-

modulatory influences that are not present in other CA regions. In this Review, we first 

consider how hippocampal area CA2 was classically defined and distinguished from its 

neighbouring subfields. We also review more recent work on the connectivity, cellular 

morphology, electrophysiological properties and molecular signature of area CA2. We then 

highlight some of the exciting new findings regarding the unique role of area CA2 in 

behaviour. Finally, we discuss the remarkable resistance of area CA2 to both typical synaptic 

plasticity and certain neurobiological disease processes.

 Identifying area CA2

 A revised definition

When the CA regions were first described6, it was noted that the large pyramidal neurons of 

the regio inferior closest to the regio superior were different from the rest: they did not have 

large, complex spines on their proximal apical dendrites. Although the absence or presence 

of large specialized postsynaptic structures may distinguish CA2 neurons from those in 

CA3, another commonly used anatomical delineator, the absence of DG input, is not as 

reliable. Lorente de Nó’s illustrations of the mouse brain show DG axons ending at what he 

termed the CA3–CA2 border, even though many investigators have now observed that they 

extend almost to area CA1 in mice9. Indeed, the extent of the DG axon projection is species 

specific. For example, DG axons end in a bulb-like termination near CA2 in guinea pigs16, 

extend deep into area CA1 in cats17,18, and taper into area CA2 in rats and mice9,19 (BOX 1; 

FIG. 2). However, in the non-human primate hippocampus, it appears that CA3, defined as 

the area with pyramidal neurons having thorny excrescences, does correspond exactly to the 

area innervated by the DG axons6 (but for a more nuanced definition of human CA regions, 

see REF. 20). This classic designation of CA2 neurons in human and non-human primates, 

however, may simply be a consequence of the lack of extensive study with newer markers 
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for area CA2. Alternatively, it may indeed be the case that area CA2 in primates is 

proportionately larger than that in rodents.

Box 1

A case for subdividing area CA2

Rafael Lorente de Nó defined the CA subfields of the hippocampus in both the mouse 

and the macaque, and designated CA2 as the area of the CA region with large pyramidal 

neurons lacking the thorny excrescences that are characteristic of the mossy fibre 

synapses onto CA3 neurons6 (see the figure, part a, top panel). Although his drawings 

clearly indicate that he designated the CA2 CA3 border as the point at which the dentate 

gyrus (DG) axons end, the expression pattern of molecules that are known to be enriched 

in area CA2 (for example, striatum-enriched protein-tyrosine phosphatase (STEP), 

Purkinje cell protein 4 (PCP4) and regulator of G protein signalling 14 (RGS14)) differs 

from this interpretation of the CA2 CA3 border. Indeed, in mice, it appears that only a 

very small proportion of the CA2 pyramidal neurons defined by the expression of such 

molecules also fall under the classic definition of area CA2 (REF. 19) (that is, neurons 

lacking DG input; see the figure, part a, bottom panel, and part b).

In mice, most of the CA2 neurons defined by the expression of such molecules receive 

functional DG input, as depicted in the figure (part a, bottom panel), but with smaller 

synapses than those made onto neurons of the CA3 (REF. 9). Therefore, it is not 

surprising that some of the CA3 neurons that are closest to area CA2 have firing 

properties more similar to those in area CA2 than to the rest of the CA3(REFS 87,88). A 

case can even be made that, in the human hippocampus, area CA2 should be subdivided 

into subregions CA2a, CA2b and CA2c, based on the packing density of cell bodies 

expressing high levels of chromogranin A (CgA)20; CA2a can be identified by the 

presence of CgA-expressing pyramidal neurons intermingled with CgA-negative (CA1-

like) neurons, CA2b can be identified by the presence of CgA-expressing neurons across 

the full depth of the stratum pyramidale, and CA2c can be identified as having a thicker 

layer and less intense CgA expression than the other regions20. Note that, in this 

particular study, area CA2 was identified by the termination of DG axons and the 

presence of neurons lacking CgA expression. In the non-human primate hippocampus, as 

in the rodent hippocampus, the DG axons seem to extend into CA2, suggesting that a 

CA2a and CA2b designation could also be valid128.

In rodents, at least, the absence or presence of DG input onto CA2 neurons can be easily 

identified, and so could be used to designate CA2a and CA2b, respectively (see the 

figure, part b). The image in part b shows mouse CA2 pyramidal neurons labelled with 

an antibody against PCP4 and DG neurons and their axons labelled with an antibody 

against calbindin 1. Note the nearly full coverage of the CA2 with fibres originating from 

the DG. Part b is from REF. 9, Nature Publishing Group.
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Given these species differences, it is not surprising that there has been much debate over 

whether CA2 is truly a distinct region from CA3 (REFS 20–22). This debate has led to some 

confusion in the literature, but we note that several investigators have observed that neurons 

in CA3 immediately bordering CA2 (here, called the distal portion of CA3a) have much in 

common with those in CA2, despite the fact that CA2 neurons appear to lack the 

postsynaptic specializations that are characteristic of CA3 pyramidal neurons (for examples, 

see REFS 19,23).

Many of the clearest indications that area CA2 was different from its neighbouring CA 

subfields initially came from the study of expression of specific molecules such as growth 

factors24,25. A systematic approach to the search for genes highly enriched in the 

hippocampal subfields has greatly expanded our understanding of the anatomical 

divisions7,26. Newly identified markers for CA2 pyramidal neurons in rodents, such as the 
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proteins α-actinin 2 (ACTN2), Purkinje cell protein 4 (PCP4; also known as PEP19), 

striatum-enriched protein-tyrosine phosphatase (STEP; also known as PTPN5), regulator of 

G protein signalling 14 (RGS14), transmembrane AMPA receptor regulatory protein γ5 

(TARP γ5; encoded by Cacng5) and others, show a high degree of overlap with one another 

and label a large proportion of CA2 pyramidal neurons, most of which do overlap with an 

area that contains DG axons9,15,19,27–31. Furthermore, a recent study in mice has shown 

unambiguously that DG axons form functional synapses on some CA2 pyramidal neurons, 

which were identifiable by RGS14 expression9, demonstrating that the largest segment of a 

molecularly defined CA2 receives DG input. Note that only a very small portion of the area 

staining for RGS14, closest to CA1, fits Lorente de Nó’s classic definition (but see BOX 1 

and REF. 32).

Before the discovery of genes and proteins with expression patterns that delineate the 

hippocampal subfields, most investigators made subfield designations based solely on the 

presence or absence of mossy fibre axons (for examples, see REFS 33,34), and so several of 

them designated an area as CA3a that should now be considered part of area CA2 (REFS 

35–37). In an attempt to communicate some of these anatomical observations, some 

investigators have assigned their own nomenclature to the subregions, such as CA3a’ in 

rats38, and CA2a, CA2b and CA2c in humans20. We propose that the identification of large 

pyramidal neurons lacking complex spines and/or expressing markers such as PCP4, STEP 

and RGS14 is sufficient to distinguish CA2 from its neighbouring areas in the dorsal 

hippocampus, and that subdivisions within CA2 may also be warranted (BOX 1; FIG. 2). 

Interestingly, many of these CA2-enriched genes are not expressed within the ventral-most 

end of the hippocampus in rodents39 (FIG. 1).

 Inputs

In most species, area CA2 receives bilateral inputs from the Schaffer collaterals of area CA3 

(REF. 6) in addition to recursive ipsilateral and commissural contralateral inputs29,40. 

Assuming that the definition of area CA2 proposed by Lorente de Nó is in need of revision, 

as discussed above, newborn DG neurons can also make connections with neurons in the 

molecularly defined area CA2 (REF. 41). Interestingly, the presence of these DG terminals 

from newborn neurons in area CA2, like the presence of such terminals in CA3, seems to be 

influenced by factors that positively or negatively affect granule cell neurogenesis, such as 

exercise and inflammation, respectively41,42. Although the mossy fibre projection from the 

DG to CA3 is known to run along the transverse axis of the hippocampus (perpendicular to 

the long axis)6,40, recent work has demonstrated that DG projections turn as they reach the 

CA2 and continue along the long axis, towards the ventral hippocampus. In this way, it is 

conceivable that information reaching the dorsal and intermediate DG can be transmitted 

caudally to the intermediate and ventral hippocampus, respectively9. Considering also that 

the pyramidal neurons in area CA2 (and part of CA3a) project to CA1 in this longitudinal 

axis for up to half the length of the rodent hippocampus38, this DG–CA2–CA1 circuit could 

provide information transfer in the dorsal-to-ventral direction in rodents that is greater than 

the transfer of information provided by a DG–CA2 circuit alone.
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Extrahippocampal inputs to CA2 include those from vasopressinergic neurons in the 

PVN10,11 and from the median raphe, as well as reciprocal connectivity to and from the 

SuM36,37,43, medial septum and the diagonal bands of Broca10. In rats, SuM neurons appear 

to form synapses onto pyramidal neurons that are asymmetric in their appearance (that is, 

they are likely to be excitatory)33, and they provide the major contribution of the substance 

P-containing synaptic terminals to the hippocampus36,37,43. Inputs from the SuM and PVN 

heavily innervate CA2 and distal CA3a, and appear to delineate the molecularly defined 

CA2 (REF. 11) (FIG. 2).

 Outputs

The major target of projections from area CA2, as with projections from area CA3, is the 

CA1. However, projections from areas CA2 and CA3 differ in three important ways. First, 

CA2 pyramidal neurons project primarily to the area covered by the basal dendrites of CA1 

pyramidal neurons, known as stratum oriens (SO), forming almost 20% of the input there, 

whereas CA3 pyramidal neurons project primarily to the area containing the apical dendrites 

of CA1 pyramidal neurons, known as stratum radiatum (SR)6,10,29,38 (FIG. 2).

Second, a recent study has shown that within SO, CA2 axons appear to target dendrites from 

a distinct row of CA1 pyramidal neurons, adjacent to SO, whereas CA3 neurons target the 

row of CA1 pyramidal neurons adjacent to SR9. These distinct rows of CA1 neurons can be 

identified by calbindin 1 immunoreactivity, by the presence of zinc and by evidence of 

synaptic inhibition by parvalbumin-immunopositive basket cells44–46. In addition, a recent 

report suggests different targets of the superficial, calbindin 1 immunopositive CA1 

pyramidal neurons adjacent to the SR, and the deep, CA2-targeted, calbindin 1-

immunonegative CA1 pyramidal neurons adjacent to SO. The former appear to project to the 

amygdala and the latter to the medial prefrontal cortex46. Recordings from these deep, SO-

adjacent CA1 neurons in vivo show that these neurons fire in a way that is distinct from the 

superficial, SR-adjacent CA1 neurons, particularly during rapid eye movement sleep and 

sharp wave–ripples47,48.

Third, as mentioned above, the projection from the CA2 to CA1 has a vast caudal spread 

along the longitudinal axis of the rat hippocampus38,49. However, the degree to which this 

longitudinal spread differs from CA3 projections is unclear50. These longitudinal projections 

from area CA2 may serve to integrate the information from the dorsal hippocampus into the 

more ventral regions. In addition to the CA1 projections, the axons from CA2 pyramidal 

neurons, like those from CA3 neurons, ramify heavily within area CA2 and the CA3, thus 

providing a high degree of local and recursive interconnectivity6,27,38. This pattern of 

connectivity may explain the delay in signal propagation through the transverse axis in 

some, but not all, hippocampal slice preparations, perhaps depending on the plane of 

sectioning51.

Projections from area CA2 that leave the hippocampus include axons that form reciprocal 

connections back to the SuM and septal nuclei10,38 (FIG. 2). CA2 pyramidal neurons have 

also been reported to project back to the medial entorhinal cortex52 (but see REFS 9,10,53), 

and given the potential impact of such projections on how the entorhinal cortex interacts 

with the hippocampus, further work on the role of this circuitry is clearly warranted. Taken 
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together, these studies highlight that connectivity of the CA2 region of the hippocampus is 

indeed quite distinct from that of the CA1 and the CA3.

 Properties of CA2 neurons

 Anatomy

Pyramidal neurons in area CA2 have a morphology very similar to those in the CA3; they 

are larger and less densely packed than CA1 pyramidal neurons, and have fewer oblique 

dendrites (which branch from apical dendrites) than pyramidal neurons in the CA1 (REFS 

6,54). Nonetheless, CA2 pyramidal neurons do have some distinct features. Four main 

subtypes of CA2 pyramidal neurons have been described in the guinea pig55. Curiously, the 

branches of these CA2 cells are sexually dimorphic: two of the pyramidal neuron types have 

a greater number of apical branches in males than in females, and females have more 

branches on the dendrites of biapical neurons55. The significance of these findings is not 

known, and more research on the relative function of apical and basal dendrites of the 

pyramidal cells in area CA2 will certainly be of interest.

Another notable anatomical feature of CA2 pyramidal neurons is that, in the mouse, their 

apical dendrites are branched in a way that may be particularly well suited for transmitting 

signals from the distal synapses in the stratum lacunosum-moleculare (SLM) to cell 

bodies54,56,57. These distal synapses arising from layer II of the entorhinal cortex onto CA2 

pyramidal neurons would therefore be more effective at initiating firing of the postsynaptic 

pyramidal neurons than those synapses from layer III in the SLM of the mouse CA1 (REF. 

58). However, the contribution of these inputs under different physiological conditions in 
vivo remains to be determined.

 Inhibitory GABAergic interneurons in area CA2 may also be distinct from interneurons in 
other CA regions

In the rat and the mouse, parvalbumin-expressing interneurons are more numerous in CA2 

than in CA1 or CA3 (REFS 59,60). Furthermore, the density of reelin- expressing 

interneurons in the rat CA2 stratum pyramidale (SP) is more than threefold and sixfold 

higher than that found in areas CA3 and CA1, respectively60 (FIG. 2). The number of 

calbindin 1-expressing interneurons is also higher in the area CA2 SP than in other CA 

regions (nearly tenfold higher than that of CA1 and CA3)60. The total number of reelin-

positive interneurons, and their percentage of the total inhibitory neuron population, is also 

higher in CA2 SR than elsewhere in the hippocampus. These studies suggest that the 

inhibitory circuitry in CA2 is very different from that in the neighbouring areas CA1 and 

CA3, and thus may represent a powerful brake on CA2 pyramidal neuron firing.

 Electrophysiology

Some disagreement in the literature exists regarding whether CA2 pyramidal neurons can be 

distinguished electrophysiologically from their neighbouring CA1 and CA3 neurons in in 
vitro hippocampal slice preparations. Nevertheless, CA2 pyramidal neurons do express 

several receptors and channels that would suggest that they have firing properties that are 

different from those of the other CA regions, making such a distinction possible in principle. 
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For example, expression levels of members of the two-pore domain potassium channels can 

differ dramatically across the CA subfields, and TREK1 (also known as KCNK2), in 

particular, is highly expressed in CA2 compared with CA1 and CA3 (REF. 61). Indeed, 

consistent with this so-called leak channel being enriched in CA2, the resting membrane 

potential of CA2 pyramidal neurons was found to be slightly more negative than that of CA1 

or CA3 neurons in some, but not all, studies9,15,53,58. Because TREK1 and other two-pore 

domain family members are influenced by a large number of factors such as pH, temperature 

and lipids62, further investigation into how these channels are regulated in CA2 will 

certainly be of interest. It should be noted, however, that membrane potentials are difficult to 

measure and compare accurately.

In some studies, a large capacitance and lower input resistance in CA2 pyramidal neurons 

were also observed9,53,58 but, as for resting membrane potentials, these findings are 

inconsistent among reports15,19. The large capacitances observed in some instances are most 

likely reflective of extensive dendritic and/or axonal arbors that may or may not have been 

preserved during tissue processing. Any one of these electrophysiological features may 

contribute to the delay in action potential firing in response to a depolarizing pulse that is 

observed in CA2 neurons in some studies9,15.

CA2 pyramidal neurons also demonstrate prominent dendritic sodium spikes57. It has been 

hypothesized that dendritic sodium spikes, in conjunction with particular branching patterns 

of the apical dendrites, provide a mechanism by which distal inputs from the entorhinal 

cortex layer II can be effectively transmitted to the cell body and cause CA2 pyramidal 

neurons to fire. Taken together, these electrophysiological characteristics may, in some 

cases, be used to identify CA2 pyramidal neurons in vitro, and perhaps in vivo.

 Failure to display LTP at SR synapses

Glutamatergic synapses in the SR of CA2 are extremely resistant to long-term potentiation 

(LTP) induction by typical methods15,58,63,64. Surprisingly, however, many of the obvious 

candidate mechanisms do not seem to be responsible for this lack of LTP induction. For 

example, the high expression levels of TREKs in area CA2 (REF. 61) are unlikely to be 

involved, as inclusion of caesium in the electrode internal solution to block potassium 

channels, including TREKs, did not allow LTP induction in the CA2 SR15. Similarly, the 

failure to induce LTP at SR synapses is unlikely to be due to the high expression levels of 

the phosphatase STEP, a protein that has been shown to inhibit LTP induction in CA1 (REFS 

65,66), as application of protein phosphatase inhibitors also failed to enable LTP induction 

in CA2 (REF. 15). Furthermore, although synaptic inhibition appears to be robust in area 

CA2 (REFS 59,60), application of picrotoxin, a type A GABA (GABAA) receptor 

antagonist, was also insufficient to facilitate LTP induction at CA2 excitatory SR 

synapses15,67, indicating that the failure to induce LTP at these synapses is due to cellular 

properties of the pyramidal neurons and not a consequence of robust inhibition. Other 

synaptic properties, such as AMPA receptor- and NMDA receptor-mediated synaptic 

responses, and presynaptic function, as assessed by measuring paired-pulse ratios and 

miniature excitatory postsynaptic current (EPSC) frequencies, are generally similar in 

pyramidal neurons of the CA1 and CA2 SR regions as well15, ruling out a number of other 
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possible explanations for the resistance of CA2 neurons to LTP induction. Interestingly, 

however, this lack of LTP expression at excitatory synapses in area CA2 appears to be 

restricted to the SR region because synapses from the entorhinal cortex located in the SLM 

can readily express NMDA receptor-dependent LTP58.

By contrast, raising the extracellular calcium levels of the preparation well beyond normal 

levels and using a higher-than-typical frequency of tetanic stimulation allowed for LTP 

induction at CA2 SR synapses68. This finding that LTP can be induced in some 

circumstances indicated that although multiple proteins that are highly expressed in the CA2 

region may contribute to the failure of LTP induction at CA2 SR synapses, these synapses 

nonetheless contain the necessary cellular machinery for LTP induction, and that high 

extracellular calcium levels can overcome the mechanisms preventing plasticity.

Consistent with this observation that calcium levels may be limited in CA2 pyramidal 

neurons, the buffering capacity and rate of calcium extrusion are nearly four times greater in 

CA2 dendrites and spines than in those in the CA1 region68. Furthermore, blockade of the 

plasma membrane ATPases (PMCAs), which slows calcium extrusion from neurons, was 

sufficient to enable LTP induction at CA2 synapses. One way by which the calmodulin-

regulated PMCAs might be controlled in CA2 neurons is through PCP4 (REF. 68), a putative 

modulator of calmodulin that is highly expressed in CA2 pyramidal neurons69. Remarkably, 

CA2 pyramidal neurons also express high levels of an atypical TARP, TARP γ5, which has 

distinct glutamate receptor trafficking properties compared with other TARPs, and seems to 

primarily affect the calcium-permeable AMPA receptor subunits70–72. Although a role for 

TARP γ5 in limiting synaptic plasticity has not been tested, some evidence points to its 

ability to positively regulate the affinity of AMPA receptors for glutamate, as well as 

regulating the maximum current and desensitization rates of the receptor71,72.

Another protein highly enriched in CA2, RGS14, also has a crucial role in the suppression of 

LTP induction. Mice lacking RGS14 (Rgs14−/− mice) display robust LTP at SR synapses 

onto CA2 pyramidal neurons28. It is not known which G protein-coupled receptor (GPCR) is 

associated with RGS14 (REF. 73), but at least two families of GPCRs have been found to 

regulate excitatory CA2 synapses. Activation of the Gq-linked arginine vasopressin receptor 

1B (AVPR1B) and oxytocin receptor (OXTR), both of which are highly expressed in CA2 

pyramidal neurons74 (in the brain, AVPR1B is only expressed in CA2 (REF. 75)), enhances 

EPSCs in area CA2 (REF. 76). This effect could be due to a lowered threshold for LTP in 

response to activation of these receptors, as it is dependent on low-frequency (baseline) 

stimulation, activation of NMDA receptors, postsynaptic calcium signalling, and calcium/

calmodulin-dependent protein kinase type II (CaMKII) activity. By contrast, activation of 

the Gi/o-linked adenosine A1 receptor (A1R), which is also enriched in CA2 (REF. 77), 

potently and tonically suppresses synaptic efficacy in the SR of CA2; antagonists of A1Rs, 

including caffeine, directly enhance EPSCs in a manner that does not require synaptic 

stimulation78. This is mediated by adenylyl cyclases and protein kinase A (PKA), but not by 

calcium or CaMKII78. Indeed, several of the adenylyl cyclases are highly expressed in area 

CA2 (REFS 79,80) (TABLE 1).
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To summarize, the current understanding of excitatory synaptic plasticity in the SR of area 

CA2 is that it is suppressed under most conditions. However, rather than simply being 

absent, plasticity in the CA2 SR seems to be tightly regulated.

 LTD at inhibitory synapses

The action potential output of CA2 pyramidal neurons may also be regulated by the actions 

of inhibitory networks67. In area CA2, like in area CA1, inhibitory synapses onto pyramidal 

neurons from parvalbumin-expressing interneurons can undergo long-term depression (LTD) 

in response to repetitive high-frequency stimulation of Schaffer collaterals59. This LTD of 

inhibitory synaptic transmission in area CA2, however, is mediated by δ-opioid receptors, 

which contribute to a presynaptic reduction in neuro-transmitter release. As of yet, however, 

no distinguishing cellular marker for this CA2-specific population of inhibitory synapses or 

neurons has been identified that might explain this mechanism of synaptic depression. It has 

been proposed that plasticity of inhibitory connections in area CA2 gates the excitatory 

output of the CA2 (REF. 67), and future work may provide further insight into the unique 

properties of synaptic inhibition in area CA2. Thus, novel and interesting regulatory 

mechanisms occur at inhibitory synapses of area CA2.

 Gene expression

It is likely that the different functional characteristics of the hippocampal subfields are 

driven not only by a combination of specific sets of inputs and the differences in anatomical 

organization of the subfields but also by unique transcriptomes in each region7. Thus, 

examining the types of genes that are enriched in area CA2, compared with those in CA1 

and CA3, may provide insights into its unique roles in hippocampal plasticity, behaviour and 

susceptibility to disease. New resources, such as the Allen Brain Atlas39 and databases for 

cell-specific transcriptomes, have now made it possible to define a molecular profile for 

CA2 (TABLE 1). The molecularly defined borders of CA2 have a high degree of overlap 

with the updated anatomical definition discussed above, which includes, for example, the 

input from the SuM6–9,19 (BOX 1). In the case of the Allen Brain Atlas resource, the 

quantification of gene expression and assignments of anatomical regions were automated 

and based on approximately 50 ‘enriched’ genes per region, all of which are determined by 

expert curators. Surprisingly, many of the genes identified as being enriched in area CA2 do 

not appear in the ventral hippocampus, clearly indicating a discrepancy between a molecular 

definition of area CA2 and a classic one based on neuroanatomy81 (FIG. 1).

Several different functional classes of proteins appear to be particularly enriched in area 

CA2. These include calcium regulators, extracellular matrix components, proteins involved 

in growth factor- and GPCR-mediated signalling, and intracellular signal transduction 

proteins (TABLE 1). As mentioned above, many of these proteins enriched in area CA2 are 

predicted to have roles both in limiting plasticity and in limiting damage from calcium-

dependent pathological processes. However, an interesting question is why these proteins 

might be effective at limiting plasticity at Schaffer collateral synapses but not synapses from 

the entorhinal cortex. Many of the expression patterns of plasticity-limiting CA2-enriched 

proteins such as RGS14 do not show obvious exclusion from the distal dendrites82, which 

receive input from the entorhinal cortex layer II. As such, it may be necessary to investigate 
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the intracellular trafficking of these individual proteins. Alternatively, the mechanisms 

underlying the plasticity observed at the distal synapses58 may differ from those in the more 

proximal dendrites in area CA2.

 Role in behaviour

 Spatial and contextual processing

The hippocampus is best known for its role in encoding episodic memory and spatial 

processing2. Much has been learned about how the hippocampus encodes information by 

assessing neuronal activity during hippocampal-dependent behavioural tasks. However, until 

only very recently, such direct studies have largely neglected the CA2 region, probably 

because of its small size. Some insight into the role of area CA2 in memory and other 

behaviours has come from studies using mice lacking particular genes that are enriched in 

area CA2. One such study used mice lacking RGS14 (Rgs14−/− mice), which, as described 

above, is a repressor of synaptic plasticity in CA2 pyramidal neurons. These mice showed 

enhanced novel object recognition memory and faster acquisition learning in the Morris 

water maze28. Because deletion of Rgs14 enabled plasticity in CA2, behavioural studies in 

these mice were, in effect, assessing the outcome of enhanced synaptic communication 

through CA2. These findings are therefore consistent with the idea that CA2 neurons, as part 

of the hippocampal circuitry, may be important for some canonical hippocampal-dependent 

behaviours such as declarative learning53. Furthermore, they suggest that Rgs14, a gene that 

is highly expressed in area CA2, seems to suppress memory, similar to a few other select 

‘memory-inhibiting’ genes83.

More recently, one of the first studies to directly determine how CA2 neurons respond to 

changes in context found that area CA2 is very different from its neighbouring hippocampal 

subfields. Using compartment analysis of temporal activity fluorescence in situ hybridization 

(catFISH) in mice84, the authors of this study found that when subtle contextual changes 

were made to a familiar environment, such as replacing an object with a new one, the cell 

ensembles in CA2 changed dramatically, whereas changes to cell ensembles in areas CA1 

and CA3 were closer to being proportional to the magnitude of the contextual change84. 

These data suggest that CA2 neurons are more sensitive to subtle changes in contexts than 

neurons in areas CA1 and CA3 (REF. 84).

Another recent study recorded neuronal activity in hippocampi of freely moving rats 

exploring an arena to compare spatial firing properties of CA2 neurons with those in CA1 

and CA3 (REF. 85) (FIG. 3). Mankin et al.85 found that CA2 neurons, similar to those in the 

other CA fields, display place fields, consistent with a previous study that reported little 

difference in spatial firing between CA1 and CA2 neurons in rats exploring a radial arm 

maze86. However, CA2 place fields were later found to be slightly greater in number and 

larger in size than those in the CA1 and CA3 (REF. 85). CA2 neurons also had a higher 

mean firing rate than CA1 and CA3 neurons30,85. Together, these findings indicate that CA2 

neurons carry less spatial information than those in the other CA regions. These findings are 

consistent with the idea that CA2 neurons play some part in spatial processing, although 

perhaps not to the level of those of its neighbouring CA1 and CA3 areas.

Dudek et al. Page 11

Nat Rev Neurosci. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In subsequent studies87,88, it was found that most of these spatial properties gradually 

change along a gradient starting from the proximal CA3 (the part closest to the DG; also 

designated CA3c) to the distal CA3 (the part closest to CA2; also designated here as CA3a) 

and into CA2. Specifically, the mean firing rate and average place field size gradually 

increased from proximal CA3 to CA2 while rats explored a familiar open field; spatial 

information decreased along the same gradient87,88. Some of the most striking 

characteristics of CA2 neurons that are distinct from those in most of area CA3 are their lack 

of sensitivity to changes across different familiarized environments88 and their sensitivity to 

local cues87. In both studies87,88, neuron firing in the distal-most CA3a closely resembled 

that in CA2, further supporting the case for a portion of CA3a to be considered part of area 

CA2 (BOX 1).

Another particularly intriguing feature of area CA2 is that place fields in this region change 

more in response to the passage of time (hours to days) than in response to alterations in the 

shape of a context85. On the basis of these findings, the authors of the study suggested that 

CA2 neuronal ensembles code weakly for changes in context, and code more strongly for 

the passage of time. Thus, at the level of individual neurons recorded in vivo, area CA2 

demonstrates properties consistent with a role in spatial coding, but at the population level 

area CA2 may participate in temporal coding to a greater extent than spatial contextual 

coding. Although the findings of Wintzer et al.84 and Mankin et al.85 seem to be 

contradictory with respect to contextual coding, we note experimental differences in how the 

context was changed in these studies; Wintzer et al. introduced a novel change to a familiar 

environment, whereas Mankin et al. repeatedly used a familiarized change in the shape of 

the box. The results of these studies imply that updates to a context can engage area CA2, 

which otherwise may be involved in temporal coding, and highlight how unique properties 

in area CA2 may play a part in encoding distinct hippocampal behaviours.

 Social behaviour

There has been considerable recent interest from the neuroscience community in social 

behaviour. One study examined how social stimuli such as exposure to either novel or 

familiar animals would influence CA2 neuron firing in rats30. The authors of this study 

found that place fields shift significantly in response to social stimulation (that is, global 

remapping; see FIG. 3). This effect, however, was not specific to social stimulation; novel 

(inanimate) objects placed in the recording arena also elicited global remapping. Similar to 

their findings in other hippocampal subfields89, the authors of this study found no increase 

in CA2 neuron firing rates upon social stimulation. These results, together with the previous 

findings87,88, suggest that neuronal firing in area CA2 is less sensitive to novel global 

contextual cues than to novel local cues and social stimuli.

Further evidence suggestive of a specific role for area CA2 in social behaviour is that CA2 

pyramidal neurons express high levels of receptors for the ‘social’ neuropeptides vasopressin 

and oxytocin74,75,90 and receive the majority of the vasopressinergic hippocampal PVN 

inputs10,11 (FIG. 4). Both mice lacking Avpr1b and mice lacking Oxtr have deficits in social 

recognition memory and social aggression behaviours91–93. In the mouse brain, Avpr1b 
expression is largely restricted to pyramidal neurons in hippocampal CA2 (REF. 75), and 
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indeed re-expression of Avpr1b in the dorsal CA2 of Avpr1b−/− mice restored normal 

aggressive behaviours76. Notably, spatial memory, tested by performance on the Morris 

water maze task, was not affected in Avpr1b−/− mice, but these mice did have impairments in 

associative memory when a time delay was introduced between presentations of objects93. 

These findings have raised the intriguing possibility that area CA2 has a central role in the 

encoding or processing of temporal order, in addition to social memory processing.

New tools to genetically manipulate specific populations of neurons have allowed 

researchers to address, in a precise manner, the role of area CA2 in behaviour. For example, 

using a CA2-specific Cre-expressing mouse strain, Hitti and Siegelbaum53 silenced CA2 

synaptic output using a Cre-dependent construct encoding tetanus toxin light chain to inhibit 

neurotransmission. This CA2-specific neuronal silencing resulted in a selective impairment 

of social recognition memory but did not impair other hippocampus-dependent memory 

tasks, such as novel object recognition or spatial memory. Specifically, the mice were unable 

to differentiate between novel and familiar mice, which demonstrates that synaptic 

transmission from CA2 pyramidal neurons is essential for encoding of social information 

into memories. These data are consistent with work showing that excitotoxic lesions of area 

CA2 impaired social recognition memory94. However, it remains unclear how CA2 neurons 

integrate social processing with other aspects of episodic memory, such as time and space. 

Global remapping of CA2 neuron spatial firing may be one mechanism by which CA2 could 

encode social aspects of a memory30. Further, some evidence suggests that CA2 has a role in 

diseases associated with impaired social behaviour (BOX 2).

Box 2

Possible roles of area CA2 in disease

In mice, lesions of area CA2 and silencing of CA2 pyramidal neurons result in impaired 

social recognition memory53
,
94, suggesting that this region is important for normal social 

behaviour. As impairments in social behaviour are one of the core symptoms observed in 

autism spectrum disorder (ASD), this suggests that CA2 dysfunction may mediate part of 

its aetiology. Although there is currently no consensus on specific brain structures or 

functions that underlie the pathophysiology of ASD129, a role for the hippocampus in 

symptoms of ASD has been hypothesized; impairments in memory (in particular, social 

memory130) and a propensity for seizures131 have been reported in individuals with ASD. 

Interestingly, several genes that have been linked to ASD in humans are expressed at 

lower levels in area CA2 than in other hippocampal subregions in the rodent and human 

brain (TABLE 1), including CDH10 (which encodes cadherin 10), CNTN3 (which 

encodes contactin 3) and SHANK3 (which encodes SH3 and multiple ankyrin repeat 

domains 3)132. Future studies on the expression of these genes during development in 

humans, and the role of CA2 in rodent social behaviour, will provide insight into whether 

this region of the hippocampus has an important role in some of the symptoms of ASD.

Among the hippocampal subfields, area CA2 also appears to be strikingly affected in 

some psychiatric disorders. A post-mortem study found that the number of non-

pyramidal neurons in area CA2 was approximately 40% lower in tissue from individuals 

with schizophrenia or bipolar disorder than in tissue from controls, whereas the number 
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and density of pyramidal neurons were unaffected133. Subsequent studies confirmed that 

the loss of interneurons, particularly the parvalbumin-positive interneurons, and of 

glutamate decarboxylase 67 (GAD67; also known as GAD1) expression (a marker of 

GABAergic neurons) within the hippocampus was greatest in area CA2 in tissue from 

individuals with schizophrenia134
,
135. Loss of staining for kainate receptor subunits 5, 6 

and 7 was also greatest in area CA2 in hippocampi from individuals with 

schizophrenia136. Finally, increased NMDA receptor subunit NR2B (also known as 

GluN2B) expression137, but decreased histamine H3 receptor binding138, has been 

reported in the CA2 subfield of tissue from individuals with either bipolar disorder or 

schizophrenia. Taken together, many of these findings, particularly the loss of inhibitory 

function in CA2, might partly explain the hypermetabolism observed in the CA1 of 

individuals with schizophrenia using functional imaging139.

Several animal models of schizophrenia recapitulate many of the symptoms of 

schizophrenia seen in humans. For example, reelin haploinsufficient mice display 

behavioural impairments that are consistent with the types of behavioural deficits seen in 

patients with schizophrenia140 and have a significant decrease in the number of 

parvalbumin-immunopositive interneurons in area CA2. Interestingly, among the 

hippocampal subfields in the rat, the highest density of reelin-immunopositive 

interneurons is found in area CA2 (REF. 60) (FIG. 2). In another example, infusion of a 

type A (GABAA) receptor antagonist into the rat basolateral amygdala, which mimics 

one aspect of circuit disruption in individuals with schizophrenia, resulted in decreased 

numbers of CA2 stratum oriens (SO) interneurons141. One study has shown that there are 

projections from the parvocellular and magnocellular divisions of the basal nucleus of the 

amygdala to the SO and the stratum radiatum (SR) of area CA2 (REF. 142) (but see also 

REF. 10). Although it is proposed that widespread dysfunction throughout several 

corticolimbic structures contributes to the pathophysiology of schizophrenia, the striking 

abnormalities observed in interneuron density and receptor expression in area CA2 

suggest this hippocampal subregion may have a role in some of the symptoms of 

schizophrenia, particularly cognitive dysfunction.

 Resistance to injury

Neuronal cell death can occur in response to various insults, including reduced oxygen and 

glucose transport to neurons, physical shearing or compression of the brain tissue and 

parenchyma, or abnormal electrical activity in the form of seizures. These insults are 

followed by processes such as membrane depolarization and activation of voltage-gated 

calcium channels and excitotoxicity ensuing from excessive glutamate release (with 

subsequent further increases in intracellular calcium levels) and release of free radicals, all 

of which can initiate necrotic and/or apoptotic signalling pathways95. Given the wide range 

of processes that can contribute to cell death, it comes as some surprise that CA2 pyramidal 

neurons seem to be highly resistant to several different causes of neuronal injury.

Soon after it was discovered that hippocampal neurons in general are extremely vulnerable 

to seizure activity, ischaemic insult and trauma, it was noted that neurons of the CA2 region 
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are relatively resistant to these processes14,96. Temporal lobe epilepsy (TLE), for example, is 

commonly associated with hippocampal sclerosis, which includes severe loss of pyramidal 

cells from the hippocampal structure97,98. However, CA2 neurons do not often display this 

pathology99. A more recent meta-analysis of several human studies that quantified neuronal 

loss in the CA regions of individuals with chronic epilepsy revealed that area CA1 is most 

susceptible to neuron loss, that areas CA3 and CA4 show intermediate levels of cell loss and 

that area CA2 displays the least cell loss100. Indeed, examination of hippocampi from 

patients with TLE and/or status epilepticus similarly demonstrated that among the CA fields, 

area CA2 is the most resistant to cell loss98–100. In humans, area CA2 is also resistant to 

damage caused by hypoxia and traumatic brain injury101,102. Strikingly similar findings 

have been reported in animal models of hypoxia, ischaemia and traumatic brain 

injury14,103–108 (see also REFS 109,110 for examples).

Several mechanisms may underlie the resistance of CA2 neurons to ischaemia- and trauma-

induced cell death, some of which may overlap with the mechanisms underlying the 

resistance of the CA2 region to excitatory synaptic plasticity. These possible mechanisms 

include the superior calcium-handling capacity of CA2 pyramidal neurons compared with 

that of neurons in other CA areas68 and the high expression levels of molecules associated 

with neuroprotection, such A1Rs77,111 and receptors and binding partners for growth factors, 

which have been shown to promote neuronal survival and reduce seizure activity in animal 

models112,113. Indeed, local administration of insulin-like growth factor 1 (IGF1) has been 

shown to reduce seizure severity and decrease neuronal loss in animal and cell culture 

models of epilepsy114,115, which may be attributable to the high expression levels of the 

IGF1 receptor and IGF-binding protein 4 in rodent CA2 neurons116,117. In addition, 

somatostatin receptor 5, which negatively couples to voltage-gated calcium channels, is 

highly expressed in CA2 neurons, as shown in gerbils118, and may contribute to protection 

of CA2 neurons from insults that trigger calcium influx.

Differences in the intracellular signalling response to seizure activity are apparent in area 

CA2; even minutes after the onset of pilocarpine-induced seizure activity in mice, levels of 

phosphorylated (active) extracellular signal-regulated kinase (ERK) are substantially lower 

in area CA2 than in neighbouring areas of the hippocampus (for further information, see 

supplemental information of REF. 15). Thus, area CA2 is exceptionally resistant to damage 

even early in the biochemical pathways initiated in response to seizures. Interestingly, 

Proechimys guyannensis, a rodent native to the Amazon region, shows distinctly dispersed 

neurons in the CA2 SP and increased resistance to experimental epileptogenesis compared 

with Wistar rats119. In addition, compared with Wistar rats, P. guyannensis shows high basal 

expression of calbindin 1 and calbindin 2 (also known as calretinin) within the CA2 region, 

which are likely to be expressed in interneurons120.

However, the general resistance to damage of neurons in CA2 is not necessarily maintained 

in hippocampal slices in culture, as in such preparations the CA2 region seems to be the 

most sensitive to excitotoxic cell death induced by blocking inhibitory transmission121. This 

increased sensitivity to excessive excitatory activity is not likely to be simply an artefact of 

cultures per se, because it was found that dissociated CA2 neurons in culture were the least 

sensitive to excitatory amino acid-induced excitotoxicity, as would be expected from in vivo 
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studies122. However because expression levels of PCP4 and RGS14 change dramatically 

during the first 2 postnatal weeks19,82, the timing of which may or may not be recapitulated 

in vitro, the reason for the selective vulnerability of CA2 neurons in some organotypic slice 

cultures remains enigmatic.

Interestingly, despite its resistance to cell death, abnormal activity in area CA2 may have a 

role in the progression of TLE in patients. Two studies have examined the 

electrophysiological properties of CA2 neurons in tissue surgically resected from individuals 

with medically refractory TLE. Using field potential recordings, Wittner et al. 123 found 

interictal-like spike activity in area CA2 of individuals with TLE. Whether similar spikes 

occurred in CA1 and CA3 neurons of this tissue was not investigated, but in tissue resected 

from patients with TLE these regions do show significant cell loss and in vitro recordings 

from these tissues show that interictal spikes rarely occur in these regions124. Excitatory 

synaptic events detected with whole-cell recordings were observed in the majority of CA2 

pyramidal cells, but inhibitory synaptic events were seen in only a small number of these 

cells123. This work is consistent with data from a previous study indicating a lack of 

inhibitory synaptic events recorded from CA2 neurons from tissue of individuals with 

TLE125. Interestingly, one study, using voltage imaging in normal rat hippocampal slices, 

bathed in a solution with a high potassium concentration to elicit epileptiform activity, 

demonstrated that epileptic discharges originated at the border between areas CA1 and CA2 

(REF. 63), and another study demonstrated bursting of CA2 neurons in disinhibited 

hippocampal slices from guinea pigs that led to synchronized bursting in all CA 

subfields126.

Finally, a recent report has detailed another possible mechanism underlying epileptic activity 

in a mouse model of TLE127. Following kainate injection into the hippocampus, CA2 

pyramidal neurons not only survived in far greater numbers than CA3 and CA1 pyramidal 

neurons, but they also appeared to disperse and take over territory once occupied by neurons 

in areas CA1 and CA3. In addition, the mossy fibres were found to sprout into the CA2 SP, 

forming synapses on CA2 pyramidal neuron somata127. This study further demonstrates that 

neurons in the DG and area CA2 support epileptic activity, suggesting that growth of this 

aberrant circuitry might underlie, in part, the development of TLE.

On the basis of these findings and the selective resistance of CA2 neurons to cell death, we 

believe that further exploration of the role of CA2 neurons in epileptogenesis will prove to 

be fruitful in both basic and clinical research realms.

 Concluding remarks

Despite the fact that more than 70 years have passed since Lorente de Nó originally 

described the CA2 subfield, the significance of the many unique morphological and 

physiological properties of area CA2 is only beginning to be understood. In addition to 

participating in canonical hippocampal circuits known to underlie spatial processing, area 

CA2 is crucial for the consolidation of socially relevant information into long-term memory, 

and may also play a part in temporal encoding. With the advent of tools that enable targeting 

of genetically defined cell populations, we expect rapid progress to be made in further 
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characterizing the functions of area CA2. Finally, given the findings that CA2 is particularly 

resistant to certain types of damage, area CA2 has emerged as an important region to study 

in models of disease characterized by impairments in spatial, social, temporal and memory 

processing.
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 Glossary

Cornu Ammonis (CA)
Latin for Ammon’s horn, CA is now known as the hippocampus proper and was used by 

Rafael Lorente de Nó when subdividing the regio superior and regio inferior into CA1, CA2, 

CA3 and CA4

Mossy fibres
The axons of the dentate gyrus granule neurons most noted for forming very large synapses 

on the thorny excrescences on proximal dendrites of CA3 neurons, and now known to also 

form synapses on many CA2 neurons in rats and mice

Long-term potentiation (LTP)
A lasting increase in the effectiveness of synaptic potentials induced by high-frequency 

afferent stimulation

Cell ensembles
A collection of cells that show coordinated firing activity and are thought to encode a 

particular memory trace or engram

Place fields
Locations (or places) within a two-dimensional arena at which a particular neuron will fire 

while the animal traverses it

Global remapping
Changes in the primary place field location of a neuron in response to a change in the 

environment — for example, the context or the passage of time

Excitotoxicity
The property of excitatory amino acids such as glutamate to cause neuron death, beginning 

with massive depolarization of the cell membrane and influx of calcium

Status epilepticus
A state of prolonged seizure activity lasting for more than 5 minutes, or multiple seizure 

events without returning to normal consciousness
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Figure 1. Hippocampal area CA2 in the mouse brain
The top panel illustrates the location and gross structure of the mouse CA2 region, as 

defined by the Allen Institute for Brain Science on the basis of the differential expression of 

almost 50 genes. Thedashed lines indicate the positions of the slices that are represented in 

the bottom panels. Interestingly, most of these ‘CA2-enriched’ genes are not expressed in 

the ventral hippocampus of the mouse (lower right panel), even though other atlases have 

classically included CA2 in most of the ventral third of the hippocampus81. Images in the 

top panel are reproduced with permission from © 2015 Allen Institute for Brain Science. 

Allen Mouse Brain Atlas [Internet]. Available from: http://mouse.brain-map.org.
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Figure 2. Connectivity of CA2 neurons within the rodent hippocampal circuit
The CA2 region (medium green) is located between the CA3 region (light green) and the 

CA1 region (dark green) and is an integral part of the hippocampal circuitry. In rodents, the 

primary afferents contacting CA2 pyramidal neurons arise from three primary sources: 

dentate gyrus (DG) granule cells (shown in blue) that target the stratum lucidum (SL), CA3 

neurons that target the stratum radiatum (SR), and medial and lateral entorhinal cortex layer 

II (EC LII) neurons (shown in dark grey) that target the stratum lacunosum-moleculare 

(SLM)9,10,53. This part of the perforant path was found to dip far into the area normally 

considered to be SR in monkeys and humans143. The main projection target of CA2 

pyramidal neurons is ‘deep’ calbindin 1- immunonegative CA1 neurons with dendrites in 

stratum oriens (SO)9,29; CA2 neurons target the CA1 SR to a lesser extent29. 

Extrahippocampal inputs to CA2 (indicated by black arrows) include those from 

vasopressinergic neurons in the paraventricular nucleus (PVN) of the hypothalamus11,40 and 

from the median raphe (MRa), and reciprocal connections with the supramammillary 

nucleus (SuM)36,37,43, medial septum (MS) and diagonal bands of Broca (DBBs)10. Many 

different types of inhibitory interneurons are found in area CA2 and form synapses on CA2 

pyramidal neurons. The density of reelin- and parvalbumin-immunopositive interneurons 

(shown in pink) is several-fold higher in area CA2 stratum pyramidale (SP) than in CA1 SP 

and CA3 SP60.
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Figure 3. Comparison of neuron spatial firing in CA regions
Neuronal recordings in awake behaving rats to characterize spatial firing in CA2(REF. 85) 

revealed that CA2 neurons fired in place fields, indicated by the warm colours. CA2 place 

fields differed from those in CA1 and proximal CA3 in that there were more of them and 

that they were larger. Not illustrated is that several properties of place fields in distal CA3 

(closest to CA2; CA3a) closely resembled those in CA2 (REFS 87,88). Notably, place fields 

in CA2 changed with the passage of time (hours to days) and could shift significantly in 

response to social stimulation and novel objects (that is, global remapping)30. These results 

together suggest that CA2 is less sensitive to novel global contextual cues than to novel local 

cues and social stimuli. DG, dentate gyrus.
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Figure 4. A role for CA2 in social memory
a | The receptors for ‘social’ neuropeptides vasopressin and oxytocin (arginine vasopressin 

receptor 1B (AVPR1B) and oxytocin receptor (OXTR)) are highly expressed in CA2 

pyramidal neurons. BothAvpr1b−/− and Oxtr−/− mice have deficits in social recognition 

memory and social aggression91,92. b | Virus-mediated re-expression of Avpr1b in the dorsal 

CA2 of Avpr1b−/− mice rescued social aggression behaviours76. c | An AVPR1B agonist, as 

well as oxytocin (not illustrated), induces a slowly developing synaptic potentiation in CA2, 

but not in CA1, neurons76. d | Silencing of CA2 pyramidal neuron output in mice impairs 

social recognition memory, but not sociability53. Control animals spent less time 

investigating familiar mice than novel mice, but the animals with tetanus toxin (TeNT) 

expressed in CA2 were unable to differentiate between novel and familiar mice. EPSC, 

excitatory postsynaptic current; ITI, inter-trial interval; WT, wild type; YFP, yellow 
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fluorescent protein. Partsb and c are from REF. 76, Nature Publishing Group. Part d is from 

REF. 53, Nature Publishing Group.
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Table 1

Genes differentially expressed in area CA2

Gene* Functions Species Refs

Cation-mediated signalling

CALB1 Calcium binding Human, monkey 102,144

CALB2 Calcium binding Monkey 145

Pcp4 Calmodulin regulator Rat, mouse, not in human 19,69,146

S100b Calcium binding Mouse 39

Necab2 Calcium binding Mouse 147

Camk4 Kinase Mouse 39

Camkk1 Kinase Mouse 39

Ryr1 Calcium release Mouse 39

Slc30a3 (also known as Znt3)‡ Zinc transporter Mouse 148

Extracellular matrix components

Acan PNN component Mouse, rat 149–151

Sdc2 (also known as Hspg) PNN component Rat 152,153

Ncam1 (also known as Ncam) Cell adhesion, signalling Rat 154

Amigo2 Cell adhesion, signalling Mouse 39,155

Dscam Adhesion, signalling Mouse 156,157

Sema7a Adhesion, signalling Mouse 39

Sparcl1 (also known as Sc1 and hevin) Adhesion, signalling Mouse 158

CDH10‡ Adhesion, signalling Human 159

CNTN3‡ Adhesion, signalling Human 159

Growth factor signalling

Fgf2 (also known as bFGF) Growth factor Rat 24,160–162

Fgf5§ Growth factor Rat, mouse 39,163,164

Ntf3 Neurotrophin Rat, mouse 25,165–167

Egfr Growth factor receptor Rat 168

Igf1r§ Growth factor receptor Rat, mouse 116,169

Igfbp4 Growth factor binding Rat 170

Signal transduction, cytoskeletal components and other functions

Actn2 Cytoskeletal component Rat 31

Step Phosphatase Rat 65

Map3k15 Kinase Mouse 39

C1qa Complement cascade component Mouse 171,172

Cacng5 Regulator of GluA receptors Mouse 39,70

Trek1 Potassium channel Rat, mouse 61

Nos1‡ Nitric oxide synthesis Mouse 39
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Gene* Functions Species Refs

Prkcb‡ Kinase Mouse 39

SHANK3‡ Synaptic scaffold Human 159

GPCR-related signalling

Rgs14 RGS, scaffolding protein Mouse 28

Rgs4 RGS Mouse 39

Adora1 GPCR Rat 77

ADORA2A GPCR Human 159

Sstr5 GPCR Rat, gerbil 118,173

Avpr1b GPCR Rat, mouse 39,75,76

Gpr12 GPCR Mouse 39

Adcy1, Adcy5 and Adcy6 Adenylyl cyclases Mouse 79,80

Pde4d Phosphodiesterase Mouse 39

Tiam2 RACGEF Mouse 39

Srgap2 RHOGAP Mouse 39

Acan, aggrecan; Actn2, actinin, alpha 2; Adcy, adenylyl cyclase; Adora1, adenosine A1 receptor; ADORA2A, adenosine A2A receptor; Amigo2, 
adhesion molecule with Ig-like domain 2; Avpr1b, arginine vasopressin receptor 1B; CALB, calbindin; Camk4, calcium/calmodulin-dependent 
protein kinase 4; Camkk1, calcium/calmodulin-dependent protein kinase kinase 1, alpha; CDH10, cadherin 10; CNTN3, contactin 3; Dscam, Down 
syndrome cell adhesion molecule; Egfr, epidermal growth factor receptor; Fgf, fibroblast growth factor; GPCR, G protein-coupled receptor; Igf1r, 
insulin-like growth factor 1 receptor; Igfbp4, insulin-like growth factor-binding protein 4; Map3k15, mitogen-activated protein kinase kinase kinase 
15; Ncam1, neural cell adhesion molecule 1; Necab2, N-terminal EF-hand calcium-binding protein 2; Nos1, nitric oxide synthase 1, neuronal; Ntf3, 
neurotrophin 3; Pcp4, Purkinje cell protein 4; Pde4d, phosphodiesterase 4D; PNN, perineuronal net component; Prkcb, protein kinase C, beta; 
RACGEF, RAC guanine nucleotide exchange factor; RGS, regulator of G protein signalling; RHOGAP, RHO GTPase-activating protein; Ryr1, 
ryanodine receptor 1; Sdc2, syndecan 2; Sema7a, semaphorin 7A; SHANK3, SH3 and multiple ankyrin repeat domains 3; Slc30a3, solute carrier 
family 30 (zinc transporter), member 3; Sparcl1, SPARC-like 1; Srgap2, SLIT ROBO RHO GTPase-activating protein 2; Sstr5, somatostatin 
receptor 5; Step, striatum-enriched protein-tyrosine phosphatase; Tiam2, T cell lymphoma invasion and metastasis 2.

*
Expression of an oligodendrocyte antigen is high in the rat CA2, but the gene encoding this protein is unknown174.

‡
Low expression relative to CA1 and CA3.

§
Some expression in CA3a.
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