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The hippocampal CA2 region is essential for

social memory

Frederick L. Hitti' & Steven A. Siegelbaum"?

The hippocampus is critical for encoding declarative memory, our
repository of knowledge of who, what, where and when'. Mnemonic
information is processed in the hippocampus through several par-
allel routes involving distinct subregions. In the classic trisynaptic
pathway, information proceeds from entorhinal cortex (EC) to dent-
ate gyrus to CA3 and then to CA1, the main hippocampal output’.
Geneticlesions of EC (ref. 3) and hippocampal dentate gyrus (ref. 4),
CA3 (ref. 5) and CALl (ref. 6) regions have revealed their distinct
functions in learning and memory. In contrast, little is known about
the role of CA2, a relatively small area interposed between CA3 and
CAL1 that forms the nexus of a powerful disynaptic circuit linking
ECinput with CA1 output’. Here we report a novel transgenic mouse
line that enabled us to selectively examine the synaptic connections
and behavioural role of the CA2 region in adult mice. Genetically
targeted inactivation of CA2 pyramidal neurons caused a pronounced
loss of social memory—the ability of an animal to remember a
conspecific—with no change in sociability or several other hippocampus-
dependent behaviours, including spatial and contextual memory.
These behavioural and anatomical results thus reveal CA2 as a crit-
ical hub of sociocognitive memory processing.

Although the CA2 region was first described in 1934 (ref. 8), rela-
tively little is known about its functional properties and behavioural
role. To examine the importance of this region, we generated a trans-
genic mouse line (Amigo2-Cre) that expresses Cre recombinase pre-
dominantly in CA2 pyramidal neurons (PNs) in adult mice (Extended
Data Fig. 1). Because this line expresses Cre throughout the brain during
early development, as well as in certain limited areas outside CA2 in the
adult, we stereotactically injected Cre-dependent adeno-associated virus
(AAYV) into the hippocampus of adult Amigo2-Cre mice to limit viral
expression to CA2 pyramidal cells.

To determine the specificity of CA2 expression in the transgenic line,
we bilaterally injected into dorsal hippocampus a Cre-dependent AAV
to express yellow fluorescent protein (YFP) in Cre™ cells (Fig. 1a). We
observed selective and robust YEP expression in CA2 PNs throughout
dorsal hippocampus® ! (Fig. 1b and Extended Data Fig. 2a). We con-
firmed that the Cre™ cells were indeed CA2 PNs by demonstrating co-
staining for RGS14 (ref. 12) (97.38 * 0.31% overlap; n = 4 mice, 2,546
cells; Fig. 1c—e and Extended Data Fig. 3) and other known CA2 PN
markers (Extended Data Fig. 2). In contrast, there was no co-staining
for a CA1 PN marker (Extended Data Fig. 2). In addition, the elec-
trophysiological properties of the YFP™ neurons differed significantly
from those of CA1 PNs (Extended Data Table 1) and largely matched
the values previously reported for CA2 pyramidal neurons’. Only a
minute fraction of YEP™ neurons were also GABA™' (0.16 = 0.16%;
n =3 mice, 1,539 cells), showing the specific targeting of CA2 excit-
atory PNs (Fig. 1f, g and Extended Data Fig. 3). Finally, our AAV
injections resulted in the targeting of the vast majority of CA2 PNs
in the dorsal hippocampus, measured by the percentage of RGS14*
cells that were also YFP™" (82.33 % 2.37%, n = 4 mice, 2,992 cells).

Next we mapped CA2 synaptic input and output by using viral tracing
strategies that take advantage of the genetic targeting of CA2 PNsin the

Amigo2-Cre mice, and largely confirmed results of previous studies
using conventional and genetic-based'* approaches. Monosynaptic
inputs to CA2 PNs were determined by trans-synpatic retrograde label-
ling using an EnvA pseudotyped AG rabies virus' (Extended Data Fig. 4).
Unilateral viral injections revealed bilateral inputs from CA3 and CA2
(Fig. 2a, b) and strong unilateral input from both lateral and medial EC
layer II neurons (Fig. 2¢, d). In addition, synaptic inputs were detected
from medial septum and diagonal band (Fig. 2e), median raphe nuc-
leus (Fig. 2f), and the supramammillary nucleus of the hypothalamus
(Fig. 2g).

We observed only sparse labelling of EC layer III neurons with the
rabies virus approach. Our laboratory had previously concluded that
EC LIII axons provide strong excitatory drive to CA2 PNs, on the basis
of the finding that large excitatory postsynaptic potentials are evoked
in CA2 PNs with a focal stimulating electrode placed in the stratum
lacunosum of the CA1 region’, where axons from LIII EC neurons are
thought to provide the predominant source of excitatory inputs. Our
present results, combined with recent results'*', suggest that these syn-
aptic responses recorded in CA2 PNs may result from activation of LII
fibres that course through or near the stratum lacunosum in CA1.

Output projections from CA2 were determined by expressing YFP
in CA2 PNis (as in Fig. 1) and examining brains for YFP-fluorescent
axons. Unilateral viral injections resulted in strong bilateral labelling in
hippocampal CA1, CA2 and CA3 regions, with densest projections
observed in stratum oriens and weaker projections detected in stratum
radiatum (Fig. 2h, i). We did not observe extra-hippocampal outputs.

These anatomical results generally support previous>'* findings.
However, we failed to observe vasopressinergic input to CA2 from the
paraventricular nucleus of the hypothalamus', which may reflect an
inability of the trans-synaptic rabies tracing system to label peptidergic
inputs". In addition, we did not observe CA2 output to the supramam-
millary nucleus as reported previously using conventional tracing
methods'. We surmise that this output may represent an inhibitory
projection from CA2 because our technique selectively labelled PNs.
Finally, we did not observe CA2 output to EC layer II (ref. 16), perhaps
because the anterograde tracing failed to detect weak connections.

To examine directly the functional and behavioural relevance of CA2,
we used the Amigo2-Cre mouse line to inactivate output from CA2 PNs
selectively. We injected into the dorsal hippocampus of the Amigo2-
Cremice a Cre-dependent AAV to express tetanus neurotoxin (TeNT)
light chain fused to enhanced green fluorescent protein (eGFP-TeNT)
in CA2 PNs to block their synaptic output. We first verified the efficacy
of this approach and characterized the influence of CA2 on its CA1 PN
targets by using Cre-dependent AAV's to co-express the light-activated
cation channel channelrhodopsin-2 (ChR2)" with either TeNT or
YFP. Low-intensity illumination (using 2-ms pulses of 470-nm light
at3mW mm ) focused on CA2 reliably triggered action potentials in
CA2PNs, as seen by the presence of fast action currents in cell-attached
patch clamp recordings (Fig. 3a—c). Similar rates of spiking were seen
in neurons that co-expressed either YFP (Fig. 3b) or TeNT (Fig. 3c)
with ChR2, indicating that the TeNT did not inhibit excitability.
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Figure 1 | Genetic targeting of the CA2 subfield using the Amigo2-Cre
mouse line. a, Bilateral hippocampal injection of Cre-dependent YFP AAV in
Amigo2-Cre mice resulted in specific expression of YFP (green) in CA2 PNs
(n = 64 mice). b, Extent of transduction. Left: adapted reference atlas images’.
Centre: YFP expression. Right: distance (in mm) from bregma along the
rostrocaudal axis. DG, dentate gyrus. c-g, Magnified images of the boxed area

Next we determined the strength of synaptic transmission from
CA2 to CAl PNs by using whole-cell current-clamp recordings to
measure light-evoked postsynaptic potentials (PSPs) in CA1 PNs from
hippocampal slices in which ChR2 and YFP were expressed in CA2
PNs (Fig. 3d). In agreement with anatomical mapping (Fig. 2h, i) and
paired recordings’, focal photostimulation delivered to CA1 stratum
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inb. ¢, YFP (green). d, RGS14 staining (red, n = 4 mice). e, Merge of ¢ and
d, showing YFP and RGS14 overlap. f, GABA staining (red, n = 3 mice).

g, Merge of ¢ and f, showing no GABA and YFP overlap. Panels show coronal
sections with Nissl counterstain (blue). Scale bars, 1,000 pm (a), 400 pm

(b), 200 um (c-g).

oriens and stratum radiatum regions evoked robust monosynaptic
PSPs (mean latency 1.22 £ 0.06 ms, n = 119 observations) in nearby
CA1 PNs (Fig. 3e). Increasing the light intensity recruited progres-
sively larger PSPs, presumably as a result of an increase in the number
of optically activated CA2 axons (Fig. 3e, f). In stark contrast, in slices
in which TeNT was co-expressed with ChR2 in CA2 PN, illumination
over a wide range of intensities produced little or no synaptic response
in CA1 neurons (Fig. 3e, f), showing the efficacy of the TeNT lesion.

What are the behavioural consequences of inactivation of CA2? To
address this question we compared the behaviour of control mice (CA2-
YFP) with mice in which CA2 PNs were inactivated (CA2-TeNT),
using viral injections in dorsal hippocampus''. Functional inactivation
of dorsal CA2 did not alter locomotor activity or anxiety-like behaviour
(Extended Data Fig. 5). Inactivation of CA2 also did not significantly
alter hippocampus-dependent spatial memory assessed by the Morris
water maze (although there was a trend for the CA2-inactivated mice
to learn the task more slowly; Extended Data Fig. 6). Nor was there any

Figure 2 | Genetically targeted tracing of the CA2 circuit. a-g, Monosynaptic
inputs to CA2 revealed with pseudotyped rabies virus (n = 8 mice). Cells
labelled with rabies appear magenta; Nissl stain shown in green. a-d, Sagittal
sections; e-g, coronal sections. a, b, Labelled neurons in CA2 and CA3
ipsilateral (a) and contralateral (b) to the hemisphere of rabies virus injection.
Rabies labelling shows monosynaptic inputs from lateral EC (c), medial EC (d),
medial septum (MS) and nucleus of the diagonal band (NDB) (e), median
raphe (MR) (f) and lateral supramammillary nucleus (SUMI) (g). Fluorescent
processes in (c, d) may represent dendritic or axonal labelling. SUMm, medial
supramammillary nucleus. h, Output of CA2 revealed by axonal YFP signal
(green, n = 6 mice). Nissl stain (magenta). so, stratum oriens; sr, stratum
radiatum; slm, stratum lacunosum-moleculare. i, Magnification of boxed area
in h. Note that CA2 makes strong projections to stratum oriens and weaker
projections to stratum radiatum of CA1. Scale bars, 200 pm.
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Figure 3 | Electrophysiological verification of CA2 inactivation with
TeNT. a, Experimental setup for photostimulation of CA2 PNs. sp, stratum
pyramidale. b, ¢, Action currents recorded from CA2 PNs expressing YFP and
ChR2 (n = 6 neurons) (b) or TeNT and ChR2 (n = 4 neurons) (c) in response
to five 2-ms blue (470-nm) light pulses (blue bars). d, Experimental setup for
whole-cell current-clamp recordings of photostimulated PSPs in CA1 PN.

change in hippocampus-dependent contextual fear memory or amygdala-
dependent auditory fear memory (Extended Data Fig. 7).

The finding that CA2 PN integrate synaptic input from lateral EC
(which conveys non-spatial information'®) with subcortical input from
both the serotonergic median raphe nucleus" and the hypothalamic
supramammillary nucleus® suggests a potential role for CA2 in non-
spatial hippocampal tasks. Previous studies have shown that the mes-
senger RNA for the vasopressin 1b receptor (Avpr1b) is strongly expressed
in CA2 (ref. 21) and that unconditional deletion of this gene impairs
social recognition memory*>*. However, Avprlb mRNA is also expressed
outside hippocampus®, and its deletion results in changes in non-
hippocampus-dependent behaviours, including reduced aggression and
decreased sociability*>?, raising questions as to the selective role of CA2
in the knockout phenotype*.

To assess directly the role of CA2 in social behaviour, we first com-
pared the performance of CA2-YFP with that of CA2-TeNT mice in a
three-chamber test of sociability*, which examines the normal preference
of a subject mouse for a chamber containing a littermate versus an empty
chamber (Fig. 4a). In contrast to the effect of Avpr1b deletion, selective
silencing of CA2 did not alter sociability as the CA2-TeNT and CA2-
YFP groups displayed a significant and similar preference for the com-
partment containing the littermate (Fig. 4a).

In contrast to their normal sociability, CA2-TeNT mice displayed a
profound deficit in social recognition as determined by a three-chamber
social novelty test* (Fig. 4b). In this test, social recognition was mea-
sured by the increased time that a subject mouse spent interacting with
a novel unrelated mouse compared with the time it spent interacting
with a familiar co-housed littermate. Multiple comparison testing revealed
that the CA2-YFP control group demonstrated a significant preference
for the compartment containing the novel animal, whereas the CA2-
TeNT group did not (Fig. 4b). Moreover, the difference score (time spent
exploring the novel mouse minus the time spent exploring the familiar
mouse) of the CA2-TeNT group was significantly less than that of the
CA2-YFP group (Fig. 4b). This deficit was not due to a lack of interest
in novelty as such, because the CA2-TeNT mice showed a normal pre-
ference for a novel object as assayed by two different novel-object-
recognition protocols (Extended Data Fig. 8).

Because the social novelty test does not incorporate a defined learn-
ing phase or delay period, we next conducted a more specific test of
social memory, the direct interaction test®. For this test a subject mouse
was exposed to an unfamiliar mouse in trial 1. After a 1-h inter-trial
interval, the subject mouse was either re-exposed to the same mouse as
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e, PSPs recorded when YFP (n = 14 neurons, green) or TeNT (n = 14 neurons,
magenta) was co-expressed with ChR2 in CA2 PNss. f, Mean input-output
curve of PSP as a function of light intensity when YFP (green) or TeNT
(magenta) was co-expressed with ChR2 in CA2 PNs. Results are
means * s.e.m.

that encountered in trial 1 (Fig. 4c) or exposed to a second, unfamiliar,
mouse (Fig. 4d). Social memory, measured as the decreased time thata
subject mouse spends exploring a previously encountered mouse, was
fully suppressed by CA2 inactivation (Fig. 4¢). In contrast, CA2 silen-
cing did not alter sociability, because CA2-YFP and CA2-TeNT subject
mice showed similar and unchanging exploration times during trials 1
and 2 when two different unfamiliar mice were encountered in the two
trials (Fig. 4d).

We next conducted a more stringent five-trial social memory assay*®
to confirm that CA2-inactivation abolishes social memory. In this assay,
a stimulus mouse was presented to a subject mouse for four successive
trials. On the fifth trial, a novel stimulus mouse was introduced (Fig. 4e).
The CA2-YFP control group displayed normal social memory, as demon-
strated by a marked habituation (decreased exploration) during the
first four trials and a striking dishabituation (increased exploration) on
presentation of a novel animal on the fifth trial. In contrast, the CA2-
TeNT group showed no significant habituation during the four expo-
sures to the stimulus mouse or dishabituation to the novel stimulus
mouse, thus confirming the necessity of CA2 for social memory.

Because olfaction is crucial for normal social interaction®’, we exam-
ined whether CA2 silencing influenced the detection or recognition of
non-social or social odours. CA2-TeNT mice showed no loss in the
ability to detect the presence of food buried under a deep layer of cage
bedding, a test of non-social odour detection (Extended Data Fig. 9a).
Next we used an olfactory habituation/dishabituation test (Extended
Data Fig. 9b) and found that CA2 inactivation also had no effect on the
ability of mice to detect or discriminate either non-social or social
odours. We therefore conclude that the deficit in social memory in
the CA2-TeNT mice was not due to a defect in sensing social or non-
social odours.

In this study we developed and validated an Amigo2-Cre mouse line
that enables the precise genetic targeting of excitatory CA2 PN, allow-
ing us to map selectively the inputs and outputs of this largely unex-
plored region and demonstrate that the CA2 subfield is essential for
social memory. Although we observed a fairly specific deficit in social
memory after inactivation of dorsal CA2 pyramidal neurons, our results
do not rule out the possibility that CA2 may participate more generally
in hippocampus-dependent memory tasks. Thus, other regions of hip-
pocampus may be able to compensate for the loss of any role that CA2
may normally have in performance of the water maze or contextual
fear-conditioning tasks. Alternatively, CA2 may be selectively required
for the performance of more demanding non-social memory tasks.
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Figure 4 | Inactivation of CA2 impairs social memory. a, Left: sociability test.
Middle: YEP (n = 11) and TeNT (n = 13) mice preferred the littermate
chamber (YEP, P = 0.0083; TeNT, P = 0.0055; multiplicity-adjusted P values),
with no significant difference in interaction times (two-way analysis of variance
(ANOVA): treatment X chamber F(1,44) = 0.013, P = 0.91; treatment
F(1,44) = 1.566, P = 0.22; chamber F(1,44) = 17.49, P = 0.0001). Right:
interaction time difference scores (littermate minus empty) were similar

(P =0.9154, two-tailed Student’s t-test). b, Left: social novelty test. Middle:
only YFP mice preferred the novel animal over a littermate (YFP, P = 0.0012;
TeNT, P = 0.3593; multiplicity-adjusted P values); the groups differed
significantly (ANOVA: treatment X chamber F(1,44) = 11.25, P = 0.0016).
Right: difference score (novel minus littermate) of TeNT group was
significantly less than that of YFP group (P = 0.0109, two-tailed Student’s
t-test). ¢, d, Left: direct interaction test using identical (c) or different

(d) stimulus animals in the two trials. ¢, Middle: only YFP mice displayed
decreased investigation during trial 2 of mouse encountered in trial 1 (YFP,
n=15,P<0.0001; TeNT, n = 16, P = 0.1499; multiplicity-adjusted P values);
the groups differed significantly (ANOVA: treatment X trial F(1,29) = 24.23,
P <0.0001). Right: TeNT group difference score (trial 1 minus trial 2) was
less than that of YFP group (P < 0.0001; two-tailed Student’s ¢-test). d, Middle:
the two groups explored two different stimulus animals similarly (ANOVA:
treatment X trial F(1,29) = 0.0068, P = 0.93; treatment F(1,29) = 2.405,

P =0.13; trial F(1,29) = 3.278, P = 0.0806), with similar difference scores
(right, P = 0.93, two-tailed Student’s ¢-test). e, Five-trial social memory assay.
YFP (n = 15), but not TeNT (n = 14), mice habituated to same mouse

(trials 1-4) and dishabituated to a novel mouse (trial 5). The groups differed
significantly (ANOVA: treatment X trial F(4,108) = 7.26, P < 0.0001;
treatment F(1,27) = 7.86, P = 0.009; trial F(4,108) = 15.41, P < 0.0001).

ITL inter-trial interval. Results are means =* s.e.m.
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The importance of human hippocampus for social memory is
famously illustrated by the case of Henry Molaison (patient H.M.),
who, after bilateral medial temporal lobe ablation, could not form new
memories of people he had worked with for years®. Lesions limited to
the hippocampus also impair social memory in both humans' and
rodents”. Because several neuropsychiatric disorders are associated
with altered social endophenotypes, our findings raise the possibility
that CA2 dysfunction may contribute to these behavioural changes.
This possibility is supported by findings of a decreased number of
CA2 inhibitory neurons in individuals with schizophrenia and bipolar
disorder®, and altered vasopressin signalling in autism®. Thus, CA2
may provide a new target for therapeutic approaches to the treatment
of social disorders.

METHODS SUMMARY

Generation of Amigo2-Cremouse line. A bacterial artificial chromosome (BAC)
was modified to insert a Cre-HSV-polyA cassette at the translational start of Amigo2.
Six B6CBA/F2 founders were generated. One line that selectively expressed Cre in
CA2 of adult mice was backcrossed to C57BL/6] a minimum of six times and used
in these experiments.

Subjects. Cre™ males were bred to C57BL/6] females to keep the Amigo2-Creline
hemizygous on the C57BL/6] background. Only Cre™ males were used for experi-
ments, which were conducted 2-4 weeks after viral injection and approved by the
Columbia University Institutional Animal Care and Use Committee.

Viruses. AAV5-EF1o-FLEx-eYFP-WPRE-hGH, AAV5-EF1a-FLEx-TVA-mCherry-
WPRE-hGH and AAV5-CAG-FLEx-rabiesG-WPRE-hGH were obtained from
the University of North Carolina vector core. (EnvA)SAD-AG-mCherry was pro-
duced at Columbia. AAV5-EF10-FLEx-hChR2(H134R)-EYFP-WPRE and AAV'5-
EF1o-FLEx-eGFP-TeNT-WPRE-hGH were obtained from the UPenn vector core.
Stereotaxic injection. Male mice (more than 8 weeks old) were anaesthetized with
isoflurane, and virus was injected into the dorsal hippocampus at —1.6 mm ante-
roposterior, = 1.6 mm mediolateral, and —1.7 mm dorsoventral relative to bregma.
Electrophysiology. Two to three weeks after AAV injection, hippocampal slices
400 pm thick were prepared. Blue light was delivered through a 20X objective to
activate ChR2. Patch membrane voltage was held at —70mV for cell-attached
voltage-clamp recordings. Whole-cell recordings were obtained from CA1 PNs in
current-clamp mode with membrane at initial resting potential.

Behavioural tests. Two to five male Amigo2-Cre mice were housed per cage with
ad libitum access to food and water. Tests were conducted during the light cycle.
Half of the mice in each cage were injected with the YFP virus, and the other half
were injected with the TeNT virus. The experimenter was blind to the group
identities. Open field activity was recorded with Activity Monitor. The direct
interaction, five-trial social memory and olfactory tests were scored online by
the experimenter. All other tests were scored automatically by ANY-maze.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS

Generation of Amigo2-Cre mouse line. Selective expression of Amigo2 in the
CA2 region of hippocampus was identified on the basis of GENSAT*" and Allen
Brain Atlas®® data. The RP23-288P18 bacterial artificial chromosome (BAC) that
contained the Amigo2 gene and its surrounding regulatory elements was obtained
from the BACPAC Resource Center®. Recombineering with galK selection and
the SW102 bacterial strain® was employed to modify RP23-288P18 seamlessly so
that a Cre-HSV-poly(A) cassette was inserted at the translation start site of the
Amigo2 gene. Specifically, the Cre expression cassette was amplified by polymerase
chain reaction from pLD53.SC-Cre (ref. 35). The homology arms used for the
recombineering were 5'-ATTGGTGGGAGACTGAGCTGATGAGAAGCGACT
GGCAAGAGACTCAGAGGCGACCATA-3' (5 arm) and 5'-ATGTCGTTAAG
GTTCCACACACTGCCCACCCTGCCTAGAGCTGTCAAACCGGGTTGCAG

AGA-3' (3" arm). This modified BAC was injected into BGCBA/F2 pronuclei, and
embryos were implanted into pseudopregnant females. PCR was used to identify
the offspring that were Cre-positive. These founders were crossed to the Ail4 Cre-
reporter line*® to examine the specificity of Cre expression. At 12 weeks of age, the
Cre" offspring were perfused transcardially with 4% paraformaldehyde (PFA) in
PBS, and expression of tdTomato was examined in 50-um coronal slices. CA2-
specific expression of tdTomato was not observed in any of the founder lines.
However, injection of the EF1o-FLEx-eYFP-WPRE-hGH Cre-reporter AAV into
the hippocampus of adult mice (more than 8 weeks old) revealed CA2-specific
expression in one of the six founder lines. This line was used for all of the studies
presented here. The line was backcrossed to C57BL/6] a minimum of six times
before any behavioural or physiological experiments were performed.

Subjects. The Amigo2-Creline was maintained as a hemizygous line on the C57BL/6]
background by breeding Cre* males to C57BL/6] females. Only Cre* males were
used for these experiments. Mice more than 8 weeks old were injected with virus
under stereotactic control into the hippocampus proper to avoid Amigo2-Cre
expression in mossy cells of the dentate gyrus. All anatomical, behavioural and
physiological experiments were conducted 2-4 weeks after injection. All proce-
dures were approved by the Institutional Animal Care and Use Committee at
Columbia University and the New York State Psychiatric Institute.

Virus constructs. AAV5-EF1o-FLEx-eYFP-WPRE-hGH (4 X 10'? virus mole-
culesml ') was injected to label CA2 PNs and trace their axons. (EnvA)SAD-
AG-mCherry (10® infectious particles ml ™) pseudotyped rabies virus was produced
as described previously®” and used to label monosynaptic inputs to CA2. This virus
can only infect cells expressing the TV A receptor’”*. Before rabies virus injection,
AAV5-EF10-FLEX-TVA-mCherry-WPRE-hGH?® (3 X 10" virus molecules ml ")
was injected to express TVA in CA2. To permit retrograde synaptic transport of
the AG virus, AAV5-CAG-FLEx-rabiesG-WPRE-hGH* (2 X 10'? virus mole-
cules ml™") was co-injected with the TVA virus to express G in CA2. The afore-
mentioned AAVs were obtained from the University of North Carolina vector
core. To specifically excite CA2 PNs, AAV5-EF1a-FLEx-hChR2(H134R)-EYFP-
WPRE-hGH (2 X 10'* genome copies ml~ ") was injected to express ChR2 in the
CA2 neurons. This vector was obtained from the University of Pennsylvania
(UPenn) vector core. To ablate CA2 pyramidal cell output, tetanus neurotoxin light
chain (TeNT) was expressed selectively in these cells. A Cre-dependent AAV vector
carrying eGFP-TeNT was created by PCR amplifying eGFP-TeNT from pTRE2-
eGFP-TeNT-PEST* and subcloning it into pAAV-EF10-DIO-hChR2-mCherry-
WPRE (Addgene plasmid 20297) between the Nhel and AscI sites in the inverse
orientation. The resulting vector, pAAV-EF1a-FLEx-eGFP-TeNT-WPRE-hGH,
was sent to the UPenn vector core for custom production of AAV5-EF1a-FLEx-
eGFP-TeNT-WPRE-hGH (10" genome copies ml™").

Stereotaxic injection. Mice were anaesthetized with isoflurane (2-5%) and placed
in a stereotaxic apparatus (Digital Just for Mice Stereotaxic Instrument). The head
was fixed and the skull was exposed. Burr holes were made and a glass micropipette
(Drummond Scientific) was slowly lowered into the dorsal hippocampus at —1.6 mm
anteroposterior, =1.6 mm mediolateral and —1.7mm dorsoventral relative to
bregma. The pipettes were formed with 20-um diameter tips using a P-2000 laser
puller (Sutter Instrument). For the mouse line validation, anterograde tracing and
behavioural experiments, 180 nl of virus was pressure-injected into each hemi-
sphere. For the retrograde tracing experiments, 180 nl of a 1:5 mix of the TVA and
rabies G AAV vectors was injected unilaterally. For the electrophysiological experi-
ments, 360 nl of a 1:1 mix of ChR2 AAV and either YFP or TeNT AAV was injected.
After injection, the pipette remained in place for 5min and was then slowly
retracted. The mice were placed on a heating pad (TR-200; Fine Science Tools)
throughout the duration of the surgery. After injection, the scalp was sutured,
saline was administered subcutaneously, and buprenorphine (0.05-0.1 mgkg™")
was administered intraperitoneally for analgesia. The mice were placed under
heating lamps during recovery from anaesthesia. For the retrograde tracing experi-
ments, these procedures were repeated 2 weeks after the initial AAV injection to
inject 360 nl of (EnvA)SAD-AG-mCherry rabies virus. To test the specificity of the
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rabies virus, a subset of animals was injected with 360 nl of the (EnvA)SAD-AG-
mCherry rabies virus without previous injection of AAVs expressing TVA and G.
Allinjections were verified histologically. No injections were mistargeted; hence no
subjects were excluded from analysis as a result of injection failure.
Immunohistochemistry and confocal microscopy. Mice were administered
ketamine/xylazine (150 mgkg ™', 10 mgkg ™, respectively) and perfused transcar-
dially with ice-cold PBS followed by ice-cold 4% PFA in PBS. Brains were postfixed
overnight in 4% PFA in PBS and 50-pm slices were prepared (Vibratome 3000 Plus;
The Vibratome Company). Antigen retrieval* was performed for RGS14 staining.
In brief, free-floating sections were incubated at 80 °C for 30 min in 50 mM sodium
citrate pH 8.5. Slices were permeabilized with 0.2% Triton X-100 in PBS and
blocked with 10% goat serum in PBS. The sections were incubated overnight at
4 °C in primary antibody (1:50 dilution; 73-170; NeuroMab,). For PCP4 (ref. 10),
STEP*, WFS* and GABA staining, sections were permeabilized and blocked as
above and then incubated overnight at 4 °C in primary antibodies against PCP4
(1:200 dilution; HPA005792; Sigma-Aldrich), STEP (1:500 dilution; 4396; Cell
Signaling Technology), WESI (1:250 dilution; 11558-1-AP; Proteintech) or GABA
(1:500 dilution; A2052; Sigma-Aldrich). Sections were washed the following day
and incubated for 2 h with Alexa 555 or 647 secondary antibodies (1:500 dilution;
A21422, A21428, or A21245; Invitrogen) and NeuroTrace (1:250 dilution; N21479
or N21483; Invitrogen). Slices were then mounted with either Prolong Gold
(P36930; Invitrogen) or VECTASHIELD (H-1000; Vector Laboratories) and imaged.
An inverted laser scanning confocal microscope (LSM 700; Zeiss) was used for
fluorescence imaging, followed by analysis in Image]*’. For cell counting experi-
ments, every fifth slice throughout the rostral half of the hippocampus (five slices in
total) was examined. The first section was randomly chosen, and cells were assessed
for double labelling in a single optical section taken near the middle of the slice.
Electrophysiology. Two to three weeks after AAV injection, mice were anaesthe-
tized with isoflurane (5%) and perfused transcardially with an ice-cold dissection
solution that contained (in mM): 10 NaCl, 195 sucrose, 2.5 KCI, 10 glucose, 25
NaHCO3, 1.25 NaH,POy,, 2 sodium pyruvate, 0.5 CaCl, and 7 MgCl,. The hip-
pocampi were dissected out and 400-pm thick slices were cut (VT1200S; Leica)
perpendicular to the longitudinal axis of the hippocampus. The slices were then
transferred to a chamber containing a 1:1 mixture of dissection solution and
artificial cerebrospinal fluid (aCSF). The aCSF contained (in mM): 125 NaCl,
2.5 KCl, 22.5 glucose, 25 NaHCO3, 1.25 NaH,POy, 3 sodium pyruvate, 1 ascorbic
acid, 2 CaCl, and 1 MgCl,. Slices were incubated at 30 °C for 30 min and then at
19-21 °C for at least 1.5 h before recording. Slices were transferred to a recording
chamber (Warner Instruments), perfused with aCSF and maintained at 33 °C. All
solutions were saturated with carbogen (95% O, and 5% CO,). Whole-cell record-
ings were obtained from PNs with a patch pipette (3-5 MQ) containing (in mM):
135 KMeSO,, 5 KCl, 0.1 EGTA-Na, 10 HEPES, 2 NaCl, 5 ATP, 0.4 GTP, 10
phosphocreatine at pH7.2 and osmolarity 280-290 mosM. Series resistance,
which was always less than 30 MQ, was monitored and compensated for through-
out the experiment. Cells with a 15% or greater change in series resistance were
excluded from analysis. To activate ChR2, 2-ms pulses of blue (470-nm) light
(M470L2-C1; Thor Labs) were delivered through a 20X objective. Light power
from the objective was measured with a power meter (PM100D; Thor Labs). The
objective was centred on the neuron that was being recorded during the experi-
ment. For the CA2 cell-attached recordings, a gigaohm seal was made and action
currents were measured in voltage-clamp mode (patch membrane voltage held at
—70mV) while five pulses of blue light were delivered. For the input-output
curves, whole-cell recordings were made from CA1 PNs in current-clamp mode
with the initial membrane voltage at the resting potential; the objective was centred
on the patched CA1 neuron. This provided illumination over stratum oriens,
stratum pyramidale and stratum radiatum, thus activating the CA2 projections
to CAl that course through stratum oriens and stratum radiatum.

Behavioural tests. Mice were housed two to five in each cage and were given
ad libitum access to food and water. They were kept on a 12-h (6:00 to 18:00) light-
dark cycle in a room maintained at 21 °C. All tests were conducted during the light
cycle. Mice were habituated to handling and transport from the colony room to the
behavioural room for 3 days before behavioural tests were begun. Mice were given
1h to habituate after transport to the behavioural room before any tests were
conducted. The experimenter was blind to the treatment groups. The control
group (CA2-YFP) was injected with AAV5-EF1a-FLEx-eYFP-WPRE-hGH; the
CA2-inactivated group (CA2-TeNT) was injected with AAV5-EF1a-FLEx-eGFP-
TeNT-WPRE-hGH. To blind the experimenter and randomize the treatment
groups, virus aliquots were stored as pairs of coded cryotubes. Half of the mice
in each home cage were injected with the YFP virus, and the other half were
injected with the TeNT virus. The identity of the groups was revealed only after
testing was completed. For the elevated plus maze, novel object, Morris water maze
and three-chamber tests, mice were tracked with an overhead FireWire camera
(DMK 31AF03-Z2; The Imaging Source) and ANY-maze (Stoelting). Freezing
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during fear conditioning was tracked with a Fire-i (Unibrain) camera and analysed
with ANY-maze. All apparatuses and testing chambers were cleaned with 70%
propan-2-ol wipes (VWR) between animals unless otherwise indicated below.
Open field. Mice were placed in an open field (ENV-510S; Med Associates, Inc.)
for 30 min, and locomotor and rearing activity was monitored by means of infra-
red beam breaks and recorded by Activity Monitor (Med Associates, Inc.) soft-
ware. The entire apparatus was enclosed in a sound-attenuating cubicle.
Elevated plus maze. Mice were placed in the centre of a maze (Stoelting) con-
structed in the shape of a plus with two enclosed arms (walls 15 cm high) and two
open arms. The maze was elevated 40 cm from the ground. Mice were allowed to
explore the maze for 8 min. Entry into an arm was scored only after 85% of the
animal’s tracked body area was in the arm.

Novel object. Two variations of the novel-object task were run. Both were con-
ducted in an arena 50 cm long, 25 cm wide and 30.5 cm high. For both tests, the
snouts of the mice were tracked and object interaction was measured as time spent
with snout within 2 cm of the object. The objects (a glass chess piece, a small metal
lock and a small plastic box) were secured to the arena with neodymium magnets
to render them immovable. In the first variation, mice were habituated to the arena
and objects 1 and 2 over the course of four 5-min trials separated by an inter-trial
interval of 10 min. Mice were then tested for object recognition memory 1h after
the fourth trial during the 5-min-long fifth trial. Either object 1 or object 2 (coun-
terbalanced) was swapped for object 3 during the fifth trial. In the second variation
of this test, the mice were habituated to the empty arena for 10 min each day for
three consecutive days. On day 4, the mice were exposed to a pair of either object 1
or object 2 for 5 min. Object recognition memory was tested 1 h after this trial by
exposure to objects 1 and 2 for 5 min. In both protocols, object recognition mem-
ory was measured as the increased time spent investigating the novel object.
Morris water maze. The Morris water maze task was run over the course of
14 days in a pool 120 cm in diameter filled with water that was opacified with
non-toxic white paint (Prang tempera paint; VWR). The water was maintained at
19-20 °C. Four 1-min trials were administered each day, and mice were run in
groups of eight. On days 1 and 2 cued learning was conducted. During this pro-
cedure, mice were trained to find a circular platform (10 cm in diameter) sub-
merged 1 cm below the surface of the water and marked with a flag. Distal cues in
the room were obscured by a black curtain that encircled the tank. The mouse was
removed from the tank and returned to its home cage 15s after locating the
platform. If a mouse failed to locate the platform during the 1-min trial, it was
gently guided towards the platform. The mice were released from different start
points at the beginning of each trial, and the platform location also varied between
trials. On days 3-7 the flag was removed from the platform, rendering it hidden,
and the curtains were removed, which allowed the mice to now use distal cues to
locate the hidden platform. The platform was kept in the middle of the southwest
quadrant of the maze during days 3-7. On day 8, spatial memory was assayed with
a 1-min probe trial in which the platform was removed. Reversal training was
conducted on days 9-13 with the platform now hidden in the northwest quadrant.
Spatial memory of the novel location was tested with a 1 min probe trial on day 14.
Release and platform locations were adapted from previous studies*.

Fear conditioning. A three-day delay fear-conditioning protocol was employed to
test hippocampus-dependent contextual fear memory and amygdala-dependent
auditory fear memory. On day 1 the mice were placed in an enclosure (17 cm X 17 cm
X 25 cm) with a steel grid floor. This enclosure was located in a sound-attenuating
chamber that contained a FireWire camera, a light and a speaker. On day 1 the
enclosure was outfitted as context A, which consisted of three Plexiglas walls and
one opaque wall with black and white stripes. Acetic acid (1%) was placed as the
dominant odour, and the house fan was turned on. The enclosure was cleaned with
70% propan-2-ol between animals. Mice were moved from their home cage to a
transfer cage with no bedding and after 15-20 s were placed in the fear-conditioning
chamber. After 1505, a tone (30, 2.8 kHz, 85 dB) was played and co-terminated
with a shock (2's, 0.7 mA). Mice were removed from the chamber 30s after the
shock. On day 2 contextual fear memory was assayed by placing the mice back in
context A for 300 s. On day 3 the mice were brought to the testing room, which was
now dimly illuminated with red light. The mice were placed in context B, which
consisted of an enclosure with three solid grey coloured walls, one Plexiglas wall
with a circular door, and a red, flat plastic roof. The floor of the enclosure was a
white piece of plastic, 0.25% benzaldehyde was the dominant odour, and the
enclosure was cleaned between animals with Vimoba. Mice were first moved from
their home cage to a circular bucket and then to the testing chamber. After 180,
the tone from day 1 was sounded for 60's. The percentage of time spent freezing
(defined as the absence of all movement except for respiration) was measured
throughout these experiments and served as an index of fear memory.
Sociability and social novelty. This test was performed as described previously>.
In brief, mice were placed in an arena divided into three equal-sized compartments
by plastic mesh. On day 1 a 5-min sociability trial was conducted. A littermate was

placed in the left or right compartment (systematically alternated) and the test
subject was placed into the centre compartment. The time that the test subject
spent investigating each compartment (snout within 2 cm of the mesh barrier) was
measured, and a difference score was computed. On day 2 a 5-min social novelty
test was conducted in which a littermate was placed in either the left or right
compartment, and a novel animal (C57BL/6], 3 months old, male) was placed
in the other compartment. The test subject was placed in the centre compartment,
investigation time was measured, and a difference score, determined by subtracting
the time spent investigating the two compartments, was computed.

Direct interaction. This test was adapted from ref. 25. Under low light (12 lux),
mice were placed in a standard clean cage, and a novel mouse (C57BL/6], 4-5-
week-old, male) was introduced. Activity was monitored for 5min and scored
online for social behaviour (anogenital and nose-to-nose sniffing, following and
allogrooming) initiated by the test subject. After an inter-trial interval of 1h, the
test was run again with either the previously encountered mouse or a novel mouse.
The time spent in social interaction during trial 1 was subtracted from the social
interaction time during trial 2 to obtain the difference score.

Five-trial social memory assay. This test was run as described previously****. In
brief, subject mice were individually housed for 7 days before testing. On the day of
testing, the subjects were presented with a 10-week-old CD-1 ovariectomized
female mouse for four successive 1-min trials. On the fifth trial, a novel stimulus
animal was presented.

Buried food test. To ensure palatability of the food, mice were given 1 g reward
treats (F05472-1; Bio-Serv) in their home cages 1 day before testing. All pellets
were consumed. The mice were then food-deprived for 18 h before the test, to
improve sensitivity*®. A treat was hidden under 1.5 cm of standard cage bedding, a
mouse was placed in the cage, and the latency to consumption of the treat was recorded.
Olfactory habituation/dishabituation test. This test was run as described prev-
iously*, with the exclusion of the first three trials in which a water-soaked cotton
swab is presented. A trained observer measured and recorded olfactory investiga-
tion of the odorant-soaked cotton swabs.

Statistical analysis. Prism 6 (GraphPad) was used for statistical analysis and to
graph data. Statistical significance was assessed by two-tailed unpaired Student’s
t-tests, two-way ANOVA, or two-way repeated-measures ANOVA where appro-
priate. Significant main effects or interactions were followed up with multiple
comparison testing with the use of Holm-Sidak’s correction. Results were con-
sidered significant when P < 0.05. o was set equal to 0.05 for multiple comparison
tests. Sample sizes were chosen on the basis of previous studies. Data met assump-
tions of statistical tests, and variance was similar between groups for all metrics
measured except for action potential duration (Extended Data Table 1), social
novelty difference score (Fig. 4b) and direct interaction difference score (Fig. 4c).
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Extended Data Figure 1 | Generation of Amigo2-Cre mouse line. ) Red- arms flanked the Amigo2 start codon. Recombination followed by positive
mediated homologous recombination with galK positive and negative selection  selection was used to obtain the galK integrate. Recombination of the modified
was used to make seamless changes to the bacterial artificial chromosome BAC with a PCR cassette containing the Cre open reading frame (ORF) and

(BAC). PCR cassettes are shown in orange, and Amigo2 locus is shown in blue.  poly(A) (PA) flanked by the same homology arms yielded the final BAC used to
The PCR cassette contained two homology arms (HI, 58 nucleotides; H2, 62 generate the transgenic line.
nucleotides) that flanked the galactose kinase (galK) cassette. The homology
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Extended Data Figure 2 | Amigo2-Cre mice express Cre in a genetically
defined population of CA2 PNs. Coronal sections of hippocampus from
Amigo2-Cre mice injected in dorsal hippocampus with a Cre-dependent
AAV to express YFP (shown in green) in CA2. a, Coronal section of ventral
hippocampus (about 2.8 mm caudal to bregma; see Fig. 54 of ref. 9 for a
reference image) showing CA2 axons (green) from dorsal CA2. Note absence
of YFP from ventral CA2 neurons (RGS14 stain in red). b, 97.22 = 0.46%

of YFP™ cells (n = 4 mice, 2,948 cells) express the CA2 marker PCP4 (red).
C,98.45 + 0.33% of YFP ™ cells (n = 4 mice, 2,870 cells) express the CA2 marker
STEP (red). d, Almost no YFP™ cells (0.17 = 0.13%; n = 4 mice, 2,870 cells)
express the CA1 marker WFS1 (red). e-g, Magnification of boxed area in b,
showing YFP signal (e), PCP4 staining (f) and a merge of the two (g).

h-j, Magnification of boxed area in ¢, showing YFP signal (h), STEP

staining (i) and a merge of the two (j). k-m, Magnification of boxed area

in d, showing YFP signal (k), WFS1 staining (I) and a merge of the two (m).
Nissl stain shown in blue. Scale bars, 400 um (a-d); 100 pm (e-m).
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Extended Data Figure 3 | Amigo2-Cre mice express Cre in RGS14* CA2
PNs but not in GABA" inhibitory neurons. Cre" neurons expressing YFP
(shown in green) co-label with RGS14 staining (shown in red), but do not co-
label with GABA staining (shown in red in separate images). a, Reproduction
of section —1.06 mm shown in Fig. 1b. b, e, Magnification of boxed area in
a. ¢, RGS14 staining of section shown in b. d, Merge of b and ¢, showing YFP
and RGS14 co-labelling. f, GABA staining of section shown in e. g, Merge of
e and £, showing no overlap of GABA and YFP. h, Reproduction of section
—1.46 mm shown in Fig. 1b. i, 1, Magnification of boxed area in h. j, RGS14

staining of section shown in i. k, Merge of i and j, demonstrating YFP and
RGS14 co-labelling. m, GABA staining of section shown in 1. n, Merge of 1
and m, showing no overlap of GABA and YFP. o, Reproduction of section
—2.18 mm shown in Fig. 1b. p, s, Magnification of boxed area in 0. q, RGS14
staining of section shown in p. r, Merge of p and q, demonstrating YFP and
RGS14 co-labelling. t, GABA staining of section shown in s. u, Merge of s
and t, showing no overlap of GABA and YFP. Scale bars, 200 pm. Nissl stain
shown in blue.
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Extended Data Figure 4 | Specificity of the pseudotyped rabies virus. b, Magnification of boxed area in a. Rabies labelling would have appeared in
a, b, No labelled cells were observed (1 = 3 mice) after injection of the magenta; Niss] stain shown in green. Scale bars, 200 pm.
(EnvA)SAD-AG-mCherry virus when TVA was not expressed in CA2.
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Extended Data Figure 5 | Inactivation of CA2 does not alter locomotor
activity or anxiety-like behaviour. a, There was no significant difference
(P =0.31, two-tailed unpaired Student’s t-test) between CA2-YFP and
CA2-TeNT groups in the distance travelled in the open field (OF) test
(YFP, 53.14 = 4.62m, n = 8; TeNT, 47.04 = 3.70m, n = 10). b, There was
also no significant difference (P = 0.55, two-tailed unpaired Student’s t-test)
between the groups in the number of rearing events recorded during the
OF session (YFP, 378.0 = 17.36, n = 8; TeNT, 354.7 = 30.99, n = 10).

¢, d, Inactivation of CA2 did not alter anxiety-like behaviour measured in
the elevated plus maze (EPM). The number of open arm entries was not
significantly different (P> 0.99, two-tailed unpaired Student’s ¢-test)
between the groups (YFP, 14.00 = 1.46, n = 8; TeNT, 14.00 = 1.54, n = 10).
Additionally, the time spent in the open arms (YFP, 163.7 £ 10.43s, n = 8;
TeNT, 155.1 = 16.38 s, n = 10) did not differ significantly (P = 0.68, two-tailed
unpaired Student’s t-test) between the groups. Results are means * s.e.m.
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Extended Data Figure 6 | Spatial learning and memory assayed with the groups (two-way repeated-measures ANOVA: treatment X time

Morris water maze task is unaltered by CA2 inactivation. a, Diagram of the  F(11,770) = 0.78, P = 0.66; time F(11,770) = 25.23, P < 0.0001; treatment
experimental design. On days 1 and 2 mice were trained to find a platform F(1,70) = 2.84, P = 0.10). YFP, n = 8; TeNT, n = 10. d, Spatial memory during
with a visible flag. On days 3-7 mice were trained to find a hidden platform the probe trial was unaffected by CA2 inactivation. The percentage of time

located in the southwest quadrant of the water maze. Spatial memory was spent in the target quadrant (YFP, 33.00 = 2.66%; TeNT, 38.6 * 4.79%)
assayed on day 8 with the platform removed. Reversal training was conducted ~ was not significantly different between the two groups (P = 0.36, two-tailed
on days 9-13 with the platform now hidden in the northwest quadrant. unpaired Student’s t-test). e, Spatial memory after reversal training was
Spatial memory of the novel location was tested on day 14. b, Path length to  unaffected by CA2 inactivation. There was no significant difference between
the platform was not altered significantly by CA2 inactivation (two-way the groups in the percentage of time spent in the target quadrant during the
repeated-measures ANOVA: treatment X time F(11,770) = 0.67, P = 0.77; probe trial after reversal training (YFP, 36.38 £ 5.75%; TeNT, 36.40 = 2.92%;
time F(11,770) = 21.87, P < 0.0001; treatment F(1,70) = 2.85, P = 0.10). P>0.99, two-tailed unpaired Student’s t-test). Results are means = s.e.m.

¢, Latency to find the platform did not differ significantly between the two
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Extended Data Figure 7 | Contextual fear-conditioning memory and
auditory fear-conditioning memory are unaffected by inactivation of CA2.
a, Diagram of the experimental design. Delay fear conditioning was employed
to test hippocampus-dependent contextual fear memory and amygdala-
dependent auditory fear memory. b, There was no significant difference in
percentage freezing between the groups (two-way repeated-measures
ANOVA: treatment X day F(4,68) = 0.31, P = 0.87; treatment F(1,17) = 0.13,
P =0.73; day F(4,68) = 100.8, P <0.0001; YFP, n = 11; TeNT, n = 8).

Before training on day 1, neither group showed a fear response to context A
(YFP, 2.45 * 1.06%; TeNT, 0.75 = 0.49%) or to the tone (YFP, 3.09 = 1.31%;
TeNT, 1.63 = 0.84%). On day 2 after training, robust fear responses to
context A were measured in both groups (YFP, 24.09 * 2.88%; TeNT,

26.00 = 4.10%). Both groups showed low levels of freezing on day 3 in novel
context B (YFP, 6.55 * 1.52%; TeNT, 4.00 * 0.87%), demonstrating context
specificity of the fear memory and a lack of fear generalization. Both groups

showed robust freezing to the tone on day 3 (YFP, 35.82 * 4.93%; TeNT,
34.63 * 3.96%), demonstrating intact auditory fear memory. ¢, Freezing

data plotted in 30-s bins. Shaded areas represent tone presentation. Red line
represents shock delivery. Left: two-way repeated-measures ANOV A revealed
no significant difference between groups in freezing on day 1 (treatment X time
F(6,102) = 1.135, P = 0.3474; treatment F(1,17) = 1.116, P = 0.3056; time
F(6,102) = 6.348, P < 0.0001). Middle: two-way repeated-measures ANOVA
revealed no significant difference between groups in freezing on day 2
(treatment X time F(9,153) = 0.9741, P = 0.4637; treatment F(1,17) = 0.1326,
P =10.7203; time F(9,153) = 6.335, P < 0.0001). Right: two-way repeated-
measures ANOVA revealed no significant difference between groups in
freezing on day 3 (treatment X time F(7,119) = 0.2490, P = 0.9716; treatment
F(1,17) = 0.6517, P = 0.4307; time F(7,119) = 50.87, P < 0.0001). Results are
means * s.e.m.

©2014 Macmillan Publishers Limited. All rights reserved



LETTER

a Trial 1

Trials 2-4

Trial 5

10 min 1h
--—=> e or
ITl ITl

(op
0
<
3
Y

30+

Interaction Time (s)

Object 1 Object 2
d Days 1-3

e s YFP
30+ B TeNT
E
)
£
[
c
o
©
o
2
£
0-

Object 1

Object 2

Extended Data Figure 8 | Object recognition memory and preference for
novelty is preserved in CA2-TeNT animals. a, Diagram of the experimental
design for the novel-object-recognition task. b, The groups did not differ
significantly in exploration of object1 (YFP, 16.75 = 1.57 s; TeNT,

19.60 £ 2.245s) or object 2 (YFP, 16.50 £ 1.97 s; TeNT, 15.90 * 1.66 s)
averaged over the course of the first four trials (two-way ANOVA:

treatment X object F(1,32) = 0.80, P = 0.38; object F(1,32) = 1.05, P = 0.31;
treatment F(1,32) = 0.34, P = 0.56; YFP, n = 8; TeNT, n = 10). ¢, Both groups
explored the novel object (YFP, 21.23 & 2.37 s; TeNT, 24.37 = 2.81 s) more
than the familiar object (YFP, 7.41 = 0.92's; TeNT, 8.57 + 1.48s). Statistical
analysis revealed a significant effect of object, but not CA2 inactivation or
interaction of the two (two-way ANOVA: treatment X object F(1,28) = 0.22,
P = 0.64; object F(1,28) = 48.46, P < 0.0001; treatment F(1,28) = 1.02,

P =0.32). Multiple comparison testing revealed a significant difference
between exploration of the novel object compared with exploration of the
old object for both the YFP group (P = 0.0002) and the TeNT group
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(P<0.0001). d, Diagram of the experimental design for another variation

of the novel-object-recognition task. e, The groups did not differ significantly in
time spent exploring object 1 (YFP, 21.50 = 2.31s; TeNT, 22.18 = 3.57s) or
object 2 (YFP, 22.02 = 2.23 s; TeNT, 22.36 = 2.81 s) during trial 1 of day 4
(two-way ANOV A: treatment X object F(1,44) = 0.004, P = 0.95; object
F(1,44) = 0.02, P = 0.90; treatment F(1,44) = 0.03, P = 0.85; YFP, n = 12;
TeNT, n = 12). f, Both groups explored the novel object (YFP, 21.49 + 191 s;
TeNT, 22.73 * 1.82's) more than the familiar object (YFP, 13.74 + 1.83s;
TeNT, 16.53 & 1.64 s). Statistical analysis revealed a significant effect of
object, but not CA2 inactivation or interaction of the two (two-way ANOVA:
treatment X object F(1,44) = 0.18, P = 0.67; object F(1,44) = 15.02,

P =0.0004; treatment F(1,44) = 1.25, P = 0.27). Multiple comparison testing
revealed a significant difference between exploration of the novel object
compared with exploration of the old object for both the YFP group (P = 0.008)
and the TeNT group (P = 0.02). Results are means * s.e.m.
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Extended Data Figure 9 | Olfaction is unaffected by CA2 inactivation. the olfactory habituation/dishabituation task (two-way repeated-measures

a, There was no significant difference between the groups in latency to finda ~ ANOVA: treatment X trial F(11,297) = 0.933, P = 0.51; treatment
buried food pellet (YFP, 63.93 = 8.22s, n = 15; TeNT, 67.06 = 9.42s,n = 16;  F(1,27) = 0.08, P = 0.78; trial F(11,297) = 60.21, P < 0.0001). Results are
P =0.81, two-tailed unpaired Student’s t-test). b, There was no significant means * s.e.m.

difference between the groups (YFP, n = 15; TeNT, n = 14) in performance on
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Extended Data Table 1 | Electrophysiological properties of Cre* neurons

Extended Data Table 1 | Electrophysiological properties of Cre" neurons

Cre' neurons CAl P value
Input Resistance (MQ) 68.3 £3.03 90.0 = 6.65 0.039
Capacitance (pF) 296.0 + 18.68 140.7 £ 8.02 <0.0001
Resting Potential (mV) -76.3 +£0.63 -72.8+£0.92 0.024
AP Amplitude (mV) 90.81 +2.17 99.15+1.36 0.007
AP Duration (ms) 0.83 £0.02 1.06 £ 0.06 0.031
Sag (mV) 1.92 +0.50 7.55+0.85 0.0006

The electrophysiological properties of Cre ™ neurons (column 1) closely matched the properties previously reported” for CA2 neurons, and differed significantly from the properties of CA1 neurons (column 2). Two-
tailed unpaired Student’s t-tests were used to assess significant differences between the neuronal populations. The P values are shown in column 3. Whole-cell recordings of Cre™ (n = 5) and CA1 (n = 9) neurons
were conducted to measure input resistance, capacitance, resting potential, action potential (AP) amplitude, AP duration, and sag. Input resistance and capacitance were measured with a —5-mV pulse. The
amplitude and duration of the AP were measured during a 500-ms depolarizing pulse, and the sag resulting from the activation of /, was measured during a 500-ms hyperpolarization from =70 mVto —100 mV.
The smaller sag in Cre™ neurons than that previously reported” was probably due to differences in the extent of whole-cell dialysis resulting from differences in recording protocols.
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