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SUMMARY

The dorsal and ventral regions of the CA1 field of the hippocampus play distinct roles in the encoding of 

cognitive vs. emotional behaviors, respectively. Whether this distinction applies to other hippocampal fields 

and other behaviors is unclear. Here, we focus on the hippocampal CA2 field and compare the properties and 

behavioral roles of its dorsal (dCA2) and ventral (vCA2) regions. Although dCA2 is known to be required for 

social memory and to promote social aggression, the role of vCA2 is unknown. We report that a defined CA2 

region extends to the extreme ventral pole of the hippocampus, with certain distinctions to dCA2. Unlike 

dCA2, chemogenetic silencing of vCA2 pyramidal neurons did not impair social memory. Similar to dCA2, 

vCA2 was required to promote social aggression. Thus, consistent with the CA1 region, CA2 may be differ

entially tuned to support cognitive compared with emotional processes along its dorsal to ventral axis.

INTRODUCTION

A key goal of hippocampal research is to elucidate whether and 

how the distinct hippocampal subregions along both its transverse 

(dentate gyrus, CA3, CA2, and CA1)1 and longitudinal (dorsal and 

ventral) axes differentially contribute to declarative memory. 

Although most studies have focused on the different transverse 

subregions, it is now clear that dorsal and ventral regions of the hip

pocampus differ in their gene expression, connectivity, and behav

ioral role.2 A comprehensive RNA sequencing study of the hippo

campus found that the transcriptional distance between dorsal 

and ventral CA1, CA3, and DG are approximately as large as those 

seen between the different transverse subfields.3

Functionally, the dorsal region of the hippocampus has been 

linked to more cognitive functions, including contextual and 

spatial memory.4,5 In contrast, the ventral hippocampus is 

more important for affective behaviors such as anxiety and 

emotional processing.6–9 These different behavioral roles are re

flected in marked differences in the extrahippocampal projec

tions from dorsal and ventral CA1.2 Thus, whereas dorsal CA1 

(dCA1) projects mainly to subiculum, entorhinal cortex, and 

lateral septum, ventral CA1 (vCA1) uniquely projects to prefrontal 

cortex, nucleus accumbens, amygdala, and hypothalamus.

The distinction between the behavioral roles of the dorsal and 

ventral hippocampus is of particular interest for social memory. 

Although the importance of the hippocampus for social memory 

has been evident since the studies by Brenda Milner and her col

leagues of patient H.M.,10 the relative importance of dorsal 

and ventral hippocampus remains somewhat unclear. Whereas 

silencing of dorsal CA1,11 dorsal CA3,12 or dorsal dentate gy

rus13 does not impair social novelty recognition memory 

(SNRM), the behavioral discrimination of a novel from familiar 

conspecific, silencing of ventral CA111 and ventral CA312 sup

presses SNRM recall and encoding, respectively.
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Although the results on CA1 and CA3 suggest a selective role 

for the ventral hippocampus in social memory, a number of 

studies have found that the dorsal CA2 (dCA2) region is critically 

important for encoding, consolidation, and recall of social mem

ories.14–21 Moreover, the contribution of dCA2 to SNRM is medi

ated, at least in part, through its projections to vCA1.17 dCA2 

also acts to enhance social aggression through its projection 

to dorsal lateral septum.22 However, to date, all published 

studies of the behavioral role of CA2 have focused on its dorsal 

portion. Indeed, despite descriptions of ventral CA2 (vCA2) by 

Lorenté de Nó1 and others,23–25 the existence of vCA2 has 

been a matter of controversy.26

The CA2 region was first identified based on the distinct 

morphology of the pyramidal neurons (PNs) in this region from 

those in flanking CA1 and CA3 regions.1 dCA2 PNs also have 

distinct electrophysiological and synaptic properties and a 

distinct gene expression profile relative to neighboring dCA1 

and dCA3 neurons.27–29 Of particular note, dCA2 PNs are highly 

enriched in receptors for the social neuropeptides arginine vaso

pressin (AVP)30 and oxytocin (OXT),31 which contribute to the 

regulation of social behaviors. Thus, general deletion of the 

gene encoding the arginine vasopressin receptor 1b (Avpr1b)32

or the oxytocin receptor31 impairs social memory, as does 

the conditional deletion of both receptors when restricted to 

CA2.20 In addition, general deletion of Avpr1b inhibits social 

aggression32 and this phenotype can be rescued by selective 

viral expression of Avpr1b in dCA2 and nearby neurons,33 indi

cating that AVP acting on Avpr1b expressed by dCA2 neurons 

is necessary to promote normal levels of aggression.

The identification of CA2 PNs in more ventral regions of the 

hippocampus has been less clear cut and has relied mostly on 

gene expression patterns. Although certain dCA2 markers, 

including PCP424,25 and Avpr1b,25 have been found to extend 

into ventral hippocampus, other markers are not as reliably ex

pressed.26,30,34 Based on in situ hybridization data from the Allen 

Brain Atlas, CA2 was suggested to be restricted to the dorsal 

two-thirds of the hippocampus and to be absent from the ventral 

one-third of the hippocampus.35 However, a more recent anal

ysis of in situ hybridization and single-cell mRNA expression 

data from the Allen Brain Atlas and DropViz databases sug

gested that the expression of at least a subset of CA2 markers 

may extend farther toward the ventral pole,36 although the 

pattern of molecular expression in vCA2 neurons may be 

different from their dorsal counterparts.36 At present, little is 

known as to the electrophysiological properties and synaptic 

connectivity of putative CA2 neurons in the most ventral region 

of hippocampus, including whether such neurons share the 

characteristic properties of dCA2. Importantly, the behavioral 

role of vCA2, and whether it participates in social behaviors 

as defined for dCA2, remains unexplored. Here, we provide 

anatomical, molecular, electrophysiological, and behavioral evi

dence that a defined CA2 region extends throughout the hippo

campal dorsal-ventral axis using two mouse lines that provide for 

relatively selective Cre-dependent AAV-mediated expression 

in CA2, the Avpr1b-Cre+/− line25 and the PCP4-Cre+/− line 

(RBRC05662, developed by Toshitada Takemori and provided 

by RIKEN BRC). We found that vCA2 PNs exhibited similar 

cellular anatomical features and electrophysiological properties 

to dCA2 neurons, despite a greater molecular heterogeneity in 

vCA2. Similar to dCA2, vCA2 is required to promote social 

aggression. However, unlike dCA2, vCA2 is not required 

for SNRM.

RESULTS

The boundaries of CA2 extend along the entire 

dorsoventral hippocampus

Given the differing reports on the existence of vCA2, noted 

above, a question arises: how should CA2 be defined in the hip

pocampus? Here, we define CA2 PNs as having the following 

features: (1) anatomical location between CA1 and CA3, with 

partial overlap with the end of the mossy fiber inputs from den

tate gyrus; (2) lack of thorny excrescences that characterize 

CA3 PNs; (3) restricted or enriched expression of genes and/or 

proteins not expressed in CA1 or CA3, including RGS14, 

STEP, and/or Avpr1b37; and (4) distinct electrophysiological 

properties that differ from CA1 or CA3.28,29

We first explored the anatomical location of CA2 PNs based 

on the expression of tdTomato in the Avprb1-Cre+/− x Ai14 

tdTomato reporter line. We found that tdTomato was expressed 

along the entire extent of the hippocampal dorsoventral axis at a 

position along the transverse axis between CA3 and CA1 

(Figure 1). We quantified the density of Avpr1b-expressing 

tdTomato+ neurons in the anatomically defined CA2 region as 

the fraction of DAPI-positive cells (Figure 2). There was a signif

icantly smaller fraction of tdTomato+ cells in the CA2 region 

located in the ventral hippocampus (38.0% ± 5.3% of DAPI- 

labeled cells) compared with the dorsal hippocampus 

(73.5% ± 7.8% of cells; two-sample unpaired t test t = 8.616, 

df = 9, p < 0.0001), confirming previous qualitative observa

tions.25 Light-sheet microscopy of iDISCO38 cleared brains 

confirmed that Avpr1b was expressed in a continuous band 

from the most dorsal to the most ventral portions of 

the hippocampus (Figure S1). In situ hybridization in Avpr1b- 

Cre+/− × Ai14 mouse brains (n = 2), using probes against Avpr1b 

and tdTomato mRNAs in coronal sections, revealed that Cre- 

driven expression accurately reflected Avpr1b mRNA expres

sion throughout the hippocampal longitudinal axis (Figure S2), 

similar to prior results in the dorsal hippocampus.25

To determine whether Cre-dependent expression in vCA2 PNs 

was associated with the expression of other classic dCA2 pyra

midal cell markers, we performed immunohistochemistry for 

RGS14, PCP4, and STEP along the dorsoventral axis in two co

horts of Avpr1b-Cre+/− × Ai14 mice. We selected slices from the 

dorsal hippocampus (first one-third of dissected hippocampus) 

and ventral hippocampus (last one-third of dissected hippocam

pus) from each subject for staining. In one cohort (mouse n = 3), 

we co-stained slices for RGS14, PCP4, and the nuclear marker 

DAPI (Figure 2). In another cohort (mouse n = 4), we co-stained 

slices for STEP, PCP4, and DAPI (Figure S3A). Furthermore, 

since PCP4 labels the dentate gyrus and mossy fiber tract, we 

confirmed that vCA2, like dCA2, has an anatomical localization 

with partial overlap of the distal end of the mossy fiber inputs 

(Figure S4). A consistent region was defined within the dorsal 

and ventral CA2 to standardize comparison of positive cell 

counts across these regions (see STAR Methods). This area 
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(Figure S4) was selected because >50% of DAPI-stained neu

rons within this boundary express the putative CA2 marker 

PCP4. We quantified the total number of cells in the region that 

were co-labeled by at least one putative CA2 marker and DAPI 

(Figure 2).

In dorsal hippocampus, there was near complete overlap be

tween all molecular markers for CA2 examined, including 

Avpr1b-Cre+/− dependent marker expression, as previously 

noted.25 Like the Avpr1b-Cre+/− × Ai14 reporter results noted 

above, the percentage of DAPI-expressing cells in the anatomi

cally defined CA2 region in the ventral hippocampus that ex

pressed at least one of the examined endogenous CA2 markers 

(61.0% ± 2.8%) was significantly less than in the dorsal hippo

campus (73.6% ± 6.9%, Mann-Whitney p = 0.0025). Moreover, 

whereas the percentage of tdTomato-expressing cells in dCA2 

(73.5% ± 7.8%) was nearly identical to the percentage of dCA2 

cells expressing any of the other CA2 markers (73.6% ± 6.9%), 

significantly fewer cells in vCA2 expressed tdTomato (38.0% ± 

5.3%) than the percentage of cells that expressed any of the 

various markers examined (61.0% ± 2.8%). These results pro

vide evidence for a subpopulation of tdTomato-negative (i.e., 

Avpr1b-negative) vCA2 cells that expressed at least one or 

more of the other CA2 markers (Figure S5).

To further characterize the molecular differences between 

dCA2 and vCA2, we quantified the number of cells that co-ex

pressed each of the combinations of the markers we exam

ined (Figure 2L). In dCA2, 98.0% ± 1.3% of cells that ex

pressed one of these prototypical markers co-expressed the 

two other CA2 markers examined (tdTomato, PCP4, and 

either RGS14 or STEP). In vCA2, PCP4 was the most widely 

expressed marker, present in 60% of DAPI-positive cells. 

Moreover, PCP4 was expressed in the majority of cells that 

co-expressed one or more of the three other CA2 markers 

(98%). Furthermore, in 36.1% ± 6.3% of PNs in the vCA2 re

gion, PCP4 was the only CA2 marker these neurons ex

pressed. In contrast, in dCA2 there were few if any cells that 

only expressed PCP4. The PCP4-only vCA2 cells appeared 

to be primarily in the deep pyramidal cell layer (cells located 

closer to stratum oriens). Nearly all PCP4-positive cells in 

vCA2 were excitatory (98.6%), based on co-expression of 

CaMKII (Figure S6). Moreover, the majority of CaMKII neurons 

in vCA2 expressed PCP4 (72.7%). Thus, the majority of vCA2 

excitatory neurons expressed PCP4, while a significantly 

smaller fraction co-expressed tdTomato and RGS14/STEP 

(Figure S3). Altogether, these data reveal that PNs expressing 

dCA2 markers extend throughout the ventral region of the hip

pocampus, furthering previous results.36

Electrophysiological and anatomical properties of vCA2 

PNs resemble those of dCA2

Given the difference in molecular heterogeneity we observed be

tween dCA2 and vCA2 neurons, we performed whole-cell patch 

clamp recordings from vCA2 PNs to compare their electrophys

iological properties with dCA2 neurons. vCA2 PNs had very 

similar intrinsic electrophysiological properties to those of 

dCA2 obtained in prior studies from our laboratory.28 Thus, 

vCA2 and dCA2 PNs exhibited similar input resistance, mem

brane capacitance, and amplitude of voltage sag during mem

brane hyperpolarization, a hallmark of the hyperpolarization- 

activated cation current Ih (Figure S7). Of further note, the 

Figure 1. Horizontal slices from Avpr1b-Cre+/− x Ai14 mice reveal tdTomato expression along the entire dorsoventral axis 

tdTomato (Avpr1b) expression was present along the entire axis from the most dorsal (1) to most ventral (7) slices. Numbers on images correspond to arrows in 

inset. Scale bar, 200 μm.
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electrophysiological properties of vCA2 neurons were clearly 

distinct from those we recorded from ventral CA1 (vCA1) 

(Figure S7). Thus, neurons in vCA2 had a lower voltage sag in 

response to a hyperpolarizing current step, indicating a lower 

Ih, a lower input resistance, a higher rheobase, and a higher 

membrane capacitance compared with vCA1, very similar to 

the distinction between dCA1 and dCA2.28 Notably, we did not 

observe any differences in electrophysiological properties in 

the subpopulations of Avpr1b-positive, Avpr1b-negative, and 

PCP4-negative vCA2 neurons based on post hoc immunohisto

chemical staining of biocytin-filled neurons (Figures S7G–S7I).

Dorsal CA2 and dCA1 PNs also differ in relative synaptic re

sponses to their two major excitatory inputs: the direct perforant 

path inputs from entorhinal cortex, which target distal apical 

dendrites in stratum lacunosum moleculare (SLM), and the 

Schaffer collateral inputs from CA3 neurons, which target the 

more proximal apical dendrites in stratum radiatum (SR). 

Whereas the depolarizing postsynaptic potential (PSP) evoked 

by the direct EC inputs is much greater than that evoked by 

the Schaffer collateral inputs in dCA2, the inverse is found for 

dCA1.28 To examine the synaptic responses of vCA2 neurons, 

we performed whole-cell recordings from transverse ventral 

Figure 2. Distinct patterns of co-expression of prototypical CA2 markers and Avpr1b-Cre mediated expression in dorsal compared with 

ventral hippocampus 

(A–E) Dorsal hippocampal transverse slices from Avpr1b-Cre+/− × Ai14 mice labeled with RGS14 (mouse n = 3) or STEP (mouse n = 4), co-labeled with PCP4 and 

DAPI. 

(F–J) Ventral hippocampal transverse slices from Avpr1b-Cre+/− × Ai14 mice labeled with RGS14 (mouse n = 3) or STEP (mouse n = 2), co-labeled with PCP4 and 

DAPI. Top white arrow indicates an example cell expressing two markers plus tdTomato (triple-labeled). Scale bar in A, B, F, and G, 200 μm. Bottom white arrow 

indicates an example cell that expressed PCP4 but not tdTomato (Avpr1b) or RGS14. 

(K) Percentage of cells that expressed one or more of the three CA2 markers was significantly less in the vCA2 region than in the dCA2 region. Mann-Whitney test, 

p = 0.0025. Data represented as mean ± SEM. 

(L) Percentage of cells that expressed the indicated combination CA2 marker(s) relative to the total subpopulation of cells in the vCA2 region that expressed at 

least one CA2 marker (PCP4, tdTomato/Avpr1b, and/or RGS14/STEP). In the dCA2 region, 98.0% ± 1.3% of cells expressed all three prototypical CA2 markers; 

none expressed only PCP4 (0.0% ± 0.0%). Significantly fewer cells expressed three markers (43.4% ± 16.5%) in vCA2 than dCA2 (note greater variance); 

significantly more vCA2 cells expressed only PCP4 (36.1% ± 6.3%) compared with dCA2 (two-way ANOVA Marker ×Region, F(4,44) = 79.51, p < 0.0001). �Sı́dák’s 

multiple comparisons test for dCA2 vs. vCA2; RGS14 only, p = 0.99; tdTomato only, p > 0.99; PCP4 only, p = 0.0011; PCP4 and tdTomato, p = 0.15; triple-labeled, 

p = 0.0087). Central line is the median. Outer limits of box represent first and third quartiles. Whiskers represent max and min. ns = not significant, **p < 0.01.
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hippocampal slices from Avpr1b-Cre+/− × Ai14 reporter mice, 

targeting the CA2 region of the slice based on tdTomato fluores

cence (although we did not target specifically the tdTomato-pos

itive neurons), while activating inputs with a stimulating electrode 

in SLM or SR (Figure 3).

Similar to results in dCA2,28 vCA2 PNs generated a much 

larger depolarizing PSP in response to stimulation in SLM 

compared with SR (Figures 3B and 3C). As the PSP is 

the net voltage response generated by the excitatory gluta

matergic postsynaptic potential (EPSP) and the inhibitory 

GABAergic postsynaptic potential (IPSP), we examined the 

EPSP by blocking the IPSP with antagonists of GABAA re

ceptors (SR-95531) and GABAB receptors (CGP-35348). Pre

vious recordings from dCA2 found that whereas the ampli

tudes of the SLM and SR EPSPs are similar in amplitude, 

SR stimulation elicits a stronger feedforward inhibition 

compared with SLM. As a result, the EPSP/IPSP ratio and 

peak net PSP depolarization is greater with SLM compared 

to SR stimulation.28 In contrast to results in dCA2, the 

EPSP elicited by SLM stimulation in vCA2 was significantly 

greater than that elicited by SR stimulation (Figures 3B and 

3D), whereas the inferred IPSPs (obtained by subtracting 

the EPSP from the PSP) were similar (Figures 3B and 3E). 

As a result the EPSP to IPSP ratio was greater with SLM 

stimulation compared with SR stimulation in both dorsal28

and ventral CA2 (Figure 3F), although for different underlying 

reasons.

Next, we examined the morphological properties of vCA2 PNs 

by performing patch clamp recordings with biocytin in the 

pipette solution in Avpr1b-Cre+/− × Ai14 mice. Similar to the 

neuronal morphology in dCA2,28,39,40 the apical dendrites of 

vCA2 PNs bifurcated closer to the soma (62.28 ± 10.33 μm, 

n = 25) than did vCA1 apical dendrites (186.9 ± 17.53 μm, n = 

29; vCA2 vs. vCA1: t = 6.128, p < 0.0001). Lorenté de Nò distin

guished CA2 neurons from CA3 neurons based on the absence 

or presence, respectively, of large dendritic spines (thorny ex

crescences) in stratum lucidum (SL), the site of the mossy fiber 

synapses from dentate gyrus granule cells.1 We found that 

whereas vCA3 PNs had characteristically large spines in SL 

(Figure S9), tdTomato-positive vCA2 PNs lacked detectable 

thorny excrescences, similar to the vast majority (if not all37) 

dCA2 PNs (Figure S8).

Figure 3. vCA2 PNs receive stronger excitatory inputs from EC than from CA3 

(A) A transverse ventral hippocampal slice with a single biocytin-filled CA2 PN (white) from an Avpr1b-Cre+/− × Ai14 mouse (left). Higher magnification view 

showing the morphological features of the same cell (right). Scale bars, 200 μm, left; 30 μm, right. 

(B) Sample traces of compound PSPs (baseline), EPSPs recorded after applying GABA antagonists (GABAblock), and inferred IPSPs obtained by subtracting 

EPSP from baseline PSP (difference). EPSPs elicited with stimulating electrodes placed in SR to stimulate CA3 inputs (blue traces) or SLM to stimulate EC inputs 

(red traces). 

(C and D) The amplitude of the PSP (C) and EPSP (D) evoked from SLM (red) was significantly larger than that evoked from CA3 (blue). PSP: two-way ANOVA 

F(1,420) = 81.04, p < 0.0001, SR: nmice = 9, SLM: nmice = 10. EPSP: two-way ANOVA F(1,196) = 16.73, p < 0.0001, SR: nmice = 5, SLM: nmice = 6. 

(E) IPSPs evoked from SLM and SR were similar in amplitude. Two-way ANOVA F(1,196) = 1.973, p = 0.1617. SR, n = 5 mice; SLM, n = 6 mice. 

(F) The EPSP/IPSP amplitude ratio evoked from SLM was greater than that from SR. Two-way ANOVA, F(1,196) = 19.09, p < 0.0001. SR, n = 5 mice, SLM, n = 6 

mice. ****p < 0.0001. Data are represented as mean ± SEM.
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vCA2 PNs project to distinct areas within vCA1 and 

lateral septum compared with dCA2

Next, we examined whether dorsal and ventral CA2 neurons pro

jected to similar or distinct brain regions. Dorsal CA2 sends 

dense projections to dCA1 and dorsal lateral septum, as well 

as somewhat weaker projections to vCA1. Outputs from dCA2 

to dorsal lateral septum promote social aggression,22 while out

puts from dCA2 to vCA1 enable social memory.17 To date, the 

outputs of genetically identified vCA2 neurons remain unknown.

To compare dCA2 and vCA2 projections, we performed anter

ograde tracing by injecting Avpr1b-Cre+/− mice with Cre-depen

dent AAV expressing GFP or YFP in dCA2 (n = 4) and RFP in 

vCA2 (n = 4).

We observed a topographic pattern of intrahippocampal pro

jections along the CA2 dorsoventral axis (Figure 4), with dCA2 

projecting most strongly to dCA1 and vCA2 projecting strongly 

to vCA1. Interestingly, vCA2 sent its densest projections to 

vCA1c (near the border with vCA2) and vCA1b (middle of 

vCA1), complementary to the vCA1a region targeted by dCA2 

(near the border with subiculum). The projections from dCA2 

and vCA2 to vCA1 also targeted complementary radial layers 

of vCA1, with dCA2 axons largely confined to SR and vCA2 

axons largely confined to stratum oriens, the same region with 

densest projections from dCA2 to dCA117 (Figures 4G and 4J).

Similar to dCA2, the primary extrahippocampal output from 

vCA2 targeted the lateral septum. As described for other hippo

campal inputs to lateral septum,41 the CA2 projection was topo

graphic, with dCA2 projecting to dorsal anterior lateral septum 

and vCA2 projecting to more ventral posterior lateral septum, 

as previously described using non-genetic-based tracer ap

proaches36 (Figures 4K–4M).

Next, we performed electrophysiological recordings to deter

mine the synaptic strength of the vCA2 outputs to vCA1. We in

jected Avpr1b-Cre+/− animals with Cre-dependent AAV to ex

press ChR2 in vCA2 PNs and compared the optogenetically 

evoked postsynaptic potentials recorded in vCA1a with the re

sponses recorded in vCA1b/c (Figure 5). In agreement with the 

anatomical projection data, photostimulation of vCA2 axons 

evoked a measurable postsynaptic depolarization in a signifi

cantly greater fraction of vCA1b/c PNs compared with vCA1a 

(Figure 5B; chi-square, z = 2.338, p = 0.019), with a mean peak 

depolarization and positive voltage-time integral significantly 
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Figure 4. Dual fluorescent protein expression in dCA2 and vCA2 reveals a topographic projection pattern along the hippocampal dorso

ventral axis and in lateral septum 

(A) Experimental scheme. Cre-dependent GFP- or YFP-expressing AAV injected in dCA2 and Cre-dependent RFP-expressing AAV injected in vCA2 in Avpr1b- 

Cre+/− mouse. 

(B–J) Transverse slices from dorsal hippocampus (B–D) and ventral hippocampus (E–J). Scale bar in B, E, and H, 200 μm. (B and E) Composite tiled images of 

injection site in dCA2 (B) and vCA2 (E). (C and F) Red channel, vCA2 projections to dorsal (C) and ventral (F) hippocampus. Green channel, dCA2 projections to 

dorsal (D) and ventral (G) hippocampus. (H) Zoomed image of vCA1 from composite image in (E) showing distinct projection pattern of dCA2 and vCA2 to vCA1. 

(I) vCA2 projection to vCA1 (red channel) was predominantly located in stratum orients. (J) dCA2 projection to vCA1 (green channel) was predominantly located in 

stratum radiatum. Scale bar, 200 μm. White arrow indicates magnified vCA1 region in (H)–(J). 

(K) 5x composite image of a coronal slice from an Avpr1b-Cre+/− mouse injected with Cre-dependent AAV to express EYFP in dCA2 and mCherry in vCA2. Images 

show projections from dCA2 (green) to anterior dorsal lateral septum and from vCA2 (red) to posterior ventral lateral septum. Scale bar in K, 200 μm. 

(L) Left: 20x merged image of projections from dCA2 (green) and vCA2 (red) to lateral septum. Center: dCA2 projections only (green channel). Right: vCA2 

projections only (red channel). Scale bar in L (left), 200 μm. 

(M) Left: 10x horizontal tile from Avpr1b-Cre+/− mouse showing projections from dCA2 (green) to anterior dorsal lateral septum and projections from vCA2 (red) to 

posterior ventral lateral septum. White A indicates anterior side; white P indicates posterior side. Center: dCA2 projections only (green channel). Right: vCA2 

projections only (red channel). Scale bar in M (left ), 200 μm.
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larger in vCA1b/c compared with vCA1a (Figures 5D and 

5E, two-way ANOVA vCA1a vs. vCA1b/c; PSP max: F(1,174) = 

21.99, p < 0.0001; PSP positive integral: F(1,174) = 9.833, 

p = 0.002). These results are complementary to the previous 

finding that dCA2 elicits a reliable depolarization in vCA1a neu

rons but not in vCA1b/c neurons.17

We next performed voltage-clamp recordings to measure the 

vCA1 excitatory and inhibitory postsynaptic currents (EPSCs 

and IPSCs) elicited by optogenetic activation of vCA2. For com

parison, we also measured the EPSCs and IPSCs from dCA1 

neurons in response to optogenetic activation of dCA2. Optoge

netic activation of dCA2 and vCA2 produced similar-sized peak 

EPSCs in dCA1 and vCA1, respectively, with no significant differ

ence (Figure S10A). In contrast to findings that dCA2 elicits a 

larger EPSC in deep compared with superficial dCA1 PNs,42

we found no difference between deep and superficial layer 

vCA1 EPSCs in response to vCA2 activation (p = 0.327; 

Kolmogorov-Smirnov test). As a further contrast, optogenetic 

activation of vCA2 elicited a significantly larger IPSC in vCA1 

neurons compared with the IPSC recorded in dCA1 in response 

to optogenetic activation of dCA2 (Figure S10B). As a result, the 

IPSC/EPSC ratio was significantly larger in vCA1 compared with 

dCA1 (Figure S10D).

The above results indicate that Avpr1b-expressing cells in the 

ventral hippocampus exhibited many of the morphological, mo

lecular, electrophysiological, and synaptic properties of dCA2 

neurons. However, there was greater molecular heterogeneity 

in neurons in the anatomic vCA2 region compared with its dorsal 

counterpart. Moreover, dorsal and ventral CA2 neurons pro

jected to complementary topographic regions in lateral septum 

and subregions along the transverse axis of vCA1.

Avpr1b-expressing cells in vCA2 are not necessary for 

social memory

Given the well-defined role of dCA2 in SNRM, we next examined 

whether vCA2 played a similar behavioral role (Figure 6). We 

used a chemogenetic approach, similar to that used to study 

dCA2,17 by injecting a Cre-dependent AAV in either dCA2 

(Figure 6B) or vCA2 (Figure 6E) of Avpr1b-Cre+/− mice to express 

the hM4Di inhibitory designer receptor exclusively activated by 

Figure 5. Optogenetic activation of vCA2 evokes larger PSP in PNs in vCA1b/c compared with vCA1a 

(A) Avpr1b-Cre+/− mice were injected with Cre-dependent AAV to express ChR2 in vCA2. Light-evoked PSPs or postsynaptic currents were measured, 

respectively, in current-clamped or voltage-clamped PNs in vCA1a or vCA1b/c. Membrane held at − 70 mV. White neurons in vCA1b show biocytin staining 

following patch clamp recordings with biocytin in electrode. Scale bar, 100 μm. 

(B) Proportion of neurons in vCA1a and vCA1b/c with measurable light-evoked synaptic responses (chi-square, z = 2.338, p = 0.019). Cells recorded from voltage 

clamp and current clamp were pooled. 

(C) Example traces of light-evoked PSP in PNs in vCA1a and vCA1b/c. 

(D) Peak current-clamped PSP amplitude as a function of light intensity recorded in vCA1a and vCA1b/c PNs. PSP was significantly larger in vCA1b/c compared 

with vCA1a. Two-way ANOVA, vCA1a vs. vCA1b/c: F(1, 174) = 21.99, p < 0.0001. 

(E) Integral of light-evoked PSP was significantly larger in vCA1b/c compared with vCA1a. Two-way ANOVA, vCA1a vs. vCA1b/c: F(1,174) = 9.833, p = 0.002). 

**p < 0.01, ****p < 0.0001. Data are represented as mean ± SEM.
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designer drugs (iDREADD). Cre− /− littermate controls were in

jected in either dCA2 or vCA2 with the same AAV.

We first compared the effect of silencing dCA2 and vCA2 in a 

one-trial social novelty recognition task. Three weeks following 

AAV injection, mice were tested for their ability to discriminate 

a littermate from a novel mouse (Figure 6). Both groups were in

jected intraperitoneally with the DREADD ligand clozapine-N-ox

ide (CNO; 10 mg/kg) 30 min prior to testing. Subjects were first 

habituated to a three-chamber arena containing empty wire 

cup cages in the end chambers of the arena. We then placed a 

familiar littermate and novel conspecific under each of the wire 

cups and allowed the subjects to explore the mice in the arena 

for 10 min. Social novelty preference was assessed by the 

normal preference of a subject to explore the novel individual 

compared with the familiar littermate. We quantified the absolute 

interaction times and calculated a behavioral discrimination 

score, defined as the time spent exploring the novel mouse 

minus the time spent exploring the littermate divided by the total 

interaction time with both individuals.

As previously described for Amigo2-Cre mice,14,17 silencing 

dCA2 in Avpr1b-Cre+/− mice suppressed the normal preference 

of the subject to explore the novel compared with familiar 

mouse. Thus, whereas Cre− /− control mice spent a significantly 

greater time investigating the novel individual compared with the 

familiar littermate (Figure 6C), with a discrimination index signif

icantly greater than zero (Figure 6D), Avpr1b-Cre+/− mice failed 

Figure 6. Pharmacogenetic inhibition of Cre-expressing cells in dCA2 but not vCA2 of Avpr1b-Cre+/− mice blocks social memory recall 

Avpr1b-Cre+/− (data shown in magenta) and Cre− /− (data shown in orange) littermates injected in either dCA2 (B–D) or vCA2 (E–G) with Cre-dependent mCherry- 

iDREADD AAV. 

(A) One-trial test for social memory recall. A subject mouse explored a three-chamber arena with a familiar littermate and novel conspecific confined under wire 

pencil cup cages in opposite chambers for 10 min. 

(B) Dorsal hippocampal transverse slice co-stained for mCherry and PCP4. Scale bar, 200 μm. 

(C) Exploration times of littermate and novel mouse in social memory test for Avpr1b-Cre+/− (n = 16) and Cre− /− (n = 16) littermates. Both groups administered 

CNO 30 min prior to test. Cre− /− but not Cre+/− littermates injected in dCA2 preferentially explored the novel mouse. Two-way ANOVA genotype × interaction 

partner F(1,30) = 6.937, p = 0.013; �Sı́dák’s multiple comparisons test: Cre− /− , littermate vs. novel, p = 0.0003; Cre+/− , littermate vs. novel, p = 0.76. 

(D) Discrimination Index measure of preference for novel vs. familiar mice was significantly different from zero for Cre− /− but not Cre+/− mice. One-sample 

t test against zero: Cre− /− , t = 5.306, df = 15, p < 0.0001; Cre+/− , t = 0.5603, df = 15, p = 0.56. Unpaired t test between Cre− /− and Cre+/− mice, t = 2.687, df = 30, 

p = 0.012. 

(E) ventral hippocampal transverse slice co-stained for mCherry and PCP4. 

(F) Both Cre− /− (n = 24) and Cre+/− mice (n = 18) injected in vCA2 interact more with novel compared with familiar littermate. Two-way ANOVA interaction partner F 

(1,40) = 16.71, p = 0.0002; genotype × interaction partner, F(1,40) = 0.005, p = 0.94; followed by �Sı́dák’s multiple comparisons test for littermate vs. novel: Cre− /− , 

p = 0.0078; Cre+/− , p = 0.018. A greater interaction time with the novel over familiar littermate is only observed in Cre+/− mice expressing iDREADD in vCA2 

compared with dCA2 (two-way ANOVA interaction partner × brain region F(1,32) = 4.938, p = 0.0335; followed by �Sı́dák’s multiple comparisons test for littermate 

vs. novel: dCA2, p = 0.80; vCA2, p = 0.010). 

(G) Discrimination index for Cre− /− and Cre+/− mice was significantly greater than zero. One-sample t test against zero: Cre− /− , t = 2.648, df = 23, p = 0.014; 

Cre+/− , t = 3.988, df = 17, p = 0.001. Unpaired t test comparing Cre− /− and Cre+/− , t = 0.1545, df = 40, p = 0.88. There was a significant difference between 

discrimination index of Cre+/− mice injected with Cre-dependent mCherry-iDREADD in dCA2 (data from D) vs. vCA2 (G). Unpaired t test t = 2.265, df = 32, 

p = 0.030. Central line is the median. Outer limits of box represent first and third quartile. Whiskers represent max and min. *p < 0.05,**p < 0.01, ***p < 0.001, 

ns = non-significant.
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to distinguish the novel mouse from the familiar littermate. These 

results thus confirm that dCA2 is crucial for SNRM in distinct 

mouse lines. In contrast, silencing vCA2 in Avpr1b-Cre+/− mice 

expressing iDREADD failed to suppress SNRM. Thus, both 

Avpr1b-Cre+/− and Cre− /− control mice spent a significantly 

greater time interacting with the novel compared with the familiar 

animal, with a discrimination index significantly greater than zero 

in both groups. Moreover, there was no significant difference in 

interaction times or discrimination index between the two groups 

of mice (Figures 6F and 6G).

A comparison of the interaction times in Avpr1b-Cre+/− dCA2- 

silenced and vCA2-silenced mice (Figures 6C and 6F) showed 

that the latter group spent a significantly greater time exploring 

the novel compared with familiar mice than did the dCA2- 

silenced group (see legend to Figure 6 for statistics). In addition, 

the discrimination index was significantly greater in vCA2- 

silenced (Figure 6G) compared with dCA2-silenced mice 

(Figure 6D; see legend to Figure 6 for statistics).

Similar to results with dCA2 silencing,14,17 silencing vCA2 did not 

impair sociability, measured by total social exploration time in the 

social memory test (Figure S11) or preference for exploring a social 

compared with non-social stimulus (Figure S12). In addition and 

similar to dCA2 inhibition,14 vCA2 inhibition did not alter explora

tion of non-social or social (urine) odors, nor did it impair habitua

tion or dishabituation to social or non-social odors (Figure S13). 

Thus, in contrast to the importance of dCA2 for social memory, 

Cre-expressing vCA2 cells in Avpr1b-Cre+/− mice were not neces

sary for the discrimination of a novel individual from a familiar 

littermate.

As the ability of an animal to distinguish a novel from a familiar 

littermate primarily relies on recall of a highly consolidated mem

ory, we next performed a two-trial social memory recognition 

task in which subjects must encode and consolidate a new 

memory of a novel individual (Figure S14A). In this task, a subject 

mouse first explored two novel individuals under wire cup cages 

in an open arena for 5 min; the subject was then returned to its 

home cage. After 30 min, the subject was returned to the arena 

for a 5-min recall trial in which one of the two subjects from the 

first trial was replaced by a previously unencountered novel indi

vidual. SNRM was assessed by the preferential exploration of 

the novel individual compared with the now familiarized individ

ual encountered in the learning trial.

Previous studies have shown that silencing dCA2 with chemo

genetics or optogenetics during the learning trial prevents the 

discrimination of the novel and familiarized mouse in the recall 

trial.17,18 In contrast, we found that systemic injection of CNO 

30 min prior to the social memory test in Avpr1b-Cre+/− mice ex

pressing hM4Di in vCA2 failed to inhibit social memory. Thus, 

both Avpr1b-Cre+/− mice and Cre− /− littermate controls (also in

jected with CNO) spent significantly more time interacting with 

the novel individual compared with the familiar one (Figure 

S14B), with discrimination indexes significantly greater than zero 

(Figure S14C). Again, no difference was observed between groups 

(two-way repeated measures ANOVA Genotype × Interaction 

Partner F(1,38) = 0.6985, p = 0.70; unpaired t test t = 0.1270, df = 

38, p = 0.90).

Because Cre was expressed in the Avpr1b-Cre+/− mice in a 

smaller fraction of vCA2 neurons (38.0% ± 5.4%) compared 

with dCA2 neurons (72.4% ± 8.8%), the lack of effect of silencing 

vCA2 on social memory could be due to the lower proportion of 

total cells in vCA2 that were inhibited with this line. As we found 

that PCP4 was expressed in a wider fraction of neurons 

compared with Avpr1b-Cre-mediated expression (60% of all 

cells within the vCA2 region compared with 38%), we next deter

mined the efficacy of chemogenetic silencing of vCA2 on social 

memory using a PCP4-Cre+/− mouse line.43

As this line had not been previously used to target CA2, we first 

examined the efficacy and specificity of PCP4-Cre-mediated 

targeting of vCA2 (Figures S15A and S15B). We found that injec

tion of a Cre-dependent AAV in vCA2 of PCP4-Cre+/− mice led 

to widespread and relatively selective expression in vCA2 

(Figure S15A). However, as PCP4 is also expressed in dentate 

gyrus, extra care was taken with the targeting of viral injection 

to limit expression to CA2. Quantitatively, 53.9% ± 2.3% (n = 

16) of DAPI-expressing vCA2 cells expressed a Cre-dependent 

AAV marker, close to the 60% of vCA2 cells that express PCP4.

Chemogenetic silencing the broader population of PCP4-ex

pressing vCA2 neurons also failed to inhibit social memory recall 

in the one-trial (littermate vs. novel mouse) social memory test 

(Figures S15C and S15D). Thus, both PCP4-Cre+/− and Cre− /−

littermates spent significantly more time exploring the novel indi

vidual compared with the familiar littermate, with no significant 

difference between groups (two-way repeated measures 

ANOVA, Genotype × Interaction Partner F(1,17) = 0.7533, p = 

0.75 followed by �Sı́dák’s multiple comparisons test for explora

tion of littermate vs. novel mouse: Cre− /− controls, p = 0.0024; 

PCP4-Cre+/− , p = 0.0014). Altogether these results suggest 

that vCA2 neurons are less critical for social memory compared 

with dCA2.

PCP4-expressing cells in vCA2 modulate social 

aggression

In addition to its role in social memory, dCA2 promotes social 

aggression22,33 and this action is more pronounced during en

counters with novel mice.44 As ventral hippocampus has been 

implicated in behaviors tied to emotional states,7,9,45,46 we hypoth

esized that vCA2 may play a more important role in regulating 

aggression than in social memory discrimination. We thus used 

the resident-intruder test to determine the effect of silencing 

vCA2 on aggression in PCP4-Cre+/− residents expressing 

iDREADD compared with Cre− /− controls (Figure 7). Three weeks 

following AAV injection in vCA2, we introduced a novel BALBc 

intruder into the cage of a singly housed resident for 5 min. We 

then repeated this test once a day over 3 successive days using 

the same BALBc intruder. On days 1–3, we injected both cohorts 

of residents with saline 30 min prior to testing aggression. On 

day 4, we examined the effect of silencing CA2 on aggression by 

injecting CNO systemically in both groups of mice prior to intro

ducing a novel BALBc intruder for a 10-min resident-intruder 

test.44 During the first 3 days of the testing (saline injection), 

PCP4-Cre+/− and Cre− /− residents displayed similar levels of 

aggression toward the BALBc intruder, as measured by the num

ber of biting attacks and total attack duration, indicating that there 

was no effect of genotype on aggression (two-way repeated mea

sures ANOVA, attack bouts: PCP4-Cre+/− vs. Cre− /− F(1,4) = 

1.089, p = 0.3555; total attack duration: PCP4-Cre+/− vs. Cre− /−
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F(1,4) = 0.8616, p = 0.4058). In contrast, injection of CNO during the 

fourth day led to a large decrease in aggression toward the novel 

BALBc intruder in the iDREADD-expressing mice relative to the 

Cre− /− control group (Figures 7B and 7C). CA2 silencing caused 

a significant decrease in both the total duration of aggression (me

dian = 12.3 s for Cre− /− compared with 0.15 s for PCP4-Cre+/−

groups; Mann-Whitney test, p = 0.0042) and the number of bouts 

of aggression (median = 13 for Cre− /− compared with 0.5 for 

PCP4-Cre+/− groups; Mann-Whitney test, p = 0.018). The 

decrease in aggression was not associated with a loss of social in

terest as there was no difference in the total duration of all social 

interactions in the two groups (Figure 7D).

DISCUSSION

Here, we provide, to our knowledge, the first comprehensive 

analysis of the molecular, morphological, and electrophysiolog

ical properties of vCA2 PNs and the first examination of their 

behavioral role. Our results support the existence of a population 

of PNs in the anatomically defined CA2 region of the ventral 

hippocampus that share key molecular markers, cellular 

morphology, and electrophysiological and synaptic properties 

with the well-defined population of CA2 neurons in dorsal hippo

campus. However, we find a greater molecular heterogeneity in 

vCA2 compared with dCA2 PNs, as well as both shared and 

distinct behavioral roles.

The differences and similarities in the behavioral roles of 

ventral compared with dorsal CA2 may be explained by the dif

ferences and similarities in the synaptic targets of these two re

gions. Our laboratory previously found that dCA2 regulates 

SNRM through its projections to the stratum radiatum region of 

vCA1a, the vCA1 region bordering the subiculum.17 In contrast, 

here we found that vCA2 preferentially targets the stratum oriens 

of a complementary region of vCA1, vCA1b and vCA1c, which lie 

more proximal to vCA2 (Figure 4). These anatomical results are 

consistent with our electrophysiological results in which optoge

netic activation of dCA2 inputs to ventral CA1 elicit a stronger 

excitatory response in vCA1a compared with vCA1b/c.17 In 

contrast, we found that optogenetic activation of vCA2 produced 

much stronger synaptic excitation of vCA1b,c compared with 

vCA1a (Figure 5). Thus, the differential roles of dCA2 and vCA2 

in SNRM may be a result of this different pattern of synaptic tar

geting within vCA1.

A second possible reason why vCA2 PNs do not promote 

SNRM is that their projections to vCA1 elicit a larger feedforward 

inhibition than that elicited by dCA2 to dCA1 (Figure S10). Thus, 

activation of dCA2 produced a significantly smaller IPSC in neu

rons in dCA1 compared with the IPSC evoked in vCA1 in 

response to activation of its vCA2 inputs. Thus, vCA2 may 

dampen, rather than excite, vCA1a neuron activity, in opposition 

to the excitatory action of dCA2, providing a potential explana

tion as to why vCA2 silencing does not inhibit SNRM. While we 

hypothesize that the differential projections to vCA1 are respon

sible for the differences we observe in function, it is important to 

note that other inputs to CA2 that have been implicated in social 

memory, such as the supramammillary nucleus,47,48 medial 

septum,19 and entorhinal cortex,13 may be responsible for the 

differential roles of dorsal and ventral CA2 on social memory.

In contrast to their differential roles in regulating social memory, 

vCA2 and dCA2 exert similar actions to promote social aggression. 

Of particular interest, both regions appear necessary to mount an 

aggressive response, as inhibition of either region alone is suffi

cient to almost fully suppress aggression. Our laboratory previ

ously found that dCA2 promoted aggression through its projec

tions to inhibitory neurons in dorsal lateral septum. Activation of 

these neurons by dCA2 resulted in the disynaptic inhibition of neu

rons in ventral lateral septum that tonically suppress aggression 

through their outputs to VMHvl of the hypothalamus.22 In this 

manner, an increase in dCA2 activity acted to disinhibit aggres

sion. While we have not identified the circuit by which vCA2 pro

motes social aggression, we hypothesize it requires the vCA2 

Figure 7. Inhibition of Cre-expressing neurons in vCA2 of PCP4- 

Cre+/− mice decreases social aggression 

PCP4-Cre+/− (data shown in magenta) and Cre− /− (data shown in orange) lit

termates injected in vCA2 with Cre-dependent mCherry-iDREADD AAV. 

(A) Ventral hippocampal transverse slice co-stained for mCherry and PCP4. 

Scale bar, 200 μm. 

(B) Three weeks following viral injection, both groups of subjects (residents) 

were administered CNO 30 min prior to exposure to a novel mouse intruder in 

a resident-intruder test. Total time spent in attack was significantly lower in 

Cre+/− (n = 8) compared with Cre− /− (n = 8) residents. Median attack duration: 

Cre− /− = 12.3 s; Cre+/− = 0.15 s; Mann-Whitney test, p = 0.0042. 

(C) Cre− /− residents showed significantly more attack bouts compared with 

Cre+/− residents (median Cre− /− = 13 attacks, median Cre+/− = 0.5 attacks, 

Mann-Whitney test, p = 0.018). 

(D) Cre+/− and Cre− /− subjects displayed similar total duration of all social 

interactions (total = time spent in aggression + social dominance + social 

investigation). Median Cre− /− = 134.3 s, median Cre+/− = 140.6 s, Mann- 

Whitney test, p = 0.8517. Central line is the median. Outer limits of box 

represent first and third quartile. Whiskers represent max and min. **p < 0.01, 

*p < 0.05, ns = non-significant.
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output to lateral septum. Although vCA2 targets a region of lateral 

septum that is more ventral than that targeted by dCA2, both pro

jection zones fall within the confines of classically defined dorsal 

lateral septum.41 It is thus likely that the vCA2 projections to lateral 

septum also promote aggression by inhibiting neurons in ventral 

lateral septum, thereby disinhibiting VMHvl. As the silencing of 

either dCA2 or vCA2 is sufficient to suppress aggression, the 

two sets of lateral septum neurons activated by dCA2 and vCA2 

may converge on a common population of ventral lateral septum 

neurons, acting synergistically to inhibit these neurons, thereby 

disinhibiting VMHvl.

Previous studies have also demonstrated the importance of 

Avpr1b, which is highly enriched in CA2 PNs compared with 

almost all other regions of the brain, in promoting both social 

aggression22,32,33 and social memory behavior.16 Pagani 

et al.33 found that social aggression could be partially rescued 

in a general Avpr1b knockout by lentiviral-mediated expression 

of Avpr1b targeted mainly to dorsal CA2. Of interest, although 

viral expression of Avpr1b in dCA2 restored to normal levels 

the percentage of mice that attacked an intruder, attack latency 

was only partially rescued. This incomplete rescue could be ex

plained if Avpr1b expression in vCA2 was necessary to achieve 

normal levels of aggression.

Altogether, our results provide evidence for the existence of a 

broadly defined category of CA2 PNs along the entire longitudi

nal axis of the hippocampus that share certain molecular, 

anatomical, and electrophysiological properties. Future work is 

needed to assess the nature of the social representations in 

vCA2 to determine whether they discriminate social novelty 

from familiarity as described in dCA249,50 or whether vCA2 selec

tively encodes behavioral state, reflecting its role in promoting 

aggression, Finally, if, as hypothesized, vCA2 modulates social 

aggression through its output to lateral septum, the purpose of 

its prominent projections within the hippocampus to vCA1b 

and vCA1c remains elusive.

Limitations of the study

In this work, we have employed two mouse models that allow 

specific access to cells within the ventral CA2 region (Avpr1b 

and PCP4). PCP4 has a broader expression profile compared 

with Avpr1b, in line with prior reports.37 At this point, it is unclear 

if the excitatory cells in the region that are Avpr1b and/or PCP4 

negative are distinct in their pattern of molecular expression 

from vCA1 or vCA3 PNs. In principle, the heterogeneity in marker 

expression in vCA2 could reflect the migration of molecularly 

defined vCA1 or vCA3 PNs into vCA2 territory. However, we 

found that neurons in vCA2, regardless of marker expression, 

have similar electrophysiological properties to each other that 

resemble the properties of dCA2 neurons. Moreover, these 

properties are clearly distinct from those of vCA1 neurons. 

Although we have not examined vCA3 electrophysiological 

properties in detail, these neurons are distinguishable from 

vCA2 neurons because the former are studded with thorny ex

crescences, which neurons in vCA2 lack. Thus, we think it un

likely that a substantial fraction of neurons in vCA2 could be mis

placed vCA1 or vCA3 neurons.

A previous study found considerable heterogeneity in den

dritic morphology of neurons in the dorsal CA2 region.40 We 

also see heterogeneity in terms of apical dendritic length based 

on staining of neurons filled with biocytin during patch clamp re

cordings. However, because we did not target neurons deep 

within the slice, we cannot rule out the possibility that some of 

the heterogeneity in dendritic length may have resulted from 

severing of the dendrites during patch clamp recordings. Thus, 

future careful examination of this question is required. A limita

tion with our behavioral findings on social memory is that 

PCP4 is not expressed in about 27% of CaMKII-positive neurons 

in the vCA2 area. Because these neurons will not be silenced in 

the PCP4-Cre+/− line we have used, we cannot exclude the pos

sibility that this subpopulation of vCA2 neurons is important for 

SNRM. Nonetheless, our approach does allow us to target the 

majority of vCA2 pyramidal cells and we find that this targeting 

is sufficient to almost completely suppress social aggression, 

similar to the effect of silencing the more homogeneous popula

tion of dCA2 neurons with Cre lines.

Finally, at present, we lack a specific molecular marker that 

enables the unambiguous discrimination of vCA2 PNs from sur

rounding vCA1 and vCA3 neurons. Moreover, we lack a molec

ular marker that is uniquely expressed in vCA2 neurons 

compared with dCA2 neurons. As a result, the precise borders 

of vCA2 along either the longitudinal or transverse axes are un

certain. Future work using single-cell RNA-seq and/or spatial 

transcriptomics will be needed to explore further the patterns 

of molecular expression and functional role of CaMKII-positive 

PNs in the vCA2 region.
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

All mouse procedures were performed in accordance with the NIH guidelines and with the approval of the Columbia University Insti

tutional Animal Care and Use Committee. Mice were housed with littermates unless otherwise noted and kept on a 12-h light-dark 

cycle in air-filtered, temperature- and humidity-controlled conditions with food and water available ad libitum. Experiments were car

ried out on 2 to 6 months old male and female Avpr1b-Cre+/− and Cre− /− littermates and male PCP4-Cre+/− and Cre− /− littermates.

METHOD DETAILS

Immunofluorescent labeling & imaging

We perfused subject mice using saline followed by 4% PFA in ice-cold PBS. Brains were extracted and incubated in 4% PFA over

night. Brains were sliced in coronal, horizontal, or transverse orientation as specified with thickness of 60 μm using a Leica VT1000S 

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-PCP4 Sigma-Aldrich #HPA005792; RRID:AB_1855086

Mouse anti-RGS14 (IgG2a) Neuromab #75–170; RRID:AB_2179931

Mouse anti-STEP (IgG1) Cell Signaling Technology #4396; RRID:AB_1904101

Rabbit anti-RFP Rockland #600-401-379; RRID: AB_2209751

Chicken anti-GFP Aves #GFP-1010; RRID: AB_2307313

Mouse IgG1 anti-CaMKII alpha Abcam #ab22609; RRID:AB_447192

Bacterial and virus strains

AAV2/8 hSyn.DIO.hM4D(Gi)-mCherry Krashes et al.51 Addgene AAV2/8; 44362-AAV8

AAV9.CAG.FLEX.eGFP.WPRE.HGH Oh et al.52 Addgene AAV9; 51502-AAV9

AAV9.EF1a.dflox.hChR2(H134R).EYFP. 

WPRE.HGH

Deisseroth (unpublished) Addgene AAV9; 20298-AAV9

AAV2.EF1a.DIO.mCherry Penn Vector Core Addgene_50462

AAV9.EF1a.dflox.hChR2(H134R). mCherry. 

WPRE.HGH

Deisseroth (unpublished) Addgene AAV9; 20297-AAV9

Experimental models: Organisms/strains

Avpr1b-Cre+/− mice (B6.Cg- 

Avpr1btm2.1(cre)Wsy/J)

Jacson Laboratory; Young Laboratory Strain #036876; RRID: IMSR_JAX:036876

PCP4-Cre+/− mice (B6.Cg-Pcp4<tm2.1 

(cre)> (RBRC05662))

Takemori, RIKEN Center for Allergy and 

Immunology

BRC No RBRC05662

Ai14 reporter mice (B6.Cg-Gt(ROSA) 

26Sortm9(CAG-tdTomato)Hze/J)

Jackson Laboratory Strain # 007909, RRID: IMSR_JAX:007914

Software and algorithms

ANY-maze Stoelting Co. https://stoeltingco.com/Neuroscience/ 

Anymaze/Any-maze-Video-Tracking/ 

Any-maze-Software

PRISM Graphpad https://www.graphpad.com/scientific- 

software/prism/

Fiji ImageJ https://imagej.net/software/fiji/

Imaris Oxford Instruments https://imaris.oxinst.com/

OriginLab OriginLab Corporation https://www.originlab.com/

pClamp 10 Molecular Devices https://www.moleculardevices.com/ 

products/axon-patch-clamp-system/ 

acquisition-and-analysis-software/pclamp- 

software-suite
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vibratome. Post-hoc immunohistochemistry of in vitro electrophysiological experiments was performed by fixing 400 mm slices in 

4% PFA at 4◦C overnight. Sections were permeabilized and blocked for 1 h with 5% goat serum and 0.4% Triton X- in PBS at 

room temperature. Sections were incubated overnight unless otherwise specified with the primary antibodies specified below at 

4◦C in 0.1% Triton X- in PBS plus 5% goat serum. The following day, slices were washed with PBS three times for 10 min in PBS 

and then incubated with secondary antibodies (all at concentration 1:500) for 3 h. Slices were again washed three times in PBS 

for 10 min/wash. DAPI (ThermoFisher Scientific, #D1306) staining was applied at 1:1000 for 15 min in PBS at room temperature prior 

to mounting. Slices were mounted using Fluoromount (Sigma-Aldrich) and imaged using Zeiss LSM 700 confocal microscope.

Avpr1b-Cre+/− x Ai14 labeling

Brains were dissected to extract the hippocampus from both hemispheres. The hippocampus was sliced in a transverse orientation. 

To get the complete series of expression, every third slice along the dorsoventral axis was selected for imaging. For quantification of 

prototypical CA2 marker expression, dorsal and ventral transverse slices were incubated with the following primary and secondary 

antibody combinations using the protocol described: PCP4 (1:300, rabbit anti-PCP4 #HPA005792, Sigma-Aldrich)/goat anti-rabbit 

IgG (Life Technologies) and either STEP (n-4, 1:1000, mouse anti-STEP # 4396, Cell Signaling Technology)/goat anti-mouse IgG1 

(Life Technologies) or RGS14 (n = 3, 1:500, mouse anti-RGS14 #75–170, Neuromab)/goat anti-mouse IgG2a (Life Technologies).

PCP4-Cre+/− mouse line validation for vCA2-specific expression

The PCP4-Cre+/− mouse line (B6.Cg-Pcp4<tm2.1(cre)> (RBRC05662)) was developed by Toshitada Takemori and provided by 

RIKEN BRC through the National BioResource Project of the MEXT/AMED, Japan. The hippocampus was extracted from both hemi

spheres and sectioned in a transverse orientation (n = 2). For the dual-labeling of Cre and PCP4, guinea pig anti-Cre (1:4000, Zucker

man Institute antibody core) and rabbit anti- PCP4 (1:300, #HPA005792, Sigma-Aldrich) were used as the primary antibodies. Goat 

anti-guinea pig IgG-555 (1:500, # A-21435, Life Technologies) and goat anti-rabbit IgG-488 (1:500, # A-11008, Life Technologies) 

were used as the secondary antibodies.

Cell counting

For basic quantification of CA2 markers in dorsal and ventral hippocampus, we chose transverse slices from the last 1/3 of the hip

pocampus (mouse n = 5, slice n = 7) and dorsal slices from the first 1/3 of the hippocampus (mouse n = 7, slice n = 8). The following 

coordinates were used to define CA2 across slices: from the tip of the mossy fiber, as visualized with PCP4 labeling of the mossy 

fibers, the lower edge of the area was defined as a 205 μm line lying along the lower edge of the pyramidal layer toward the DG. 

The deep-to-superficial edge of the area on the CA3-side was defined as 110 μm centered in the middle pyramidal layer. Finally, 

the upper edge of the area was defined by a 325 μm line moving toward CA1 from the defined CA3 border. 5 consecutive z stack 

images with a delta of 2.04 μm were selected, for a final volume of 237,864 μm3/slice. These boundaries are consistent with a con

servative estimate of CA2 transverse width in line with previous reports.24

iDISCO brain clearing and light sheet microscope imaging

Avpr1b-Cre+/− x Ai14 brains (n = 3) were processed as previously described.38 tdTomato expression was identified using the primary 

antibody rabbit anti-RFP (1:1000, Rockland, #600-401-379). Background labeling was captured with chicken anti-GFP (1:2000, 

AVES Labs, #GFP-1020) for 7 days followed by the following respective secondary antibodies: donkey anti-rabbit conjugated to 

Alexa 488 (1:1000, Thermo Fisher Scientific, # A-21206) and donkey anti-chicken conjugated to Alexa 647 (1:2000, Jackson 

#703-605-155) for 7 days. Light sheet microscopy was performed using an UltraMicroscope II light-sheet microscope (LaVision). 

3-D reconstruction was completed via Imaris software (Bitplane).

In situ hybridization and RNAscope

Brain collection

Brains were dissected from Avpr1b-Cre+/− mice crossed to an Ai14 background to express tdTomato in Avpr1b-expressing cells 

(n = 2) and immersed in dry-ice cold Butan X to freeze for 6 s. Frozen brains were embedded in OCT and sliced coronally in 

16 μm sections using a Leica CM3050 S cryostat. Slices were mounted onto Superfrost Plus slides (12-550-15, FisherBrand). Sec

tions were moved to a − 20◦C fridge to dry and then stored in an air tight wrapped slide box at − 80◦C.

Pre-assay tissue preparation

To prepare slices, slides were immersed in 10% NBS for 15 min at 4◦C. Slides were then transferred to wash in different EtOH con

centrations for 5 min each at room temperature (RT): 50%, 70%, 100%, 100%. Slices were removed and placed on absorbent paper 

to dry for 5 min. An ImmEdge hydrophobic barrier pen was used to draw a barrier around the slices. A HybEZ II Hybridization System 

oven (Advanced Cell Diagnostics) was set to − 40◦C. Dried slides were places on the HybEZ slide rack and 4 drops of protease IV was 

added per section and allowed to incubate at RT for 30 min. Liquid was removed and the slides were immediately places in a tissue 

tek slide rack in a tissue tek staining dish filled with 1x PBS, and this process was repeated 1x time.

Fluorescent RNAscope assay

Avpr1b and tdTomato probes (Advanced Cell Diagnostics RNAscope Probes Cat #480141 and 317041, respectively) were warmed 

to 40◦C for 10 min and then cooled to RT. Probes were spun down and then mixed at a ratio of 1:50 (Avpr1b: tdTomato). Excess liquid 
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was removed from slides and 4 drops of the probe were added to the slides. Slides were placed in the HybEZ oven tray and secured in 

the oven. They were incubated for 2 h at 40◦C. Slides were then removed, tapped to remove excess fluid, and immersed in 1x wash 

buffer for 2 min at RT twice. For each AMP, excess fluid was removed from the slide and then 4 drops were added proceeding from 1 

to 4. Slides were placed in the HybEZ oven tray and incubated with the following times: 1: 30 min, 2: 15 min, 3: 30 min, 4: 15 min. 

Following AMP4, slides were immersed in 1x wash buffer for 2 min at RT twice. Excess fluid was removed by tapping slide and 4 

drops DAPI was added to slides. Slides were incubated for 1 min at room temperature. DAPI was removed and immediately Prolong 

Gold Antifade (w/o DAPI) was added to the slide and cover-slipped. Slides were stored in dark at 4◦C until they were imaged using a 

Zeiss LSM 700 confocal microscope.

Viral injection

Subject mice were given 5 mg/kg carprofen analgesic and anesthetized with 2–5% isoflurane. Subjects were placed in a stereotaxic 

frame and a craniotomy was drilled at the target coordinates. A glass pipette containing the virus was lowered to the desired depth. A 

Nano-Inject II (Drummond Scientific) was used to inject 23 nL virus at intervals of 10 s to obtain the desired volume. Following injec

tion, 5 min were allowed to pass before the pipette was retracted. All viral injection coordinates are in mm with bregma as reference.

Dual-injection tracing experiment

Avpr1b-Cre+/− subject mice (n = 4) were injected in dCA2 (AP -2.0, ML +/− 1.8, DV -1.7) with 200 nL of either: AAV9.CAG.FLEX.eGFP. 

WPRE.HGH (1x10◦12 pp/mL, UPenn Vector Core, cohort 1, n = 2) or AAV9.EF1a.dflox.hChR2(H134R).EYFP.WPRE.HGH (1x10◦12 

pp/mL, Addgene, cohort 2, n = 2). Subject mice were additionally injected in vCA2 (AP -3.0, ML +/− 3.2, DV -3.8) with 200 nL of either: 

AAV2.EF1a.DIO.mCherry (1x10◦12 pp/mL, UPenn Vector Core, cohort 1) or AAV9.EF1a.dflox.hChR2(H134R).mCherry.WPRE.HGH 

(1x10◦12 pp/mL, Addgene, cohort 2). We observed no difference in the projection patterns between cohorts. Cohort 1 was injected unilat

erally in the right hemisphere; cohort 2 was injected bilaterally. Single-injection tracing experiment: Amigo2-Cre+/− subject mouse (n = 1) 

was injected in vCA2 (AP -3.0, ML +/− 3.2, DV -3.8) with 200 nL AAV9.EF1a.dflox.hChR2(H134R).mCherry.WPRE.HGH (1x10◦12 pp/mL, 

Addgene). For subjects in cohort 1 (n = 2), brains were extracted and sliced in a coronal orientation. For cohort 2 (n = 2), brains were ex

tracted and divided into three parts by 2 slices: 1) a coronal slice at the intersection of the hippocampus and the lateral septum separating 

the brain into an anterior and posterior portion, and 2) a slice in the posterior portion separating the two hemispheres. The anterior portion 

was sliced in a horizontal orientation to observe projections to the lateral septum. The hippocampus from the right hemisphere was ex

tracted and sliced in a transverse orientation. The posterior portion from the left hemisphere was sliced in a horizontal orientation. Through 

this method, we were able to visualize the projections from dorsal and ventral hippocampus both outside the hippocampus in coronal and 

horizontal sections, and within the hippocampus in coronal, horizontal, and transverse sections.

Viral tracing, single injection: The hippocampus was dissected from both hemispheres of the Amigo2-Cre mouse brain. The hip

pocampus was sliced in a transverse orientation and then stained for PCP4 (1:300, rabbit anti-PCP4 #HPA005792, Sigma-Aldrich) as 

primary and goat anti-rabbit IgG (Life Technologies), for secondary.

Pharmacogenetic silencing of ventral CA2

Avpr1b-Cre+/− and Cre− /− littermates or PCP4-Cre+/− and Cre− /− littermates were injected with a Cre-dependent AAV expressing 

the inhibitory hM4Di designer receptor exclusively activated by designer drugs (iDREADD) (200 nL bilaterally at 1.9x10◦12 pp/ml 

with AAV2/8 hSyn.DIO.hM4D(Gi)-mCherry] bilaterally at coordinates for dorsal CA2 (AP -2.0, ML +/− 1.8, DV -1.7) or ventral CA2 

(AP -3.0, ML +/− 3.2, DV -3.8).

Dorsal and ventral CA2 silencing

Three weeks post-injection, subject mice were habituated to saline intraperitoneal injections 4 days prior to testing, alternating the 

side of injection each day. One day prior to testing, subjects were weighed to ensure proper CNO dosage. CNO solution (Cayman 

Pharmaceuticals, CAS # 34233-69-7) was mixed on day of the experiment to reach a concentration of 1 mg/mL in sterile saline. 

30-min prior to each test, intraperitoneal injections of subject mice were performed with a volume to ensure 10 mg/kg CNO dose 

unless otherwise specified. Subjects and any stimuli mice were moved to the testing area 30 min prior to the experiment start to habit

uate to the test room. Stimulus mice were always sex- and age-matched. Videos of experiments were recorded using a FireWire cam

era (DMK 31AF03-Z2; The Imaging Source) triggered through ANY-maze software.

Behavior animals

We used both male and female Avpr1b-Cre+/− mice (and Cre− /− littermate controls) in social memory tests. We found no significant 

differences in social memory between male and females in either group (two-way ANOVA genotype x interaction partner F(3,19) = 

0.07945, p = 0.97; interaction partner F(1,19) = 10.06, p = 0.0050. �Sı́dák’s multiple comparisons Avpr1b-Cre+/− females vs. 

Avpr1b-Cre+/− males, p > 0.99.). For resident-intruder tests of aggression we used only males, as females are known to show little 

aggression in this test. Studies on aggression used PCP4-Cre+/− and Cre− /− male littermates. Male mice were also used exclusively 

in social memory tests with the PCP4-Cre+/− and Cre− /− littermates to enable a direct comparison of CA2 silencing results in the 

same subjects in the two social behaviors (memory and aggression). Behavior was run under low red-light conditions unless other

wise specified. All behavior experiments were recorded with ANY-maze software.
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Social recall test

One day prior to testing, subjects were habituated to the arena, a three-chambered box with each chamber measuring 

19 cm × 40.5 cm x 22 cm. The apparatus was made of clear Plexiglass with openings 10 cm side to allow access across chambers. 

Within the arena, two empty pencil cups (radius 5 cm) were placed in each of the side chambers. Following 10 min habituation, sub

jects were returned to their home cages. On the test day, following CNO injection, subject mice and littermates were separated into 

two testing cages at random (A or B) and brought to the test room. Stimulus mice, with whom the subject mice had never interacted, 

were also brought to the test room to habituate. After 30-min, the subject mice were introduced to the central chamber of the three- 

chamber apparatus with two barriers blocking the doorways to the side chambers, which each held an empty pencil cup. The barriers 

were removed to start the test, and the subject mice freely explored the three chambers for 10 min. The mouse was again confined to 

the central chamber. A littermate from the opposite testing cage was placed under the pencil cup in one chamber, and a novel stim

ulus mouse was placed under the pencil cup in the opposite chamber. The location of the novel and littermate mouse was alternated 

across mice. The barriers were again removed, and the subject allowed to explore the novel conspecific and familiar littermate freely 

for 10 min. The time spent in each chamber was measured automatically using zones defined within ANY-maze.

Social discrimination test

One day prior to testing, mice were habituated to an oval arena that consisted of two half-circles with radius 15cm connected to a 

central square area with length of 30 cm (dimensions: length 60 cm, width 30 cm, height 45 cm). Wire pencil cups (radius 5 cm) were 

placed 10 cm from the two ends of the arena along the midline. Following 10-min habituation, subjects were returned to their home 

cages. The next day following CNO injection and 30-min habituation to the testing room, subjects were re-introduced to the oval 

arena with empty pencil cups for 5 min. The subject was removed and returned to their home cage, and two stimulus mice were 

placed into the arena, with one under each pencil cup. The subject mouse was returned to the arena and allowed to freely interact 

with these individuals for 5 min. The subject mice were then returned to their home cage for 30 min. The subject was then returned to 

the oval arena with the empty pencil cups for 5 min. The subject was again removed to their home cage, and two stimulus mice (one 

from the prior trial and a third novel individual) were placed at random under each of the two pencil cups. The subject mouse was 

again returned to the arena and allowed to investigate the now-familiar and novel individual freely for 5 min. The time in a circular 

zone (radius = 10cm) around each cup was automatically scored.

Avpr1b-Cre+/− and PCP4-Cre+/− mice expression validation

For dCA2 pharmacogenetic silencing, Avpr1b-Cre+/− mouse brains were sliced coronally to allow all dorsal hippocampal subfields to 

be simultaneously imaged. For vCA2 pharmacogenetic silencing, Avpr1b-Cre+/− or PCP4-Cre+/− mouse brains were sliced horizon

tally to allow all ventral hippocampal subfields to be simultaneously imaged. Brains were incubated with the following primary/sec

ondary antibody pairing: PCP4 (1:300, rabbit anti-PCP4 #HPA005792, Sigma-Aldrich)/goat anti-rabbit IgG (Life Technologies). Mice 

with low levels of expression (<50% Avpr1b-expressing CA2 PNs infected in Avpr1b-Cre mice or <50% infection of DAPI+ cells in 

vCA2 region in PCP4-Cre+/− mice) or significant expression outside of CA2 (>10% florescent expression of the areas of CA1, 

CA3 or DG with a binary mask in PCP4-Cre+/− mice). Due to the absence of an Avpr1b antibody, to confirm co-expression with 

iDREADD, we used a PCP4 antibody to label vCA2. As noted in the text, we expect two major populations of vCA2 neurons: 

PCP4-positive/Avpr1b-positive (59.8 ± 7.5%) and PCP4-only (36.6 ± 6.0%). Thus, we expect roughly 59.8% of PNs infected in 

the Avpr1b-Cre+/− mouse to express the iDREADD virus. Therefore, mice with <29.9% expression of iDREADD (50% of the 

Avpr1b-expressing population) in vCA2 from either hemisphere were excluded from analysis in experiments in which the Avpr1b- 

Cre+/− subjects were used.

Social aggression

PCP4-Cre+/− male mice and their Cre− /− littermates were bilaterally injected with AAV8-hm4Di-mCherry into the vCA2. After 8 days 

of recovery, the mice were singly housed for 10 days before the social aggression test. The resident-intruder paradigm was adjusted 

based on previously published experiments.22 Stimulus mice (7-8 week-old BALB/cByJ male intruders) were group housed and used 

only once per day. On the aggression screening days, the subject mice were first received a saline injection (5 mL/kg, ip) as a control 

for the test day. After a 30-min room habituation, stimulus mice were introduced to the home cages of the subject mice for 5-min free 

interaction. In accordance with Columbia IACUC rules, the attack was allowed to continue for 1 min after its onset, which was defined 

by a clear bite. To increase the occurrences of aggression and select the aggressive subjects, 3 continuous days of screenings were 

allowed for each subject (19–21 days after the virus injections). On the test day, CNO (5 mg/kg, ip; 5 mg/kg dosing was also used in 

social memory experiments with PCP4-Cre mice to match dosing in aggression experiments) was injected 30 min prior to the test. A 

10-min resident-intruder test was then performed with a novel intruder introduced to the home cage of the PCP4-Cre subject mice. 

ANY-maze software (Stoelting Company) was used for recording and measurements.

Social preference test

Subjects were habituated 1 day prior to testing to a square opaque white arena (dimensions 50 cm × 50 cm). Test day, mice were 

injected with CNO and brought to habituate to the testing room for 30-min. Subjects were then introduced to the empty square arena 

for 5 min. The subject was temporarily removed from the chamber. An empty wire pencil cup (radius 5 cm) was placed in one corner 
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and a pencil cup (radius 5 cm) with a stimulus mouse was placed in the opposite corner. Subject mice were returned to the chamber 

and allowed to freely explore the arena for 10 min. Between mice and between habituation and testing, the square arena was cleaned 

with 70% propan-2-ol wipes (VWR) and allowed to air-dry for 2 min. Following testing, videos were automatically scored using ANY- 

maze software as defined by time spent in two square interaction zones (20 × 20 cm) originating from the corners of the arena in 

which the stimulus were placed.

Olfactory habituation/dishabituation

Mice were habituated to a novel cage filled with bedding for 5 min. A series of cue tips dipped in odors were introduced through the 

cage lid approximately 4.5 cm deep for 2 min each, as described in (Yang and Crawley 2009). After 2 min, the cue tip was removed 

from the cage and replaced with a cue tip dipped in another odor. The same odor was introduced three times in a row with a new cue 

tip each 156 presentation. The following odors were introduced (in order), concentrations in parentheses: deionized water, almond 

(1:100), banana (1:100), social mouse A, social mouse B. For social odors, the cue tip was dipped in deionized water and then moved 

in a zigzag through mouse bedding from two different cages (A and B). Social odors were from sex- and age-matched mouse cages 

with which the subject had no prior experience. Investigation time with the cue tip was manually scored by a blinded investigator 

across trials.

In vitro electrophysiology and data analysis

In vitro electrophysiology was performed in the 8-16 week-old male and female Avpr1b-Cre+/− x Ai14 mice and Avpr1b-Cre+/− mice. 

Mice were anesthetized by isoflurane inhalation and transcardially perfused with ice-cold sucrose ACSF containing, in mM: 195 su

crose, 10 glucose, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 2 sodium pyruvate, 0.5 CaCl2, 7 MgCl2. Mice were then decapitated and 

hippocampi were quickly dissected in the sucrose ACSF, placed into a 4% agar mold, and sectioned into 400 μm transverse slices 

with a vibratome (VT1200S, Leica). Slices were then transferred into a warmed (32◦C) recovery beaker containing 50% sucrose ACSF 

and 50% ACSF (2.5 glucose, 125 NaCl, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 3 sodium pyruvate, 1 ascorbic acid, 2 CaCl2, and 1 

MgCl2) for recovery. After at least 30 min of incubation, the beaker was kept in room temperature for an additional 30 min prior to 

recording. All the solutions were continuously saturated with carbogen gas (95% O2/5% CO2).

Recording pipettes and stimulation pipettes were prepared with borosilicate glass capillaries using a heated-filament puller with an 

open tip resistance of 3–6 MΩ when filled with an intracellular solution containing, in mM: 135 potassium gluconate, 5 KCl, 0.2 EGTA, 

10 HEPES, 2 NaCl, 5 MgATP, 0.4 Na2GTP, 10 Na2phosphocreatine, and biocytin (0.2% by weight), adjusted to pH 7.2 and osmolarity 

295 mOsm. For voltage-clamp recordings of slice optogenetic experiments, KCl was replaced with cesium methanesulfonate in the 

intracellular solution. Whole cell recordings were acquired using a Multiclamp 700A amplifier (Molecular Device), data acquisition 

interface ITC-18 (Instrutech) and pClamp 10. The CA1/CA2 border was identified as the end of the stratum lucidum (SL) and the 

edge of Cre-dependent fluorescence marker expression. PNs were identified based on the cellular morphology and intrinsic prop

erties such as the absence of fast spiking. Access resistance (15–25 MΩ) was continuously monitored.

Membrane capacitance was obtained at − 70mV from a V-shape voltage clamp ramp protocol with ΔV = ±10 mV. Input resistance 

was calculated from a voltage step from − 70 mV to − 80 mV in voltage clamp configuration. Voltage sag was measured with a nega

tive current step initiated from − 70 mV in which the steady hyperpolarization potential was between − 97 mV and − 103 mV. Sag ratio 

was calculated as (Vpeak-Vstt)/(Vpeak-70 mV, where Vpeak is the minimum potential at the beginning of the step and Vstt is the steady 

hyperpolarization potential at the end of the step. Rheobase current and action potential properties were calculated with a 1000 pA, 

1-s current ramp initiating from − 70 mV. For the experiments involving optogenetic activation of CA2 neurons, Avpr1b-Cre+/− mice 

were injected with either AAV8-EF1a-DIO-hChR2(H134R)-mCherry (Addgene, #20297, 200nL bilaterally at 10◦12 pp/mL) targeting 

ventral CA2 (AP -3.0, ML +/− 3.2, DV -3.8), or AAV5-EF1a-DIO-hChR2(H134R)-eYFP (Addgene, #20298, 200nL bilaterally at 10◦12 

pp/mL) targeting dorsal CA2 (AP -2.0, ML +/− 1.8, DV -1.7) three weeks prior to the experiments. During the experiments, photosti

mulation was delivered as a 2-ms pulse of 470 nm light with an LED light source (ThorLabs High-power 5-channel LED driver with 

pulse modulation, model DC2100) through a 40x immersion objective with the recorded cell centered in the illumination field. For 

voltage-clamp recording, cells were clamped at − 75 mV (for EPSCs), − 70 mV (for contingency of success rate), and +5 mV (for 

IPSCs). For current clamp recording, cells were initially held at − 70 mV. Extracellular electrical stimulation was generated as a 

2-ms pulse. The following drugs were bath-applied at the following concentrations: SR 95531 (1 μM, Tocris, #1262), CGP 55845 

(2 μM,Tocris, #1248).

To verify the location and the morphology of recorded neurons, all acute hippocampal slices were fixed, permeabilized and 

blocked for biocytin labeling at the conclusion of recordings. Biocytin was visualized by incubating hippocampal slices with Alexa 

Fluor 647-conjugated streptavidin (1:1000, Invitrogen#S21374).

QUANTIFICATION AND STATISTICAL ANALYSIS

PRISM (Graphpad) was used for data analysis for behavioral testing. For electrophysiological recordings, data analysis was per

formed using custom software written in OriginC53 (OriginLab Corporation, Northampton, MA) and PRISM (Graphpad).53
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