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Abstract

During social interactions, humans and social animals can distinguish not only familiar and novel
conspecifics (social recognition) but also between multiple familiar individuals (social specification).
Recent studies have implicated hippocampal sub-region dorsal CA2 (dCA2) in social recognition and
identified social recognition memory engram in downstream ventral CA1 (vCA1). However, the
anatomical site for the storage of social specification memory and its underlying neuroscientific
mechanisms are poorly known. Here, we report that social specification memory engrams are stored in
vCA1 while social information encoded in dCA2 becomes sharpened as it travels from dCA2 to vCAL1
microcircuits within CA2, thereby acquiring a progressive increase in specification through repeating
motifs of feed-forward inhibition. Both the inhibition of GABAergic inhibitory neurons in CA2 and
reduced activity of excitatory neurons by ablation of oxytocin receptors in the dCA2 to vCA1
microcircuits impair social memory specification. These results suggest that the vCA1 and the multiple
feed-forward inhibition motifs in the dCA2 to vCA1 microcircuits are crucial for social memory
specification.
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Chapter 1. Literature

1.1 Social memory

In a world where creatures roam, in solitude or in groups, they share ecosystems in which they cohabit,
compete for resources, and reproduce. Naturally, one of the processes that is vital to their survival is that
of social memory (Kogan JH et al., 2000). Social memory constitutes a span of cognitive and behavioral
processes which give rise to a plethora of abilities such as recognizing a “friend” from “foe”, familiar
from novel conspecifics (commonly termed as social recognition), distinguishing several within-group
familiar conspecifics, the ability to learn from conspecifics as seen in foraging (commonly termed as
social learning), establishing social hierarchies, mate selection, mate and offspring recognition,
establishing and defending territories, and for the general maintenance of the social group (Ferguson JN et

al., 2002; Jacobs SA et al., 2016).

For many eusocial species, including humans, navigating through the social world via engaging in
meaningful relationships and eliciting the appropriate behavioral responses implies a reliance on the
effective recall of individual identities. Species spanning from creatures as large as elephants and
dolphins to as tiny as mice and paper wasps, and higher-order social beings like humans, demonstrate the
capacity to remember familiar conspecifics — ranging from an inter-trial interval of a week for paper

wasps to decades for larger mammals like elephants, dolphins and humans.

1.1.1 Insects

In the realm of insects, P. fuscatus (i.e. paper wasps) nest founding queens are classified as organisms
with complex, individually differentiated social relationships that rely heavily on individual recognition
of varying visual features unique to particular individuals (Tibbetts EA, 2002) (Figure 1). As the founding
queen wasps may establish nests with a group of other queens, they will first battle to put the social
hierarchy in place before cooperating to build a nest (Reeve, H.K., 1991). Hence, it is ecologically
efficient to remember prior social interactions and/or battles with each queen wasp to avoid unnecessary
energy-expensive contests. Presented evidence showed that memories of past interactions with a
particular conspecific are robust to decay over an inter-trial interval of a week, as well as to interference
from subsequent social interactions with ten other individual wasps (Sheehan MJ et al., 2008). The
drosophila melanogaster seems to also exhibit the ability to distinguish between individual conspecifics.

It has been demonstrated that, given a 30-minute separation, flies not only discriminated familiar from



novel opponents, they also recalled the social hierarchy established during the last encounter with that
opponent (i.e. familiar or unfamiliar winner, familiar or unfamiliar loser) as evident from the fewer
encounters during the first 10 min of fighting in familiar pairings than in unfamiliar pairings, and that
former losers fought differently against familiar winners than against unfamiliar winners (Yurkovic A et
al., 2006). On the contrary, a study that argue against that claimed that the drosophila memory retrieval
process is only facilitated in a social group via taking advantage of chemical signals given off by other
drosophila during aggregated social interactions (Chabaud MA et al., 2009). Since stressed flies have
been shown to release repellant odorants that include carbon dioxide (Suh GSB et al., 2004), it is
suggested that these signals serve as alarm signals to other aggregated flies in the vicinity to enhance their
attention or motivation to respond. Therefore, for some social insects such as the drosophila, it may be
controversial to claim whether they have social memory per se; but it is definitive that they benefit from a

social-facilitative effect in an aggregated mass with other flies.

Other colonial insects that may also leverage on a similar collective benefit for survival as the drosophila
include a diverse species of ants (Frizzi F et al., 2015) and honeybees (Vernier CL et al., 2019) lie on the
other spectrum of social complexity as they have been shown to lack a precise degree of social
recognition compared to insects like the queen paper wasps. Firstly, ants can only discriminate nestmates
from non-nestmates, but not amongst nestmates. Secondly, it is also evident that ants would not turn
aggressive on non-nestmates from a neighboring colony but would turn aggressive on non-nestmates from
a distant colony. The underlying rationale for such behaviors is that ants do habituate to the “colony odor
signatures” of their proximal neighbors over time (Sherman PW et al., 1997; van Zweden JS et al., 2010);
hence rendering the degree of their social recognition to be relatively imprecise. A similar recognition
trait can be observed in honey bees where guard bees are only able to identify non-colony forager bees as

intruders but not non-colony member bees which had other roles (Vernier CL et al., 2019).



[lustration 1. Examples of variable facial patterns used for individual recognition in Polistes fuscatus.

(Adapted from Michael J. Sheehan and Elizabeth A. Tibbetts, 2008)

1.1.2 Mammals — Elephants and Dolphins

Larger mammals like elephants (McComb K, et al., 2001; Rasmussen LEL. 1995; McComb K et al.,
2000) and dolphins (Sayigh LS et al., 1999; Mercado E et al., 2010; Connor RC et al., 2000; Connor RC
et al., 2006; Bruck JN, 2013) are known to be intelligent animals with persistent long-term social memory
of their familiar conspecifics. As elephants are social units that roam freely in wide open spaces, the alpha
female in the herd would have to depend on her repertoire of vocalization ranges learnt from her family’s
calls to distinguish between the members and non-members. Dolphins (Sayigh LS et al., 1999)
demonstrated through spectrographicanalyses that signature whistles are acoustically stable formore than
12 years. His results relied on the whistle stability of the dolphins — given that the whistles lack changes,
and the fact that dolphins remember each other’s signature whistles. This system may be the longest-
lasting recognition system known; and using spectrographic analyses, found that signature whistles are
acoustically stable beyond 12 years. This robust whistle, coupled with the fact that dolphins are well-
versed with pod members’ signature whistles, allowed researchers to show that dolphins are capable of

identifying and recalling a familiar members’ whistles for 15 or more years.



1.1.3 Mammals — Humans

For humans, social memory recall is largely founded on faces as the presented stimuli. Studies have
shown that our response to human faces is predominantly distinct and preferred over other classes of
objects; and this selective preference becomes more apparent as we age (Frank MC et al., 2009).
Researches attempt to explain the phenomenon of selectively attending to human faces with a theory of a
“default network” in the brain that drives a series of involuntary cognitive processes: thinking about
recent events and projecting future ones which are based on social interactions and involve the theory of
mind during periods of inactivity (Buckner RL, 2012). Neuroimaging studies of brain diseases such as
Alzheimer’s, autism, schizophrenia depression etc., provided evidence of a compromised “default
network”; thereby handicapping a wide spectrum of social cognitive abilities, including social
recognition, for such patients. The establishment of such a theory — one that conditions to social
interactions and theory of mind — bolsters the fact that humans gravitate towards connecting and
understanding people above all others. This, in turn, motivated the terms: face verification (commonly
used when testing subjects on unfamiliar faces which the individual only has a vague sense of having seen
the face somewhere in the past e.g. an unfamiliar acquaintance) (Mandal B et al., 2010), and face
identification (commonly used when testing subjects on familiar faces which the individual has both a

strong sense of familiarity and is able to identify him/her by the name).

1.1.4 Mammals — Rodents

The world abounds with various species of animals that seemingly display advanced levels of complex
social cognition. The existence of some species, like non-human primates, being the closest genetic
cousins to humans in terms of evolution, raised questions as to why rodents such as Mus musculus and
Rattus norvegicus are chosen animal models widely used as the focal subjects of research pertaining to
cognitive, emotional and social abilities. In terms of the evolution timeline, rodents diverged from
humans approximately 75 million years ago; and it is theorized that man shared a common rat-like

placental animal with other mammals (O’Leary et al., 2013).

The DNA sequence similarity among rodents and humans is highly conserved; with only approximately
10-20% of genes in humans without a clear orthologue in mice (Chinwalla A et al., 2002). Brain-related
genes have also been highly-conserved in terms of their coding sequence as well; except that the
evolution of the transcription of these genes has resulted in an excess of newly-evolved genes found in the

developing human brain as compared to the mouse brain (Zhang YE et al., 2011).



On the molecular level, an example of evolutionary conservation is shown in the fact that the
neuropeptides, oxytocin (OXT) and arginine vasopressin (AVP), are critical for social memory in rodents
(Lee HJ et al., 2008; Wersinger SR et al., 2007a; Song Z et al., 2018) — the same neurochemicals that
have also been demonstrated to affect similar social tasks in humans (McCall C et al., 2012).

Pertaining to understanding and dissecting declarative memory, the key processing hub that cannot be
overlooked would be the hippocampus. Beginning with the seminar investigations of the patient H.M.,
who lost a great extent of his memory when his medial temporal lobe was damaged, and extending to
present day experiments involving nonhuman primates and rodents, a colossal amount of research
evidence has ascribed memory-related functions to the hippocampus (Scoville WB et al., 1957; Olton DS
et al., 1976; Morris RGM, 1981; Squire LR, 1992; Moser MB et al., 1995; Kim JJ et al., 1992; Maguire
EA et al., 1997; Squire LR et al., 2001; Pothuizen et al., 2004; Klur S et al., 2009). However, there are
those who may contend that findings of hippocampal-dependent memory functions cannot be directly
translated across species because there are certain intra-hippocampal projections that are unique to certain
species of animals, and that not every species is “wired the same way”. For example, the dentate gyrus
has been shown to project its axons to the stratum radiatum of the CA2 region in guinea pigs, cats, rats,
and mice (McLardy T, 1963; Hirama J et al., 1997; Lavenex P et al., 2009; Kohara K et al., 2014; San
Antonio A et al., 2014; Dudek SM et al., 2016); but this projection is seemingly non-existent in human
and nonhuman primates as the axonal projections from the dentate gyrus terminates in, what seems to be,
CA3a/b region (Lorente de No R, 1934; Dudek SM et al., 2016). This, however, may be attributed to the
fact that the CA2 region in humans and nonhuman primates have yet to be defined by clear genetic
markers; hence there could exist a human and/or nonhuman primate CA2 comparable to that in mice.
Nonetheless, the vast majority of studies are still in agreement that the general connectivity within the
hippocampus (especially along the longitudinal axis) is conserved to a certain degree of similarity across
vertebrates (Broglio C et al., 2003; Butler AB et al., 2005; Striedter GF, 2005), which can then be used to
rationalize experimental observations, like spatial cognition, across species. Rodents, especially mice,
have been intensively studied; and it has been shown that they do exhibit degrees of cognition that were
once thought to be human-specific: capable of social memories and behavior (Young L et al., 2004;
Ferguson JN et al., 2002; D’Cunha TM et al., 2011; Olazabal DE et al., 2006; Ross HE et al., 2009),
hippocampal-dependent episodic memory (Wilson AG et al., 2012; Liu X et al., 2012; Jeffery KJ et al.,
1993; Moser MB et al., 1998; Morris RG et al.,1986; Bannerman DM et al., 1995), even tasks that
involve cognitive biases like the “sunk-cost effect” foraging tasks (Sweis BM et al., 2018), and
metacognition as in uncertainty-monitoring tasks (Smith JD et al., 2014; Foote AL et al., 2007). Taken

together, this suggests that despite some variation in the cytoarchitecture and intrinsic connectivity
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between humans and rodents, the relatively economical rodent model can be deemed well-suited for

endeavors in hippocampal-related memory.

1.2 CA2 and its role in social memory

It is common consensus that the hippocampus sustains and maintains the organization and longevity of
memories (Halgren E et al., 1985; Squire LR et al., 1984; Teyler TJ et al., 1986). The widely studied
types of memory tasks supported by the hippocampus includes, but is not limited to, contextual fear
conditioning, auditory fear conditioning, and novel object exploration (Denny CA et al., 2014; Tayler KK
et al., 2013;Ramirez S et al., 2013; Nakazawa Y et al., 2016; Khalaf O et al., 2018; Lacagnina AF et al.,
2019). These tasks are heavily founded on connectivity theories and information flow through the regions
confined in the trisynaptic circuit. The hippocampal Cornu Ammonis (CA) 2 region, is a relative tiny
presence as compared to its neighboring CA3 and CA1 counterparts; and was only until recently,
remained invisible in the field of hippocampal research. In fact, it was so insignificant that when past
decades burgeoned with experiments dissecting and establishing the hippocampus as a crucial brain
structure for memory (Scoville WB et al., 1957), it was completely ignored as the general consensus
supported the notion of information flow via the trisynaptic path from the entorhinal cortex (EC) through
the dentate gyrus (DG), to CA3, before ending in CA1 (a circuitry that commonly delineates almost all
hippocampal memory-dependent tasks investigated). Consequently, CA2 remained undiscovered and
uninvestigated; and was simply labeled as a site for rapid encoding of information (Nakashiba T et al.,
2008), for the formation of stable representations of space (O’Keefe J et al., 1971), or just a “transitional
zone” located between CA3 and CA1 (Lorente de N6 R, 1934; Woodhams PL et al., 1993; Ishizuka N et
al., 1995; Mankin EA et al., 2015).

Advances in modern scientific techniques have uncovered various anatomical and physiological
properties of the previously elusive CA2; and there are now evidence to show that CA2, in fact, serves
multiple functional roles within the hippocampus — made possible from a combination of its intrinsic

properties, as well as intra- and extra-hippocampal connectivity.
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1.2.1 CA2 intrinsic properties

The CA2 region of the hippocampus is delineated by the observation of large pyramidal neurons, devoid
of complex spines, which are positive for CA2-specific gene markers such as: proteins o-actinin2
(ACTN?2), Purkinje cell protein 4 (PCP4, or known as PEP19), striatum-enriched protein-tyrosine
phosphatase (STEP, or known as PTPN5), regulator of G protein signaling 14 (RGS14), transmembrane
AMPA receptor regulatory protein y5 (TARP v5) (Kohara K et al., 2014; Zhao M et al., 2007; San
Antonio A et al., 2014; Mercer A et al., 2007; Lee SE et al., 2010; Shinohara Y et al., 2012; Alexander
GM et al.,, 2016; Wyszynski M et al., 1998).

Parvalbumin-, calbindin 1-, and reelin-positive interneurons are found to be comparatively more abundant
in CA2 relative to CA3 or CA1 (Piskorowski RA et al., 2013, Botcher NA et al., 2014). This hints at a
predominantly inhibitory network present in CA2 that could tightly regulate CA2 pyramidal neuron firing

activity.

Another characteristic of CA2 is that the glutamatergic synapses in the stratum radiatum (SR) are highly
resistant to long-term potentiation (LTP) induced by typical stimulation methods (Zhao M et al., 2007;
Chevaleyre V et al., 2010; Chang PY et al., 2007; Caruana DA et al., 2012). This is postulated to be
attributed to the presence of a strong inhibitory network formed by the combination of various inhibitory
neuronal subtypes. Another probable rationale for a largely suppressed excitatory synaptic plasticity
might stem from the RGS14 gene and its associated downstream RGS14 protein signaling pathway. It has
been shown that mutant homozygous mice lacking the RGS14 gene exhibit LTP at synapses onto CA2
pyramidal neurons (Lee SE et al., 2010; Lee YS et al., 2009); hence demonstrating the repressive nature
of the RGS14 protein.

On top of these, arginine vasopressin receptor 1B (AVPR1Db) and oxytocin receptor (OXTR) are the two
most abundantly expressed G protein-coupled receptors (GPCR) in CA2 that contributes to the excitatory

network in the region via enhancing excitatory postsynaptic currents (EPSCs) (Pagani JH et al., 2015).

All in all, these briefly summarizes the key components gating and controlling the excitatory-inhibitory

balance in CA2 that seems to hold CA2 in default suppression under normal physiological conditions.
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1.2.2 CA2 intra-hippocampal connectivity

CAZ2 receives input from the Schaffer collateral axons of CA3 pyramidal cells, as well as excitatory input
from the mossy fibers of the dentate granule cells in the DG (Lorente de N6 R, 1934; Shinohara Y et al.,
2012; Kohara K et al., 2014; Llorens-Martin M et al., 2015). Unlike the CA3 inputs to CA1, CA3 inputs
to CA2 recruit strong feed-forward inhibition and showed little plasticity under normal physiological
conditions (Zhao M et al., 2007; Carstens KE et al., 2019). On the other hand, the cortical inputs that
target the distal regions of the pyramidal cell dendrites are robust, highly plastic, and are able to
efficiently generate action potentials (Chevaleyre V et al., 2010; Sun Q et al., 2014) (Figure 2.).

A CA2 in Context

B CA2 CA1

proximal

Schaffer Collaterals

distal | LTP
EC, &ECy
lustration 2. Depiction of the flow of information through the hippocampus

(A) A simplified schematic diagram showing how CA2 (in red) fits within the traditional

“trisynaptic” circuit. Arrows indicate the primary direction of information flow through the

circuit.

(B) Induction of activity-dependent LTP differs along the proximal-distal axis of CA2 pyramidal
neurons. Schaffer collateral projections to the proximal dendritic compartment of CA2 neurons
do not typically support activity-dependent LTP (green arrow). This is in contrast to
temporoammonic inputs from the entorhinal cortex to the distal dendrites of CA2 neurons which

readily express LTP (black arrow). (Adapted from Douglas A. Caruana et al., 2012)
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The majority of axonal projections of CA2 pyramidal cells are targeted to CA1 — with high intensity
labeling of projection axons in the stratum oriens (SO) that project to deep CA1 pyramidal cells
(Shinohara Y et al., 2012; Kohara K et al., 2014) relatively to that in the SR and stratum lacunosum
moleculare (SLM) (Cui Z et al., 2013). There are also recurrent collaterals that innervate ipsi- and
contralaterally within CA2 (Okamoto K et al.,2019). This could give rise to a concerted effort
between the recurrent collaterals and the axons that project back into CA3 to reinforce feed-forward
inhibition (Boehringer R et al., 2017); thereby forming the basis of a CA3-CA2 network that can
dynamically impact both the flow of information and the excitatory-inhibitory balance of the entire
hippocampal circuit (Sekino Y et al., 1997). Dissecting CA2 into dorsal and ventral regions, dorsal
CA2 (dCA2) pyramidal cells have been shown to project to all 3 hippocampal CA regions dorsally
and ventrally: CA3, CA2, CA1 (Cui Z et al., 2013). This could perhaps rationalize the conventional
notion of CA2 functioning as a “transitional” zone for the transmission of information to integrate a

memory episode (Moser MB et al., 1995)

1.2.3 CA2 extra-hippocampal connectivity

CA2 also receives inputs from the hypothalamus, namely the paraventricular nucleus (PVN) — a region
that contains vasopressinergic and oxytocinergic neurons, which are both crucial in mediating social
behavior (Cui Z et al., 2013; Zhang L et al., 2013); via the fornix from the supramammillary nucleus
(SUM) — a region found to be involved in oscillatory activity, stress response, novelty detection,
conditioned fear and various situations generic for emotional salience (Beck CH et al., 1995; Cullinan
WE et al., 1996; Choi WK et al. 2012, Cui Z et al. 2013, Kohara K et al., 2014; Ito M et al. 2009, Pan
WX et al., 2002, Wirtshafter D et al., 1998); and entorhinal cortex (EC) layer II — a region which receives
both spatial and non-spatial information such as input from the olfactory bulb and piriform cortex for the
latter (Chevaleyre V et al., 2010; Jones MV et al., 2011; Caruana DA et al., 2012; Kohara K et al., 2014;
Mankin EA et al., 2015; Dudek SM et al., 2016; Boeijinga PH et al., 1984).

CAZ2 also extends its efferent projections to a myriad of subcortical regions, which could directly or
indirectly implicate hippocampal function. It is found that CA2 pyramidal cell projects to the lateral
septum (LS) (Cui Z et al., 2013; Leroy F et al., 2018) — a region reported to be strongly influenced by
CA2 outputs in promoting social aggression via the CA2-lateral septum-ventrolateral subnucleus of
ventromedial hypothalamus (VMHvVI) circuitry; as well as the medial septum (MS) and diagonal band of
Broca (DBB) (Cui Z et al., 2013) — regions which are coupled to and regulated by hippocampal

14



oscillatory activity (Bender F et al. 2015, Chee SA et al. 2015, Dragoi G et al. 1999). In the MS-DBB
network, it has been shown that despite not being involved in social behavior, it functions to facilitate
synchrony of hippocampal neural activity via GABAergic and cholinergic projections (Numan R (ed),
2000). The combination of its direct and indirect anatomical connections with the lateral septum via the
SUM (Risold PY, 2004; Atoji Y et al., 2004) allows for an integrated modulation to influence the social
behavioral response of the animal as it navigates through its surroundings. With respect to the presence of
reciprocal projection, it has been shown that CA2 has got reciprocal projections with the SUM, albeit
differences in the spatial distribution of labeled axonal fibers that are dependent on the spread of the
injected site(s) in CA2 (Cui Z et al., 2013). This suggests potential differential functional properties to be

investigated for such topographical organization in this reciprocal projection between CA2 and SUM.

Taking into account the intrinsic anatomical and physiological properties of CA2, and the complex
network of connections with intra- and extra-hippocampal brain structures, it definitely warrants CA2 to
be both a control and transmission center that is complete with associated brain regions regulating
emotional components (Henke PG, 1990; Moser MB et al., 1998; Meira T et al., 2018). Since CA2 has a
perpetual tight clamp on behavioral responses by default, it suggests that only when a stimulus is
dissimilar enough against threshold, and whose emotional salience is high enough to warrant attention
and action, will CA2 then “release its inhibitory hold” for the respective neuronal pathways to activate

and execute downstream effects.

1.2.4 Social memory in CA2

It was approximately 15 years ago when the field of social memory research begin to reveal compelling
evidence on the role of hippocampal CA2 in rodent social memory and recognition. A seemingly
serendipitous discovery of a peak overexpression profile of the receptor, AVPR1b, in dCA2 (Young WS
et al., 2006) sparked curious interest to uncover and understand the functional purpose of a tiny region in
the hippocampus with distinct molecular characteristics. Excitotoxic NMDA lesions of the CA2 region in
mice showed impaired social memory in lesioned mice when tasked to discriminate between familiar and
novel social stimulus in a three-chamber arena as compared to control groups. This impairment persisted
even as the task changed to a repeated-exposure setup where the same familiar mouse was continuously
re-exposed in the training trials until a novel mouse was presented in the last trial (Stevenson EL et al.,

2014).
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In a different study, tetanus neurotoxin (TeNT) was injected into the dCA2 region of Amigo-Cre mice
that inactivates CA2 pyramidal neuron transmission in a spatial-specific manner (Hitti F et al., 2014).
These TeNT mice were then tested for social recognition memory by deploying multiple task schemes,
including the familiar-novel 3-chamber discrimination test, re-exposure of the familiar mouse or
presenting a novel mouse after an inter-trial interval, and the repeated-exposure setup. All three types of
discrimination setups revealed that, in contrast to control mice, the TeNT mice had spent equal bouts of
investigation duration on both the familiar and novel stimulus — proof of their impaired social memory.
Given that CA2 is the only hippocampal region to receive vasopressinergic inputs from the PVN,
evidence from the optogenetic excitation of vasopressinergic terminals in CA2 enhancing social memory
lends strength, in addition to the aforementioned experiments, to the theory that CA2 area is involved in

social recognition memory (Smith A et al., 2016).

Over time, multitudes of work have gone to show that various hippocampal (Stevenson EL et al., 2014;
Hitti F et al., 2014; Smith A et al., 2016; Okuyama T et al., 2016) as well as extra-hippocampal regions,
such as the main and accessory olfactory bulbs, medial amygdala etc. (Rossier J et al., 2003; Moyaho A et
al., 2015; Gunaydin LA et al., 2014; Richter K et al.,2005; Noack J et al., 2010) are, in one way or
another, implicated in different social behaviors. So why the abrupt interest in CA2 specifically for social

memory?

Beginning with the characteristics of CA2, visualizations of the region shows that it shares a highly
similar pyramidal neuron morphology with that in CA3 (Lorente de No R, 1934; Ishizuka N et al., 1995)
in which the neurons in CA2 have similar firing properties to CA3 (Lee H et al., 2015; Lu L et al., 2015).
CA2 neurons also has place fields just like those in the other CA regions; and it shares similar synaptic
properties like AMPA and NMDA receptor mediated responses with those of CA1 SR pyramidal neurons
(Zhao M et al., 2007). Since it shares high degrees of similarity with other CA regions in the
hippocampus, it leads one to postulate that, theoretically speaking, the traditional trisynaptic circuit —
comprising of a CA3 region that could auto-associate (Grossberg S,1971; Lisman J, 1999; McClelland JL
et al., 1985; McNaughton BL et al., 1987; Rolls E, 2010) and execute pattern separation (Colgin LL et al.
2008; McClelland JL et al., 1996; O’Reilly RC et al., 2001) and completion (Colgin LL et al. 2008;
McClelland JL et al., 1996; McNaughton BL et al., 1987), and then directly synapsing onto CA1 neurons
for information transmission via the Schaffer collateral pathway (Lee I et al., 2005) — could very well
detour around CA2 altogether; and rendering CA2 a redundant piece in the hippocampal structure. Yet,
the trisynaptic circuit fails when it was put to the test for social recognition with CA2 silenced (Stevenson

EL et al., 2014; Hitti F et al., 2014). The fact that other non-social components of behavior and memory,
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such as simple locomotor activity, hippocampal-dependent spatial and contextual or auditory memory
(Hitti F et al., 2014) and generic olfactory processing (Stevenson EL et al., 2014), remained intact while
CAZ2 is silenced, proves that this hippocampal region plays an indispensable role for the social component

of hippocampal-dependent episodic memory.

On top of a conflict in ascribing a functional role to CA2 — whether it is implicated only during the
encoding phase of social memory (Smith A et al., 2016), or in both encoding and recall of social memory
(Hitti F et al., 2014), the functional relationship between CA2 and vCA1, another hippocampal region
shown to be the storage site of social memory engrams for recall (Okuyama T et al., 2016), remains to be
demonstrated. Furthermore, social memories formed from epochs of social interactions are not necessarily
a one-to-one occurrence. For instance, one may come into contact with multiple social stimuli
successively at different time points or interact with multiple stimuli simultaneously (e.g. at a conference,
or in a meeting room). As of present, such contexts that mimic the natural world were not taken into
consideration when designing a behavioral paradigm for probing social memory. Therefore, our current
study will show results from investigations conducted to address the functional significance of CA2 and
its functional relationship to vCA1 using a behavioral paradigm designed with a relatively closer mimicry

of social interactions in natural world.

1.3 Oxytocin and Oxytocin Receptors

This section will briefly introduce the neuropeptide, oxytocin (OXT) and its associated receptor, OXTR;
including their neuromodulatory effects and the regions upon which they act to exert an effect. Due to the
fact that it is beyond the scope in this thesis to give an in-depth, breadth-wide coverage on OXT and
OXTR in its entirety, the literature mentioned will be directed towards their modulatory effects pertaining
to social recognition. Also, some mention of AVP, a closely related neuropeptide to OXT, will be made

throughout this section as a means of comparative discussion.

OXT and AVP are important chemical signals acting in both the peripheral, to regulate physiological
functions, and central systems, to regulate different types of social and affiliative behaviors. The two
neuropeptides are closely related nonapeptides differing at only their 3" and 8" amino acid positions
(Gruber CW, 2013). Depending on their site of release, both OXT and AVP can take on different roles as
neurotransmitters or neuromodulators; which in turn is dependent on the mode of transmission —

autocrine, paracrine, or endocrine — at various tissue regions at which they take effect.
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1.3.1 Oxytocin and its transmission

Both neuropeptides are preserved and duplicated through evolution: [Lys*]conopressin in mollusk
Lymnaea stagsnails guides male copulatory behavior (van Kesteren et al., 1995); arginine vasotocin in
male teleost fish and isotocin in females influences grunting during reproductive behavior (Goodson JL et
al., 2000a; Goodson JL et al., 2000b); mesotocin receptor distribution in the lateral septum correlates with
flock size in some bird species wherein mesotocin administration and the associated antagonist correlates
with the increase or decrease in flock size (Goodson JL et al., 2009). In the mouse, rat and human
genome, OXT and AVP genes are located on the same chromosome separated by 3.5-12 kbp intergenic
region despite being in opposite transcriptional orientations (Hara Y et al., 1990; Mohr E, S .E., Richter D
et al., 1988; Mohr E, B.U., et al., 1988; Sausville E et al., 1985; Schmitz E et al., 1991). In the brain, OXT
is synthesized by two separate neuronal populations: magnocellular and parvocellular cell populations
(Krieg WIS, 1932) in the PVN and the supraoptic nuclei (SON) (Farina Lipari E, Valentino B, 1993;
Farina Lipari E et al., 1995). Despite some controversy in cell type classification based on their
morphology and efferent projections due to technical limitations (Dolen G et al., 2013; Knobloch HS et
al., 2012; Ross HE et al., 2009; Swanson LW et al., 1980), current observations that the PVN contains
both magnocellular and parvocellular OXT neurons (Castel M et al.,1988; van den Pol AN, 1982; Castel
M et al., 1997) while the SON contains only magnocellular OXT neurons (Castel M et al.,1988), and the
known differences in their relative spatial and axonal projection distributions give rise to the ideation that
the type of OXT peptide transmission (i.e. synaptic, paracrine, endocrine) depends on its type of cellular
source. Therefore, the downstream consequences triggered by OXT will be dependent on the targeted

sites at which these projection fibers affect.

Magnocellular neurons release OXT from large dense core vesicles (LDCVs) that are located in large
numbers at somatic, dendritic and axon terminals release sites, while parvocellular neurons release OXT
from medium-sized vesicles in comparatively smaller numbers only at the axon terminals (van den Pol
AN, 2012). Magnocellular LDCVs release OXT via endocrine transmission from axonal terminals, where
the peptide is released directly into the bloodstream for peripheral circulation (van den Pol AN, 2012).
They also release OXT via paracrine transmission from the dendrites and cell bodies of magnocellular
neurons (de Kock CPJ et al., 2003), where OXT is released directly into the cerebrospinal fluid (CSF) for
central circulation (Ludwig M et al., 2006; Castel M et al., 1997; Pow DV et al., 1989; Landry M et al.,
2003; Simmons ML et al., 1995). Comparing endocrine and paracrine modes of OXT transmission where
OXT functions as neuromodulators, the former is faster in its diffusion but has a significantly shorter half-

life in the blood as compared to that for the latter in the CSF (Ludwig M et al., 2006; Mens WB et al.,
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1983). In contrast, the release of OXT via synaptic transmission at axonal terminals are proposed to be
from parvocellular neurons (Dolen G et al., 2013), where OXT functions as neurotransmitters, is
discharged rapidly and in much smaller controlled quantities that are restricted to the synaptic space

contacted by the axon terminal (van den Pol AN, 2012).

Since OXT modulates numerous regions in the body, understanding the various modes of transmission for
the OXT peptide will present crucial inferences for insights as to how it possibly affects different target
sites to regulate biological processes such as ovulation, parturition, lactation, sexual behavior, social
interaction and social memory (Legros J, 2001; Raam T et al., 2017; Oettl LL et al., 2016). Another key
factor is the expression profiles of the OXTR. In regions where both OXTR and AVPR are found to be
expressed (e.g. OXTR and AVPRI1b in Hippocampal CA2 region (Smith A et al., 2016; Tirko NN et al.,
2018) will have to account for the selective binding affinities of both neuropeptides to their respective
receptors types, the types of neurons they are respectively expressed in, and the possibility of cross-talk
between OXT and AVP given the similar chemical structures of their associated receptors (Young LJ, F.-

C.L, 2012; Song Z et al., 2018).

1.3.2 Oxytocin Receptor and its distribution

OXT only has one known receptor — the OXTR, a class I G-protein coupled receptor (Hoyle C, 1999;
Gimpl G et al., 2001) that is coupled to the Gq/11a class GTP binding proteins which activates
phospholipase C pathway (AVP has three: V1aR, V1bR, V2R (Caldwell HK et al., 2006; Barberis C et
al., 1996; Hasunuma I et al., 2013). Even though the binding of OXT is only ten-fold more selective for
the OXTR over receptors for arginine vasopressin, its receptor OXTR has a 100-fold higher affinity for
OXT over AVP. AVP, on the contrary, exhibits equal binding affinity to all 4 types of receptors
mentioned (Chini B et al., 1995; Hawtin SR et al., 2000; Kimura T et al., 1994; Lolait SJ et al., 1995;
Thibonnier M et al., 2001; Song Z et al., 2014).

OXTR are extensively expressed throughout the brain; and it is found that its expression profiles are
distinctively high in the hippocampus, amygdala, striatum, suprachiasmatic nucleus, bed nucleus of stria
terminalis, piriform cortex, auditory cortex, and the brainstem (Buijs RM and Swaab DF, 1979;
Sofroniew MV, 1983; Young WS 3rd and Gainer H, 2003; Meyer-Lindenberg A et al., 2011; Grinevich V
et al., 2016; Mitre M et al., 2016). Interestingly, OXTRs have a highly restricted pattern of distribution in

the hippocampus; especially found to be expressed in primarily the pyramidal neurons within the CA1,
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CA2 and CA3 areas (Yoshida M et al., 2009, Lin YT et al., 2018, Raam T et al., 2017), as well as in
GABAergic inhibitory neuron in CA1 (Owen SF et al., 2013).

1.3.3 Oxytocin, Oxytocin Receptors, and their roles in social memory

In the field of social memory, several works focusing on different brain regions show that the OXT
peptide and OXTR are crucial players in influencing the state of social memory seen from observable
behavior in rodent models. The following will share and discuss what can be concluded or inferred with
regards to a few regions of the brain where OXT-OXTR could affect social recognition memory, i.e. the

ability to discriminate the familiar from the novel.

Examples of studies that targets specific brain regions include those that showed the implication of the
amygdala as one of the potential sites for social memory (Ferguson JN et al., 2001; Choleris E et al.,
2007). Using OXT and OXTR knockout mice, the impaired social memory was observed from the
increased duration spent on investigating a previously familiarized mouse (Takayanagi Y et al., 2005;
Ferguson JN et al., 2001); and that this impairment was rescued by intracerebroventricular infusion of
OXT into the amygdala of OXT knockout mice (Ferguson JN et al., 2001). Using genetic manipulations,
knockdown of the OXTR gene in the amygdala have resulted in social recognition impairments from the
observation of decreased investigation times for the novel (Lee HJ et al., 2008; Choleris E et al., 2007)
and familiar mouse. It is also shown that knocking down the OXTR gene resulted in a general decline in
sociability (i.e. the tendency to investigate a social stimulus) in the three-chamber discrimination task
(Pobbe RLH et al., 2012). However, the tests of social recognition memory and sociability targeting the
amygdala are mostly conducted without an inter-exposure interval; hence resulting in a controversial
conclusion that such investigations are considered to be founded on basis of social novelty detection
(Crawley JN et al., 2007). Additionally, other studies have otherwise shown that the major function of the
amygdala is directly implicated in attenuating fear response in fear conditioning experiments (Huber D et
al., 2005; Viviani D et al., 2011). Taken together, it implies that the action of OXT in the amygdala is

suggested to be likely for the modulation of social anxiety rather than for enhancing social memory itself.

Another brain region of interest where OXT-OXTR coupling can modulate social-related memory is the
olfactory system. An early study of OXT infused into the olfactory bulb (OB) of male rats showed that it

facilitates social recognition with either a 30-minute and 120-minute interval compared to the control
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group, but application of an OXT antagonist into the OB failed to impede social recognition at either time
intervals (Dluzen DE et al., 1998a). This probably provides a first hint that OXT likely functions to
modulate social recognition via odor processing regions/pathways as the encoded social olfactory
information may be long transmitted to higher order brain regions for further processing and storage. A
more recent study investigated the role of OXT released from the PVN of female rats using optogenetics
to excite the oxytocinergic neuronal cell bodies in the PVN, and also investigated the role of the densely
OXTR-expressing neurons in the anterior olfactory nucleus (AON) using conditional deletion of OXTR
(Oettl LL et al., 2016). The former experiment is able to demonstrate that OXT release from the PVN is
able to prolong the retention of social recognition from 30 minutes to two hours, and that the latter
showed that the deletion of OXTR in the AON affected only olfaction-dependent sampling behavior and
consequent conspecific recognition while leaving non-social odor discrimination unaffected. The authors
acknowledged that their experiments, at best, suggest that an OXT-enhanced state is able to boost
stimulus selectivity and information extraction of social cues, and that a stronger OXTR activation in the
AON is speculated to reduce background firing noise while amplifying social odor responses. Taken
together, these investigations can, at the very least, provide basis for the functional roles of PVN OXT
and OXTR expressed in AON as that of the extraction and signal-to-noise ratio amplification of social

information, which indirectly influences the behavioral outcome of social recognition.

The OXTR expression profile is distributed heterogeneously in the central nervous system, including in
the hippocampus (de Kloet ER et al., 1985; van Leeuwen FW et al., 1985); and it, too, is investigated as
one of the regions wherein the OXT peptide affects. Numerous interventive experiments such as
intracerebroventricular administration of OXT antagonists have shown to inhibit social recognition
(Engelmann M et al., 1998); and likewise for genetic manipulations such as OXT and OXTR knockout
studies in rodents, where they show that knockout mutants only suffer from an impaired ability to
discriminate between social stimulus, but are spared from deficits in general sociability (Ferguson JN et
al., 2000; Takayanagi Y et al., 2005; Crawley JN et al., 2007; Ragnauth AK et al., 2005; Lee YS et al.,
2009; Winslow JT et al., 2000).

Taking all of these studies into account, it is no doubt that all of them have detailed reports on the

indispensable nature of OXT for regulating social behaviors; and that the lack of OXT-OXTR regulation
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commonly results in elevated levels of aggression (Winslow JT et al., 2000; Ragnauth AK et al., 2000).
However, the regulatory effects of OXT-OXTR coupling is not necessarily restricted to experiments
involving social stimulus and cues. Though conditional deletion of OXTR from forebrain excitatory
neurons, including the hippocampal pyramidal neurons, indicated that OXTR are necessary for refined
levels of discrimination such as intrastrain social recognition (Macbeth AH et al., 2009), they are also
implicated in the reduction of freezing behavior during acquisition, as well as during context and cue
retention (Pagani JH et al., 2011). Hence, there is nothing quite “social” about OXT or OXTR per se; and
it makes it harder to disambiguate the multiple regulatory roles of OXT-OXTR to identify specific

mechanisms that underlie recognition in the aspect of social memory.

Fortunately, recent advancements made the use of a floxed OXTR mouse line possible for a more
spatially precise manipulation of the OXTR in the hippocampus (Lee HJ et al., 2008) — a tissue structure
widely known for both the encoding and retrieval of episodic memories; and also a region of OXTR
expression. It can now be, for example, demonstrated that targeted ablation of OXTR using viral Cre
recombinase injected into OXTR-expressing regions such as the hilar region of the dentate gyrus (DG),
dCA2 and CA3a in floxed OXTR mice resulted only in reduced social discrimination while keeping
sociability and non-social hippocampal-dependent memory — novel object recognition — unaffected
(Raam T et al., 2017). On top of using a repeated-exposure social discrimination paradigm, another
similar study which also targeted CA2/CA3a neuronal regions for OXTR ablation, used a three-chamber
discrimination paradigm that includes a 7-day interval to show such manipulation impaired long-term
social memory without compromising anxiety-like behavior in the open field, elevated plus maze, and

novelty suppressed feeding tests (Lin YT et al., 2018).

Although results from the aforementioned pivotal studies are confounded by manipulations that might
have spillover effects to implicate areas like DG and CA3a in the data collected as well, they do prove
that the activation of OXTR-signaling pathways in the hippocampus are crucial for regulating a functional
social recognition memory; which are consistent with findings that implicate the OXTR-expressing
hippocampal CA2 region in social behavior (Wersinger SR et al., 2002; Young WS et al., 2006; Hitti F et
al., 2014; Pagani JH et al., 2014; Stevenson EL et al., 2014; Smith A et al., 2016).

Taking things one step further in depth, studies investigating the mechanism of OXT-OXTR signaling
now attempt to rationalize the physiological and, perhaps, behavioral, phenomena behind manipulations
of the OXT-OXTR pair in the hippocampus. OXTR inactivation studies revealed the involvement of both
excitatory and inhibitory neurons in the hippocampus (Tirko NN et al., 2018; Owen SF et al., 2013). By
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uncovering a direct anatomical projection for OXT release into CA2 from the PVN, and then activating
those oxytocinergic projections into CA2 for electrophysiological recordings, it was illustrated that the
regulation of the resultant OXTR signaling pathway caused repetitive firing in CA2 arising from various
signaling events, ionic mechanisms, and concerted circuit actions (Tirko NN et al., 2018). Of note, it was
found that both CA1 pyramidal neurons and parvalbumin (PV) -positive interneurons are directly and
independently responsive to the applied OXTR-selective agonist, TGOT (Owen SF et al., 2013). This
implies that the overarching function of the OXT analog-driven OXTR signaling serves to enhance the
excitability of CA2 pyramidal cells, which drives a bursting pattern output projected onto CA1 neurons to
favor excitation over inhibition, while the input from GABAergic inhibitory neurons facilitated that effect
by increasing the intensity of the TGOT-induced bursts. Although these findings do provide a convincing
theory on the molecular mechanism between the two types of behavioral observation (i.e. the loss of
social recognition function in CA2/CA3a-specific OXTR knockout mice (Raam T et al., 2017; Lin YT et
al., 2018) and that of CA2-silenced mice (Hitti F et al., 2014), the actual social behavioral effects posited
by the modulation of CA2 output to vCA1 due to OXTR signaling remains to be demonstrated.
Additionally, it is worth of mention that while the findings of such an amplified information transfer from
dCA2 to CA1 facilitated by OXTR signaling claimed to be reconciling genetic and anatomical literature
specific to social recognition memory, its results are based on recordings done in dorsal CA1 (dCA1) not
ventral CA1 (vCA1). Therefore, it contradicts with previously shown evidence of social memory being
stored in vCA1, and not dCA1 (Okuyama T et al., 2016). As such, it remains to be confirmed if the theory
of an amplified, fine-tuned dCA2 output to vCA1 — the storage site of social recognition memory — can be

rationalized with said mechanism.
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Chapter 2. Hippocampal microcircuits for social memory specification
2.1 Introduction

For social animals including humans, it is crucial for their survival to not only distinguish the familiar
from novel conspecifics but also between multiple previously familiarized individuals (Tibbetts EA et al.,
2007), as in most scenarios in the natural world. The former ability is broadly referred to as “social
recognition” while we here term the latter as “social specification”. Studies on human patients with
hippocampal lesions have demonstrated the indispensable role of the hippocampus in social recognition
(Smith et al., 2014). Notable is the case of social specification memory in the human hippocampal
neurons that respond to a specific familiar individual, popularly referred to as the “Jennifer Aniston” cells
(Quiroga, Reddy, Kreiman, Koch, & Fried, 2005). Similarly, an animal’s ability to recognize the
hierarchical social dominance in its group suggests that it too can distinguish between multiple familiar

individuals (Wang et al., 2011).

Recent studies on mice have revealed the indispensable role of the hippocampal subregion dorsal CA2
(dCA2) in the social recognition memory (Hitti & Siegelbaum, 2014). Furthermore, social engram
neurons for a specific social recognition memory have been identified in the downstream ventral CA1
(vCA1) (Okuyama, Kitamura, Roy, Itohara, & Tonegawa, 2016). It is also known that dCA2 has intrinsic
connections with ventral hippocampus along the longitudinal axis of the hippocampus (Tamamaki N et
al., 1988) which is crucial for the social recognition memory (Meira T et al., 2018; Raam T et al., 2017).
Thus, both dCA2 and vCA, along with their intra- and extrahippocampal circuits serve to facilitate the

social memory of the recognition type.

However, the exact anatomical site for storing and retrieving a more precise type of social memory — the
social specification memory — and its underlying mechanisms remains undiscovered. This study thus aims
to determine whether the hippocampal sub-regions implicated in the recognition memory also store
information for social specification memory; and if so, to identify the underlying physiological and circuit
element mechanisms for this phenomenon. Here, we show that vCA1 is the site of the storage for social
specification memory; and present the finding of multiple feedforward inhibition motifs within the dCA2-

vCA1 microcircuit that are crucial to progressively refine the specificity of social memory.
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2.2 Results

Social recognition memory can be quantified by measuring the duration of interaction between familiar
and novel mice (social discrimination test). This test capitalizes on the innate behavior of rodents to spend
more time interacting with a novel individual compared with a familiar one. Neural substrates for the
storage and retrieval of memories are referred to as engrams (Josselyn SA and Tonegawa S, 2020;
Tonegawa S et al., 2015). Our previous study carried out using the memory engram identification method
(Liu X et al., 2012; Ramirez S et al., 2013) showed social memory is formed and stored in the vCA1
subfield of mouse hippocampus (Okuyama T et al., 2016). This memory could be retrieved by natural
cues — a re-exposure to the familiar mouse — only for up to a half hour after formation (Okuyama T et al.,
2016). However, labeling of the engram cells with channelrhodopsin (ChR2) and their subsequent
artificial activation by laser light demonstrated that the memory is actually maintained for at least one day
despite being inaccessible to natural recall cues in a half hour (Okuyama T et al., 2016) as the memory
turns to a “silent” state (Roy DS et al., 2017; Ryan TJ et al., 2015). We took advantage of these
properties of social memory to investigate whether the vCA1 memory can be specific for an individual

familiar mouse (i.e. social specification memory).

Two groups of wild-type mice, group-I and group-II, received a bilateral injection of a mixture of AAV9-
cfos:tTA and AAV9-TRE:ChR2-EYFP in the vCA1 (Figure 1A) and were kept on doxycycline (Dox)
diet. Both groups of mice were familiarized with two sets of mice, mouse-A and mouse-B, separately and
successively (Figure 1B). For group-I mice, the labeling window of the engram cells with ChR2-EYFP
was open during mouse-A familiarization period by removal of Dox from the diet, whereas the window
was kept closed during mouse-B familiarization period. The reverse is true for group-II mice, where the
labeling window was closed during mouse-A familiarization period and was open during mouse-B
familiarization period. Optogenetic reactivation in a three-chamber social discrimination test (SDT) were
conducted 72 hours after each familiarization period, by which time the engrams for the familiar mice
would be in a silent state, between a familiar mouse (mouse-A or mouse-B) and a novel mouse (mouse-
N). This paradigm is, henceforth, referred as the “social specification behavior paradigm”. For both
group-I and group-II mice, optogenetic reactivation of ChR2-labeled engram neurons in vCA1 resulted in
behavioral recall of the corresponding familiar mice (Figure 1D, dark blue bars) but not for the other
familiar mice wherein the engram was not labeled (Figure 1D, light blue bars). These results suggest that

vCAL1 is capable of storing social memory with specificity for each of the individual familiar mice.
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Next, we similarly labeled dCA2 neurons with ChR2 that were active during social interactions. Although
dCA2 neuronal activity is crucial for social memory (Hitti F et al., 2014), dCA2 neurons do not
intrinsically express c-Fos upon learning (Supplementary figure. S1, A — F). Hence, we used the
engineered synthetic promoter of an alternative immediate early gene Arc, an enhanced synaptic activity-
responsive element (eSARE) (Kawashima T et al., 2013), to label dCA2 neurons with ChR2 that were
activated by social interaction(Figure 1, E — G, Supplementary figure S1, J — O). Using the same social
specification behavior paradigm, wild-type mice were familiarized with both mouse-A and mouse-B, with
either mouse-A neurons or mouse-B neurons labeled with ChR2 in separate experimental batches.
However, unlike the effects observed by reactivating vCA1 neurons, optogenetic reactivation of the
labeled dCA2 neuronal population had no effect on social memory recall (Fig. 1H); therefore suggesting
that dCA2 store neither social recognition memory (Okuyama T et al., 2016) nor social specification

memory.

To verify that the dCA2 neuronal activity induced by social interaction nevertheless represents social
information, AAV9-hsyn:DIO-eArchT-EYFP was injected into dCA2 of Map3k15-Cre transgenic mouse
line (Kohara K et al., 2014), in which Cre is expressed specifically in CA2 pyramidal neurons (Figure 11;
Supplementary figure 2, A — B). Optogenetic inhibition of dCA2 activity specifically during memory
encoding, but not during recall, resulted in social memory impairment (Supplementary figure 2, C — E),
suggesting that dCA2 contributes to social memory formation during encoding. Therefore, we
hypothesized that dCA2 transfers social information to vCA1 to form social memory engrams in the
latter. To test the hypothesis of this functional relationship between dCA2 and vCA1, wed silence dCA2
neuronal firing during social memory formation by expressing inhibitory DREADD receptors (hM4Di) in
dCA2 neurons. AAV9-hsyn:DIO-hM4Di was injected into dCA2 of Map3k15-Cre mice, and an
intraperitoneally injected hM4Di ligand, clozapine-N-oxide (CNO), 45 min before the encoding of social
memory for the labeled mouse stimulus, was administered (Fig. 11 to N). Similar to the previous
experiments (Figure 1, A — D), the mixture of AAV9-cfos:tTA and AAV9-TRE:ChR2-EYFP was injected
into vCA1 to label vCA1 social memory engram neurons with ChR2. It was shown that the chemogenetic
inhibition of dCA2 activity during the encoding phase of the respective activity-dependent labeling epoch
failed to elicit social memory retrieval despite optogenetic reactivation of the vCA1 neurons (Figure 1, O
to R). This suggests that in mice, social information is conveyed from dCA2 to vCA1 for the formation of
mouse-A engram cells in vCA1 and subsequent recall of the memory. Control experiments conducted
without CNO injection (i.e. saline injection group) or without DREADD receptor expression (i.e. EYFP

expression group) did not show such impairments in social memory engram in vCA1 (Supplementary
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figure S3, A — C). Additionally, another control group without light stimulation allowed us to confirm that
social memory retrieval was attributed specifically to the optogenetic reactivation of vCA1 social memory

engram, and not a residual effect of simply expressing ChR2 (Supplementary figure S3D).

We next investigate the anatomical connection from dCA2 to vCA1 by injecting AAV9-EF1a:DIO-
ChR2-EYFP into the dCA2 of Map3k-15 Cre mice to label CA2 axonal fibers innervating the dorso-
ventral (DV) axis of the hippocampus (Supplementary figure S4, A — B). We found that the density of
EYFP-labeled fluorescent axons decreased drastically along the DV axis. dCA2 injections yielded
prominent fiber density in iCA2 and dCA, but not further downstream ventrally in vCA2
(Supplementary figure S4C — intensity profile for dCA2 injected mice are currently under construction;
D: temporary inclusion for illustration; not part of actual figure). Similarly, iCA2 neurons directly project

to vCA2 and iCA1, but not vCAL.

To verify the synaptic connections from dCA2 to vCA1, ChR2-EYFP expressing fibers from dCA2 were
optogenetically stimulated with blue light and downstream pyramidal neurons in iCA2 were patched
(Figure 2, A — C). Out of a total 31 iCA2 neurons, 20 cells were patched in current clamp and 11 cells in
voltage clamp. By varying the holding potential of a current clamped neuron, we observed changes in the
dynamics of the neuronal response to 10 Hz blue light stimulation (Figure 2D, G). 11 cells showed
exclusively excitatory responses to stimulation of dCA2 fibers, and 20 cells showed EPSPs at resting
potential and predominant IPSPs when depolarized to -55mV (E+I). We observed a 100% connection
probability between dCA2 and iCA2. Out of these 20 cells, the 5/20 (25.0 %) in current clamp showed a
slow GABA-B inhibition, whereas 7/20 (35.0 %) showed predominantly GABA-A mediated inhibition
(Figure 2D).

We also observed a feed-forward circuit motif in the projection blocks of iCA2-vCA2 and vCA2-vCAl.
To verify each step of the dorso-ventral microcircuit, Cre-dependent ChR2-EYFP virus was injected into
iCA2 to patch vCA2 neurons and vCA?2 to patch vCA1 neurons in Map3k15-Cre mice, respectively. We
patched and recorded post-synaptic responses in a total of 16 vCA2 pyramidal neurons (13 current clamp
and 3 voltage clamp), and 36 vCA1 neurons (20 current clamp and 16 voltage clamp) (Figure 2, E — G).
In the iCA2-vCA2 connection, we observed exclusively excitatory responses in 5/16, E+I responses
(GABA-A mediated inhibition) in 3/16 when depolarized to -55mV and no responses in 8/16 neurons
(Figure 2H). Similarly, in the vCA2-vCA1 connection, 7/20 vCA1 cells showed exclusively excitatory
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responses, and 11/20 cells showed a combined E+I response (GABA-A mediated inhibition) when
depolarized. As in the case for dCA2-iCA2, the connection probability between vCA2 and vCA1 was
100%. No slow GABA-B components were observed in either iCA2-vCA2 or vCA2-vCA1. Furthermore,
when tested under voltage clamp, E+I components showed a complete loss of the GABA-A inhibitory
current upon the application of Gabazine, and a loss of the GABA-B component upon application of
CGP55845 (Figure 2H). Additionally, consistent to our anatomical data (Supplementary figure S4), we

found no evidence of functional connections from dCA2 to vCA1 (Figure 21, 20 cells).

To further investigate the functional significance of repeated feed-forward inhibition motifs in social
memory, we labeled neuronal populations which encode the representations of familiar mouse-A and
familiar mouse-B, respectively. An AAV9-eSARE:tTA and AAV9-TRE:Fluorescent Timer (FT)-Slow
mixture was separately injected into dCA2, iCA2, and vCA2 of Map3k15-Cre mice. In addition, AAVS-
EF1a:DIO-H2BGFP (nuclear localized EGFP) was co-injected to visualize the somata of CA2 neurons
(Figure 3A). Since the different fluorescence proteins of FT-Slow have different peak expressions and
decay curves, any reactivated neuronal population will naturally change in color, from blue to red, over
course of 12 to 72 hours after injection (Okuyama T et al., 2016; Subach FV et al., 2009). The neural
population activated by first and second social interactions which took place 3 days apart could therefore
be distinguished by the red and blue colors respectively (Figure 3, B —J). The proportions of cells
reactivated by interactions with the re-exposure of familiar mouse-A are found to be equally high (50 -
60%) in dCA2, iCA2, and vCA2. However, this reactivation ratio, obtained from the successive exposure
to mouse-A and then mouse-B, progressively decreased as the neural processing proceeded through the
dCA2-iCA2-vCA2 circuit (Figure 3, K — L). This suggests that the ability for the eventual discrimination
between multiple familiar mice increases at the level of engram neurons as they become gradually distinct

along the CA2 DV projections in a “relay-like” manner.

Feed-forward inhibition has been reported in phenomena such as the tuning of visual perception and the
sharpening of CA1 place field (Hu H et al., 2014). To examine whether the repeated feed-forward
inhibition motifs in CA2 (Figure 2) contributes to social memory specification, we chemogenetically
silenced GABAergic neurons in the early relay stations — dCA2 and iCA2 — and assessed its effect on
social specification memory at the engram neuron population level as well as the behavioral level. We
expressed inhibitory DREDD receptor, hM4Di in GABAergic neurons in dCA2 and iCA2 by injecting
AAV9-hsyn:DIO-hM4Di bilaterally into dCA2 and iCA2 of Slc32al-Cre mice in which Cre was

expressed only in GABAergic neurons (Figure 3M), and CNO was injected 45 min before social memory

28



encoding to inhibit GABAergic neuron activity (Figure 3N). We investigated for any effect on the
specification at the neuronal population level similar to that done for Figure 3K, and found that the
proportion of reactivated cells in vCA?2 visualized after successive epochs of social interaction with
familiar mouse-A and then familiar mouse-B was significantly greater in the Slc32al-Cre mice compared
to wild-type mice (Figure 30). Furthermore, social specification memory was found to be impaired in
Slc32-Cre mice compared to wild-type mice when GABAergic inhibitory effects was disrupted (Figure 3,
P —S). These data suggest that engrams for familiar mouse-A and familiar mouse-B became less
distinguishable; thus resulting in non-specific reactivations that compromised social specification memory

without the fine-tuning contributed by feed-forward inhibition in CA2 microcircuits.

Finally, we investigated whether modulation from OXTR-signaling processes within the dCA2-vCA1
microcircuits contributes to the social recognition and social specification memories. We focused on
investigating the functional role of OXTR expressed in the excitatory neurons. It has recently been
reported that OXTR is expressed in dCA2 excitatory neurons (~ 96 % of RGS14 expressing neurons)
(Tirko NN et al., 2018) and that this expression is crucial for the modulation of social recognition
memory (Raam T et al., 2017). Similarly, we found that OXTR was expressed in the entire CA2 fields,
including iCA2 and vCA2, as well as in vCA1 pyramidal neurons (but comparatively lesser in dCA1,
consistent with (Tirko NN et al., 2018). We, too, found that a large proportion of the OXTR-expressing
neurons are excitatory (Figure 4, A — E). To eliminate OXTR expression in neurons of targeted regions,
OXTR "¥1°* mice were crossbred with Trpc4-Cre (where Cre is expressed in both vCA1 and dCA1
pyramidal neurons) and Wfs1-Cre (Cre-specific for dCA1 pyramidal neurons), Map3k15-Cre (Cre-
specific for CA2 pyramidal neurons), and Vgat-Cre (Cre-specific for GABAergic neurons). Trpc4-
Cre/OXTR™1°* and Map3k15-Cre/OXTR™%* mice displayed impaired social discriminatory behavior
whereas Wfs1-Cre/OXTR™* and Vgat-Cre/OXTR™ ™ did not (Figure 4,F —I). This demonstrates
the pivotal role of OXTR expression in modulating vCA1 and CA2 excitatory neuronal activity to
promote social recognition memory. Additionally, AAV2-EF1a:Cre or AAV5-CaMKII:Cre injection into
vCA1 OXTR™"°* aqugmented the behavioral impairment observed in Figure 4, F — I during SDT (Figure
4,J-K).

Next, we examined whether the expression of OXTR in excitatory neurons in the hippocampal social
microcircuits (i.e. dCA2 - iCA2 > vCA2 - vCAl) facilitates social specification. We found that
OXTR ablation in dCA2 and iCA2 resulted in a significant increase in the proportion of reactivated
neurons in vVCA?2 using our social specification behavior paradigm with successive exposures to mouse-A

and mouse-B (Figure 4, L — N). Consequently, this high rate of reactivation impaired the formation of
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social specification memory at the behavioral level (Figure 4, O — S). These results, taken together with
the data shown in Figure 3, M — S, suggest that both the appropriate modulations of excitatory and
inhibitory neurons, contributed respectively from OXTR-signaling effects and the feed-forward inhibition
“relay” from CA2 to vCAl, are crucial for the formation and retrieval of both social recognition and

specification memories.

2.3 Conclusion and Discussion

2.3.1 Conclusion

In this chapter, we have demonstrated three main conceptual findings for the hippocampal dCA2-vCA1
microcircuit: 1) a distinct functional significance for CA2 and vCA1; wherein CA2 functions to encode
and fine-tune social specification memory as neural signals traverse from dCA2 to iCA2 to vCA2, while
vCAL functions mainly as the storage site of the encoded social memory for eventual retrieval; 2) a
functional dependency of vCA1 on CA2 for storing the respective population-based neuronal codes for
the effective recall of individual social stimulus; and 3) a modulatory mechanism via synergistic effects of
a GABAergic feedforward inhibitory network and OXTR signaling for fine-tuning progressively specific

neuronal populations for multiple unique social stimuli encoded.

Via a novel social specification behavior paradigm, we show that distinct neuronal populations exist for
individual social stimulus (i.e. social memory engrams). Their reactivation resulted in the recall of only
the corresponding labeled familiar stimulus despite having interacted and familiarized with multiple
stimuli — a phenomenon we termed as “social specification memory”. However, this phenomenon of a
successful recall is only prominent when reactivating social memory engrams in vCA1, but not in dCA2
(Figure 1, A — H). Such a finding provides preliminary hints of a differential functional significance of
vCA1 and dCA2; which was reinforced by loss of function experiments in dCA2 to show that dCA2 is
only implicated in the encoding phase of social memory (Supplementary figure S2D). Thereon, it
instigated the experiment of probing for the functional relationship between dCA2 and vCA1 which
enable animal subjects to recall a familiar social stimulus. Following which, it was proven that vCAl is
dependent on dCA2 for the subsequent recall of a specifically-labeled set of neurons corresponding to a

particular social stimulus (Figure 1, I - R).
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Since dCA2 has been implicated in social memory, and that vCA1 has been shown to store social
memory engrams (Raam T et al., 2001; Stevenson EL et al., 2014; Hitti F et al., 2014; Smith A et al.,
2016; Lin YT et al., 2018; Okuyama T et al., 2016), we examined for a direct anatomical projection
connecting dCA2 to vCA1 which may explain the elicited behavioral results obtained from Figure 1.
However, we found no such direct projection (Figure 21). Instead, we discovered, with controlled amounts
of viral injections into Map3k15-Cre mice, that there exists a feedforward, “relay-like” projection from
dCA2 to iCA2, then from iCA2 to vCA2, and finally from vCA2 to vCA1 (Figure 2, D — F). Within each
projection segment (i.e. dCA2 = iCA2, iCA2 - vCA2, or vCA2 - vCA1), we found a composition of
excitatory (pyramidal) and inhibitory (GABA-A and/or GABA-B interneurons) neurons. This led to the
hypothesis that the neuronal population encoding for social information becomes progressively fine-tuned
when information is transmitted from the dorsal to ventral sub-regions of CA2 by means of “relay-like”
projections; thereby allowing subject mice to effectively recall whichever familiar stimulus it has
previously interacted with — conditional on an appropriately labeled social memory engram for that

stimulus.

By modifying the aforementioned social behavioral paradigm to include a temporal-specific inhibition of
interneuron signaling in early relay sub-regions in CA2, we discovered that the distinct population codes
for different social stimuli turned out to be indistinguishable as compared to their wildtype controls
(Figure 3, A — O). Inevitably, the corresponding behavioral results provided additional evidence to the
notion that disrupting inhibitory regulation in the CA2 network impedes the formation of a distinct
population code for each familiar stimulus (Figure 3, M — O). This results in the failure to optogenetically
reactivate social specification memory for a particular familiar conspecific (Figure 3, P — T). Hence, it
suggests that CA2 interneurons regulate the segregation of population codes for different stimuli in a
feedforward, “relay-like” manner as well; and that each sub-region of CA2 is indispensable for this

purpose of fine-tuning social population codes.

Apart from the fact that disrupting the inhibitory network resulted in an impaired social specification
memory, crippling the regulatory signaling pathway which influences the activity of excitatory neurons
has also been shown to impair social specification memory. Our findings, based on a series of
complimentary social recognition memory tasks; where we used subject mice crossed from different
combinations of transgenic lines to show that the OXTR-signaling pathway is the major contributor to
regulating CA2 pyramidal neurons activity for social memory (Figure 4, F — K). This is supported by our
in situ hybridization results showing dense OXTR expression profiles in dCA2, iCA2, vCA2, and vCA1

(Figure 4, A — E); which is also substantiated by previous work from literature that not only shows similar
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OXTR expression profiles in the mentioned CA2 and vCA1 regions, but also the presence of direct
oxytocinergic fiber projections from PVN to CA2, and behavioral evidence of impaired social memory
with the ablation of OXTR in mice as well (de Kloet ER et al., 1985; van Leeuwen FW et al., 1985;
Ferguson JN et al., 2000; Takayanagi Y et al., 2005; Crawley JN et al., 2007; Winslow JT et al., 2000;
Ragnauth AK et al., 2005; Lee YS et al., 2009; Ferguson JN et al., 2001; Macbeth AH et al., 2009; Lee
HJ et al., 2008; Raam T et al., 2017; Lin YT et al., 2018; Tirko NN et al., 2018). More specifically, with a
spatially controlled ablation of OXTR in selective CA2 sub-regions (similar to that performed for Figure
3, M - O), we again observed a high reactivation rate with indistinguishable population codes post-
encoding of the different social stimuli (Figure 4, L — N). The attempt to optogenetically reactivate said
labeled set of neurons revealed a similar impairment of social specification memory at the behavioral

level (Figure 4 O — S; compared with Figure 3, P —T).

In the entirety of this investigation, we showed that for social specification memory, dCA2 and vCA1
exhibited differential functional roles in the encoding and retrieval of stimulus-specific information
respectively. In addition, social specification memory requires the concerted effort of transmitting
encoded information from dCA2, iCA2, vCA2, and to vCA1 in a “relay-like” manner; in which the
information transfer process is synergistically modulated, also in a “relay-like” manner, by feedforward
inhibitory activity and OXTR-signaling effects for forming progressively distinct social engram

populations.
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2.3.2 Discussion

2.3.2.1 Evaluation of differential functions of dCA2 and vCA1 and their interdependency for social

specification memory

Literature delineating how CA2 is implicated in social memory (Wersinger SR et al., 2002; Young WS et
al., 2006; Hitti F et al., 2014; Stevenson EL et al., 2014; Smith A et al., 2016) showed how a failed intact
trisynaptic circuit, where CA3 could have theoretically function to match incoming information against its
“dictionary” of stored representations before conveying the output to CA1 for familiarity or novelty
signaling, is proof that social recognition memory is not a mere subset of object recognition memory. The
ability to distinguish a novel from a familiar stimulus is more than just a simple matching task against a

stored catalog of representations for an effective recall.

Leveraging on these prior literature demonstrating that hippocampal CA2 is implicated in social memory
(Raam T et al., 2017; Stevenson EL et al., 2014; Hitti F et al., 2014; Smith A et al., 2016; Lin YT et al.,
2018), we show that both dCA2 and vCA1 play crucial distinct roles in a novel behavioral paradigm that
tests for the recall of individual conspecifics, that were previously familiarized in separate successive
epochs —referred to as the “social specification behavior paradigm”. We coined the term, “social
specification memory”’, which refers to the ability to recall multiple familiar conspecifics distinctively.
The two hippocampal regions, dCA2 and vCA 1, which contributes to this ability differs on several levels

of comparison. Here, we focus more on what is unique pertaining to CA2.

Firstly, the differential contribution of CA2 can be attributed to its intrinsic physiological properties. At
the level of genes, RGS14, which is exclusively enriched in CA2, is also known as a repressor of synaptic
plasticity in CA2 pyramidal neurons. Mutant mice without this gene displayed enhanced novel object
recognition memory and exhibited a faster learning curve in the Morris water maze task (Shinohara Y et
al., 2012). This shows that CA2 is capable of other hippocampal-dependent behavioral learning; and
suggests that the deletion of this CA2-specific gene releases the hold of suppressed plasticity in CA2 so
that synaptic communication in CA2 is enhanced for learning the task. At the population level, CA2
neuronal populations have been shown to change to a larger extent as compared to neighboring regions
CA3 and CA1 when subtle changes were made to contexts e.g. replacing for a new object in a familiar
environment (Wintzer ME et al., 2014); and that the representations of space remap when presented with
local, novel non-social or social changes to the environment (Alexander GM et al., 2016). CA2 place

fields are found to appear relatively greater in number and larger in size than that in CA3 or CA1 (Mankin
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EA et al., 2015), with a higher mean firing rate (Alexander GM et al., 2016; Mankin EA et al., 2015);
thereby suggesting that these CA2 neurons convey relatively less spatial information than those in other
CA regions. It was subsequently postulated that, because of these large place fields carry low resolution
spatial information, CA2 neuronal populations could additionally code more strongly for temporal
information (Mankin EA et al., 2015). Extrapolating this to rationalize our experimental finding, a
comparison at the neuronal population level showed a relatively lower resolution of social specification in
dCA2 than in vCAL1. Perhaps this could explain why the optogenetically reactivated labeled social
engrams in dCA2 did not elicit the recall of the respective familiar stimulus (Figure 1, E — H), while the
opposite is true for the relatively high resolution of social specification in vCA1 (Figure 1, A — D). Hence,
it is possible that CA2 neurons possess certain firing patterns that is characteristic of rate coding; and that
our results of a visualized population code could likely be a “snapshot” of those firing neurons frozen in
time. Nonetheless, until further investigations can verify this hypothesis (possibly using in vivo imaging),
our data suggests that CA2 neuronal activity will likely initialize and fine-tune for increasingly segregated
populations. Future studies could probably investigate whether a committed ensemble of engram neurons

for a particular stimulus fire with temporal signatures that are ensemble specific.

Secondly, some intra-hippocampal connections with CA2 are unique. Sensory inputs coming in from the
EC can be transmitted as such through the different fields of the hippocampus: EC > DG > CA3 >
CA2 - CAL; EC > DG = CA3 - CAl; EC © DG - CA2 - CAl; EC & CA2 - CAIL; EC = CAl
(Kohara K et al., 2014; Cui Z et al., 2013; Chevaleyre V et al., 2010; Dudek SM et al., 2016).
Specifically, information carried by MEC and LEC layer II conveys contextual and non-spatial
information such as inputs from the olfactory bulb and piriform cortex respectively (Kitamura T et al.,
2015; Petrulis A et al., 2005; Chevaleyre V et al., 2010; Jones MW et al., 2011; Caruana DA et al., 2012;
Kohara K et al., 2014; Mankin EA et al., 2015; Dudek SM et al., 2016; Boeijinga PH & Van Groen,
1984). The functional significance of these parallel streams of information from EC to the hippocampus
remains a mystery: are coinciding inputs at CA1 simply being compared and contrasted for downstream
signaling? Various studies have hinted that the hippocampus has the ability to code-switch between
prospective and retrospective coding (Bieri KW et al., 2014; Zheng C et al., 2016). The fact that CA2 is
situated strategically between CA3 and CA1, and that its intrinsic properties have been suggested to skew
towards a temporal-, social-, and novelty-oriented spatial mapping, places CA2 in a favorable position to
flexibly gate the type of information to be processed. With additional evidence of reciprocal projections
(Cui Z et al., 2013) and mutual inhibition (Chevaleyre V et al., 2010; Stober T et al., 2020) between CA2
and CA3, it supports the notion that competition exists between these two regions for a memory-based

representation conveyed via CA3 during prospective coding, or a sensory-based via CA2 during
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retrospective coding for transmission to CA1. It may also account for the inputs coming in from EC being
shown to be preferentially re-routed directly to CA2 (Kohara K et al., 2014); hence influencing
differential input signals to CA1 for further processing.

Thirdly, some extrahippocampal connections with CA2 are also unique. Some of the established inputs to
CA2, which contribute to its functionally distinct characteristics: PVN of the hypothalamus (Cui Z et al.,
2013; Zhang L et al., 2013) which provides vasopressinergic and oxytocinergic modulation of aggression
(Pagani JH et al., 2015; Leroy F et al., 2018), and implicated in the enhancement of social memory (Smith
Aetal., 2016; Tirko NN et al., 2018; Raam T et al., 2001; Oettl LL et al., 2016; Lin YT et al., 2018); the
SUM is suggested to provide regulation of oscillatory activity, stress response, novelty detection, and
various emotionally salient situations in general (Beck CH et al., 1995; Cullinan WE et al., 1996; Choi
WK et al. 2012, Cui Z et al. 2013, Kohara K et al., 2014; Ito M et al. 2009, Pan WX et al., 2002,
Wirtshafter D et al. 1998); and the MS and both vertical and horizontal limbs of the DBB (Cui Z et al.,
2013; Meibach RC et al., 1977; Yoshida K et al., 1995) provides cholinergic innervation; and are claimed
to be involved in regulating hippocampal plasticity (Drever BD et al., 2011).

When presented with a stimulus, detecting for signs of novelty comes online wherein CA2 is facilitated
by inputs from the SUM, a region prominently activated with high levels of c-Fos expression in response
to novel events (Ito M et al., 2009) and for the generation of synchronous hippocampal oscillations
(Kocsis B et al., 1994). It can be deduced that CA2 is selectively activated via the SUM in the presence of
novel stimuli, and receives memory-based representations from CA3 together with sensory information
conveyed from EC. A new CA2 neuronal population is then formed to transmit a novelty detection signal

to CAl.

With both nicotinic and muscarinic receptors prominently expressed in CA2, cholinergic inputs from
sources like the MS nucleus and both the vertical and horizontal limbs of the DBB are thought to
influence the enhancement of attention to the presented stimulus by elevating signal-to-noise ratio (Sarter
M et al. 2005). The resulting increased activity of the targeted CA2 neurons was shown to increase both
hippocampal inhibition and phase locking of pyramidal neurons to theta oscillations (Dannenberg H et al.
2015).

Separately, acetylcholine also plays a role in the inhibition of CA3 recurrent network via the signaling

action of muscarinic receptors (Hasselmo ME, 1999; Hasselmo ME et al., 2004); thus suggesting a
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common mechanism underlining circuits involving CA?2 that carry sensory-rich information will be

preferentially activated with stimulation.

While dCA2 output to the LS is classically known to inhibit aggression (Brady JVet al., 1953; Wong LC
et al.,2016), newer studies uncover a parallel projection circuit from dCA2 to LS that differentially
resulted in distinct social behaviors in mice. dCA2 projecting to the VMHvVI via the ventral LS (VLS) is
associated with inhibiting aggression (Anderson DJ, 2016; Hashikawa K et al., 2016; Lin D et al., 2011;
Falkner AL et al., 2016; Wong LC et al.,2016), while dCA2 projecting to dorsal LS (dLS) is associated
with the opposite effect of promoting aggression (Leroy F et al., 2018). The determining factor for the
more dominant pathway is hypothetically suggested to require the animal’s evaluation of memories from
past social experiences. Typically, the ability to discriminate and identify a novel social stimulus is likely
to induce aggressive behavior as compared to that of a familiar (Connor JL et al., 1977; Szenczi P et al.,
2012). In face with a novel stimulus, the circuit linking dCA2 to dLS will most likely be preferentially
activated, which in turn disinhibits the VMHVI for to initiate an aggressive social attack (Leroy F et al.,
2018). At this point, however, it remains unclear why this typical aggressive behavior is not usually
exhibit when animals face a novel female or a novel juvenile male stimulus; but it is likely attributed to
another projection activated from CA2 via the dLS to the ventral tegmental area that influences reward-
seeking behavior (Luo AH et al., 2011); which in turn, might preferentially activate the CA2-vLS-VMHvl

pathway to suppress aggression.

Incorporating both intra- and extra-hippocampal circuitry information and our findings in Figure 1, one
could potentially posit for the following activation of projection signaling between different brain regions
in a social interaction context: without a social stimulus, CA2 neurons are likely controlled by a default
repressed plasticity state, and function as a substrate for time coding that is sensitive only to changes in
local, but not global cues. However, when presented with a social stimulus, the following series of
changes are hypothesized to ensue. The clamp on synaptic communication is released as CA2 integrates
the social olfactory and associated valence signals from the olfactory bulb and piriform cortex via EC
layer II’s direct projection, and novelty signaling from SUM. On top of cholinergic signaling from MS
and the DBB, PVN’s oxytocinergic signaling will come into play to further amplify signal-to-noise ratio
to increase the stimulus’ saliency. CA2 neuron spatial firing will then undergo global remapping, where
the initial low resolution of social, and potentially temporal, information encoded by dCA2 neurons will
be further fine-tuned by downstream feedforward inhibition motifs and the OXTR-signaling pathway as it
traverses into iCA2, vCA2 and then to vCA1. Thereafter, it combines with the spatial and contextual

information encoded by dCA1 to be stored as a complete piece of high resolution social memory in
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vCAl. Should the presented social stimulus proved to be hostile, CA2, with the regulation from perhaps
PVN’s vasopressinergic signaling, would then likely send signals to dLS for the animal to take on an
aggression stance. Otherwise, the alternative parallel pathway of CA2 signaling to VMHvI via vLS to
suppress aggression, and/or a signaling pathway to VTA via dLS for reward-seeking behavior may be
activated instead. Our data provides one piece to a hypothetical circuit basis by demonstrating an
interdependence of dCA2 and vCA1; hence advocating this microcircuit comprising of two functionally

distinct regions of the hippocampus for the effective recall of social specification memory.

Despite the long-standing debate about whether the respective intrahippocampal segments can strictly be
ascribed to differential functions — dorsal versus ventral, and comparisons among the CA fields (Cave CB
et al., 1991; Nadel L, 1991; Kim JJ et al., 1992; Moser EB et al., 1998) — our finding can serve as
additional evidence that the differential contributions of dCA2 and vCA1 subserve a common behavioral
phenomenon despite being functionally different (Fanselow MS et al., 2010; Royer S et al., 2010;
Bannerman DM et al., 2014; Kjelstrup KG et al., 2002; Ciocchi S et al., 2015).
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2.3.2.2 Evaluation of “relay-like” projections within CA2 and their potential functional role in social
specification memory

Our findings have demonstrated that the connectivity from dCA2 to vCA1 is a “relay-like” projection
beginning from dCA2 to iCA2, iCA2 to vCA2, and then vCA2 to vCAT1 (Figure 2, A — F). This finding is
in contrast to another study’s claim that a direct projection from dCA2 to vCA1 exists (Meira T et al.,
2018). The discrepancy arising from our data is attributed to the differences in the amount of anterograde
tracing virus used, and the number of injection sites done in each subject for visualization of the
projection fibers using immunohistochemistry and electrophysiological studies with optogenetic
manipulation. While the difference in the serotype of the virus used can be negligible as it might be
compensated by the respective post-surgery down time for the subjects before experiments begin (Meira
T et al., 2018: rAAV2/5 EF1a.DIO.hChR2(E123T/T159C)-eYFP; 3 weeks or more post-surgery down
time; our experiment: AAV9.EF1a:DIO.hChR2(H134R).eYFP; 1 week post-surgery down time), their
study used 200nl of virus, injected bilaterally, in dCA2 of their CA2-Cre (a.k.a Amigo2-Cre) mice for
both immunohistochemistry visualizations of the projection and electrophysiological experiments. On the
other hand, our study used 100nl in dCA2; 50nl in iCA2; and 50nl in vCA2, injected unilaterally in
separate batches of our Map3k15-Cre mice. Using the specifications of 100nl, unilateral injection in
dCA2, we did not find any labeled projection fiber terminating in vCA1 region of the horizontal brain
slices obtained (Supplementary figure S4D; temporary example, not part of actual figure). Additionally,
our electrophysiological recording data using the same injection specifications as was done in dCA2 lends
support to our immunohistochemistry visualizations that there is no direct functional connection detected
from dCA2 to vCA1 (Figure 2I). Therefore, it is very likely that the large volume of virus which the
previous study injected into the relatively constricted area of dCA2 had leaked and extended its area of
infection to probably the iCA2 and vCA2 sub-regions. As such, it will be unsurprising to find projection
fibers terminating in vCA1 in their case; because the infected vCA2 would have projected fibers in vCA1

as did ours with the controlled amount of viral injection we administered into vCA2 exclusively.

To date, the discovery of a “relay-like” projection within the CA2 region is a novel finding. Each sub-
region consists of excitatory, and GABA-A and/or GABA-B inhibitory neurons (Figure 2G), and these
interneurons are very likely PV-positive (Erbs E et al., 2012; Botcher NA et al., 2014; Piskorowski RA et
al., 2013). Studies show that CA2 inhibitory transmission is highly plastic; and this plasticity facilitates
dis-inhibition (Nasrallah K et al., 2015; Nasrallah K et al., 2019) in an input-timing-dependent manner.

As such, it increases CA3 signal transmission, which in turn recruits CA2 pyramidal neurons for
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downstream signaling. Hence, the combined findings that CA2 pyramidal neurons has strong excitatory
connections with deep CA1 pyramidal neurons (i.e. those closer to SO) (Kohara K et al., 2014), and that
CAZ2 recruits feed-forward inhibition exclusively in deep CA1 area by means of controlling its EPSP
shape and amplitude (Valero M et al., 2015; Nasrallah K et al., 2019), suggest that these CA2
interneurons potentially play a crucial role in: 1) influencing both the recruitment of similar/dissimilar
populations of pyramidal neurons for information transfer to downstream deep CA1 areas, as well as 2)
their firing profiles and magnitudes. Both of which may be able to explain the observations obtained in

our social specification memory data (Figure 3).

Despite the extensive viral infection used to claim direct connectivity between dCA2 and vCA1 (500 nl,
bilateral; Meira T et al., 2018), they do value-add to existing literature in showing the effect of CA2 PV-
positive interneurons on the magnitude of vCA1 neuronal activity. As a result, their findings indirectly
offer a putative mechanism to explain our findings: from CA2 to vCA1, anatomical connection exists for
social-specific information transfer (Figure 1, O — R) except that we found it depicted in “relay-like”
projections superimposed onto an inhibitory network within CA2 (Figure 2, D — F; Figure 3, S —T). The
repeated feed-forward inhibition motif in each of the relay sub-regions within CA2 could likely contribute
to “shape” the neuronal activity in vCA1. All in all, our presented discovery (Figure 2; Figure 3) propose
that a feedforward inhibitory network projecting in a “relay-like” structural organization within CA2
suggests a functional role in the refining information transmission to facilitate signaling to downstream

vCAL for the formation of distinct memory engrams.
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2.3.2.3 Evaluation of feed-forward inhibitory network in CA2 for social memory specification

Feed-forward inhibition is a key component for complex neural network operations in the sharpening of
cognition and sensory perception (Hu H et al., 2014, Buzsaki G, 1984; Cayco-Gajic NA et al., 2019;
Papadopoulou M et al., 2011; Stefanelli T et al., 2016). These processing systems generally involve the
regulatory action from intrinsic GABAergic neurons beginning from the first relay site of sensory
processing e.g. the olfactory bulb for the olfactory pathway, lateral geniculate nucleus for the visual
pathway, and the cochlear nuclei in the brain stem for the auditory pathway (Brennan PA et al.,1997;
Hirsch JA et al., 2015; Keating P et al., 2015). The common feature of GABAergic neuronal activity on
mammalian sensory systems is that they facilitate pattern separation for a higher resolution of

downstream signaling.

As examples, a sub-population of somatostatin (SST)-positive neurons has been shown to mediate
feedforward inhibitory drive to the basolateral amygdala for a gain in sensory-to-valence association
(BLA) (Guthman EM et al., 2020). Disruption of GABAergic inhibitory neurons in the tectal cells of
pigeons affected the feedforward convergence of receptive fields underlying visual orientation selectivity
(Li DP et al., 2007). Optogenetic activation of parvalbumin interneurons is shown to sharpen the tuning of
orientation-selective cortical neurons in the visual cortex of the mouse, which improved stimulus
discrimination (Lee SH et al., 2012). The firing patterns conveyed from olfactory receptor neurons are
further shaped and refined by local inhibitory neurons from the antennal lobe in the locust (Raman B et
al., 2010). In the primary auditory cortex of the adult cat, rat, and mouse, both the frequency tuning and
intensity tuning profiles of excitation and inhibition are found to be similar in most cases; in which
GABAergic inhibitory activity is shown to scale proportionately with the magnitude of tone-induced
excitation to construct and refine auditory critical bandwidth properties (Dorrn AL et al., 2010; Froemke

R etal., 2013; Wehr M et al., 2003; Tan AY et al., 2009).

The notion of such ubiquitous feedforward motif in the brain also applies to the hippocampus. An in vitro
study showed that the feed-forward inhibition by PV interneurons narrows the window for temporal
summation of EPSPs and action potential initiation in hippocampal CA1 pyramidal neurons (Pouille F et
al., 2001). In vivo optogenetic manipulation of PV-positive interneuron shows that these interneurons
regulate both the precise shape of place fields and the phenomenon of phase precession in CA1 pyramidal
neurons (Royer S et al., 2012). Similar to spatial representation, Island cells in the EC tune temporal

associations between multiple episodic memories through the feed-forward inhibition in the hippocampal
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stratum lacunosum (SL) interneurons for regulating CA1 pyramidal neurons (Kitamura T et al., 2014).
Hippocampal interneurons are also shown to be involved in generating various rhythms throughout the
hippocampal structure (Gloveli T et al., 2005; Korotkova T et al., 2010; Stark E et al., 2014); and play a
role in improving signal-to-noise ratio and fine-tuning of pyramidal neuron activity as well (Basu J et al.,
2013; Owen SF et al., 2013; Piskorowski RA et al., 2013). Activation of OXTR-signaling pathways are
also shown to augment GABAergic transmission throughout the different subfields of the hippocampus
including the DG (Harden and Frazier, 2016), CA2 (Nasrallah K et al., 2015; Leroy F et al., 2017; Tirko
NN et al., 2018; Nasrallah K et al., 2019), and CA1 (Zaninetti M et al., 2000; Owen SF et al.,

2013; Maniezzi C et al., 2019) regions. OXTR expression and their resulting effects across interneuron
subtypes is suggested, in the example of OXTR depolarizing fast-spiking hippocampal CA1 interneurons
in the pyramidal layer and SO, but not affecting regular-spiking interneurons there, to fine-tune

feedforward inhibition (Owen SF et al., 2013).

In CA2, majority of the interneurons are found to be delta opioid receptor (DOR)- expressing PV-positive
in mice (Botcher NA et al., 2014; Piskorowski RA et al., 2013) and humans (Andrioli A et al., 2007,
Benes FM et al., 1998). They are the main contributors to the strong default inhibitory control over CA2
pyramidal neurons, which receive a much higher density of PV-positive inhibitory synapses compared to
neighboring CA3 or CAl pyramidal neurons (Ribak CE et al., 1993); thereby resulting in an immense
feedforward inhibition observed in CA2 with stimulation in the Schaffer Collaterals (Chevaleyre V et al.,
2010). Using our social specification behavior paradigm, where the subject mice had successive epochs of
interaction with either re-exposure of same mouse or with different mice in respective epochs, we were
able to visualize neuronal populations correlating to stimuli in the re-exposure or different exposure
sessions (Figure 3B). Re-exposures to the same mouse resulted in formations of neuronal populations
with a high degree of overlap in reactivated neurons from the first interaction epoch; while exposures to
different mice resulted in formations of distinct neuronal populations, correlating to different mice, with a
relatively lower degree of overlap in reactivated neurons. Interestingly, extent of population segregation is
not uniform throughout the entire CA2 region; but rather becomes progressively segregated beginning
from dCA2, iCA2, to vCA2 to form increasingly distinct neuronal populations (Figure 3, K — L). As there
is no prior data on the functional role of CA2 local interneurons in modulating such progressively specific
neuronal populations, we chemogenetically disrupted the early relay stations of the inhibitory network
(i.e. dCA2 and iCA2) in SLC32-Cre mice during one of the activity-dependent labeling epochs (Figure 3,
M - N, P —R) to investigate the downstream effects on social specification memory in vCA1. Results
show a failure to recall the ChR2-labeled familiar mouse despite optogenetic excitation in downstream

vCA1 as opposed to WT controls that maintained social specification memory for both familiar mice
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(Figure3, S — T). Based on the higher proportion of reactivated neurons visualized (Figure 30), the
impaired social specification memory observed in the SLC32-Cre group is likely attributed to the fact that
the supposedly distinct neuronal populations correlating to different mice in vCA1 had become
indistinguishable — as though they were the same mouse. Our experiments provide a circuit element
mechanism to show that repeated CA2 local interneurons (plausibly PV-positive interneurons) are
involved in modulating and shaping the population codes correlating to each social stimulus, such that
they become progressively distinct from dorsal to ventral CA2 before being transmitted to vCA1 to be

stored as separate neuronal populations for subsequent recall.

It has been suggested that the circuit mechanism for hippocampal information transmission lies in the
plasticity of local inhibitory network of CA2. It mediates a dis-inhibitory increase in the recruitment of
CA2 pyramidal neurons for information transfer within the hippocampus to facilitate social memory
(Nasrallah K et al., 2015). This is supported by a subsequent study that conducts immediate in vitro
recordings after an epoch of a subject’s social interaction, with either a novel mouse or a familiar
littermate, found that the interaction with a novel mouse resulted in a significantly smaller feedforward
inhibition magnitude as compared to that with a familiar littermate (Leroy F et al., 2017). Hence, it is
probable that a dampened feedforward inhibition is one way to recruit CA2 pyramidal neurons for
downstream signaling. Although the data in the latter study did not test for long-term memory (i.e. 24-
hour interval before novelty exposure), it provides an insight to the circuit mechanism of CA2
interneuron’s modulatory effect on pyramidal neuron activity during the encoding phase of a stimulus,

especially a novel stimulus.

Several questions regarding the suggested circuit mechanism remained unanswered: how is the described
inhibitory modulation mechanism intrinsically social? Is the induced depression of feedforward inhibition
a homogenous phenomenon throughout dCA2, iCA2, vCA2 during information encoding, or do the
different relay stations employ dissimilar modulatory mechanisms at each stage for refinement of the
transmitted signal (as evident from the varying degrees of neuronal population segregation)? While we
may be able to attempt addressing the former in the following sub-section, the latter will continue to

remain a mystery to be investigated in future studies.
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2.3.2.4 Evaluation of OXTR signaling effects in CA2 on social memory specification

Neuromodulators act on distributed neural circuits to generate and store specific patterns of activity
within neuronal ensembles important for behavioral performance. Blocking the activity of these
neuromodulators systemically or specifically in their sensory cortex terminal fields can prevent
associative and perceptual learning (Fletcher ML et al., 2002; Kroon JA et al., 2009; Letzkus JJ et al.,
2011). For example, oxytocin release in the lateral central amygdala activates a subset of interneurons that
inhibit pyramidal output neurons in the medial part of the central amygdala, which in turn facilitates the

regulation of anxiolytic effects of oxytocin (Knobloch HS et al., 2012; Viviani D et al., 2011).

Studies that demonstrate the effects of OXTR signaling in social memory include techniques targeting
ablation of OXTR using viral Cre recombinase injected into OXTR-expressing regions floxed OXTR
mice to target DG, CA3a and CA2 (Raam T et al., 2017); or targeting ablation of OXTR specifically in

CA2/CA3aneurons (Lin YT et al., 2018) showed impaired social discrimination in the former, and

impaired long-term social memory in the latter. Sociability, non-social hippocampal-dependent memory

(Raam T et al., 2017), anxiety-like behavior in the open field, elevated plus maze, and novelty suppressed

feeding tests (Lin YT et al., 2018) were all unaffected in those experimental groups of mice. Therefore,
these two keynote studies prove that the activation of OXTR-related pathways in the hippocampus are
crucial for regulating a functional social recognition memory — parallel to findings that implicate
hippocampal CA2 in social behavior (Wersinger SR et al., 2002; Young WS et al., 2006; Hitti F et al.,
2014; Pagani JH et al., 2014; Stevenson EL et al., 2014; Smith A et al., 2016).

In addition to that, there are also studies investigating the mechanisms of OXT-OXTR signaling that
could provide insights to the fluctuations in physiological activity recorded from excitatory and inhibitory
neurons. OXTR inactivation studies revealed the involvement of both excitatory and inhibitory neurons in
the hippocampus where they are expressed (Tirko NN et al., 2018; Owen SF et al., 2013). By uncovering
a direct anatomical projection for OXT release into CA2 from the PVN, and then activating those
oxytocinergic projections into CA2 for electrophysiological recordings, it was illustrated that the
regulation of the resultant OXTR signaling pathway caused repetitive firing in CA2 (Tirko NN et al.,
2018). Of those, the most relevant results for our study are probably the ones showing that the activation
of oxytocinergic inputs coupled with OXTR signaling excites CA2 pyramidal neurons by likely

modifying the rapid conductance with hyperpolarizing influence on resting membrane potential to
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enhance excitability (Illustration 3, Figure 5G from Tirko NN et al., 2018). At the same time, OXTR
signaling induced an enhancement of inhibition onto CA2 pyramidal cells by counteracting the OXT- or
TGOT (OXTR agonist)-driven membrane depolarization duration; resulting in a change in burst firing
patterns in CA2 with an elevated intra-burst frequency and shortened burst duration (Illustration 4, Figure
7 from Tirko NN et al., 2018). These effects may be evidence to demonstrate the synergistic effects of
OXTR signaling and GABAergic inhibition to promote rapid repetitive firing in pyramidal cells (Cardin J
et al., 2009). In a different hippocampal region, it was found that both CA1 pyramidal neurons and
parvalbumin (PV) -positive interneurons were directly and independently responsive to the OXTR-
selective agonist, TGOT, which was applied as well (Owen SF et al., 2013); suggesting that it may also
share similar modulatory mechanisms as that for interneurons and OXTR signaling in CA2. Together, the
combination from the two studies show that the overarching function of OXT-driven OXTR signaling
culminates to a net enhancement in excitability of CA2 pyramidal cells, which then drives a bursting
pattern output projected at CA1 neurons to favor excitation over inhibition; while the input from
GABAergic inhibitory neurons complements the effect by increasing the intensity of the OXT/TGOT-

induced bursts.
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[lustration of Figure 5G, showing a proposed mechanism underlying TGOT (OXT analog) action on

CA2 pyramidal neurons.

(Adapted from Tirko NN et al., 2018)
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pyramidal neurons during control (red) and gabazine (black) conditions.

(Adapted from Tirko NN et al. 2018)

Although these findings claimed to provide the cellular mechanism between the two types of behavioral
observation: the loss of social recognition function in CA2/CA3a-specific OXTR knockout mice (Raam T
etal., 2017; Lin YT et al., 2018) and the loss of social recognition in CA2-silenced mice (Hitti F et al.,
2014), the actual behavioral effects posited by the proposed modulation of CA2 output to CA1 due to
OXTR signaling (Tirko NNet al., 2018) remains to be demonstrated. Additionally, while the findings of
an amplified information transfer from dCA2 to CA1 facilitated by OXTR signaling claimed to reconcile
genetic and anatomical literature specific to social recognition memory, its results are based on recordings
done in dorsal CA1 (dCA1) (Owen SF et al., 2013) not ventral CA1 (vCA1); hence unable to explain for
previously shown evidence of social memory being stored in vCA1, and not dCA1 (Okuyama T et al.,
2016). Therefore, it remains to be proven if the suggested mechanism of an amplified, dCA2 output to
vCA1 — the storage site of social recognition memory — via the effects from OXTR-signaling in both CA2

excitatory and inhibitory neurons can be demonstrated in behavior.

Our experiments attempted such an investigation by first demonstrating with loss-of-function via the
ablation of OXTR to reveal that the effects of OXTR-signaling in both dCA1 pyramidal and GABAergic
neurons are negligible in social recognition memory in contrast to that in CA2 and vCA1 pyramidal
neurons (Figure 4, F — K). This, however, does not preclude the possibility that GABAergic interneuron
activity per se is necessary in modulating social information processing for recall, since a reduced
feedforward inhibition magnitude recorded for a novel mouse compared to that for a familiar littermate is
suggestive of the important regulatory contributions from those interneurons. (Leroy F et al., 2017). With

OXTR signaling shown to induce heightened intra-burst frequency of shortened burst duration in CA2
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pyramidal neurons (Tirko NN et al., 2018), we hypothesized that OXTR-signaling in CA2 relay stations
is necessary for forming distinct neuronal ensemble representations of multiple distinct conspecifics.
Using conditional ablation of OXTR only in the early relay stations of CA2 in OXTR™ 1 mice, we put
them through our social specification behavior paradigm for both visualization of neuronal populations,
and optogenetic reactivation to test for recall of one of the familiar conspecifics in separate experiments.
Despite sparing vCA2 — the sub-region that could form the highest degree of neuronal ensemble
segregation in CA2 — results showed that ablation of OXTR, and hence the disruption of OXTR-signaling
in CA2 excitatory neurons of early relay stations, gives rise to indistinct neuronal populations denoted by
the high proportion of reactivated neurons relative to controls (Figure 4, L — N). Consequently,
optogenetic reactivation of the labeled conspecific from one of the two different interaction epochs is
futile since there is no committed social memory engram for that labeled conspecific to be manipulated as
shown (Figure 4, O — S). Together, our results show that OXTR-signaling plays a crucial role in the
circuit element mechanism of forming distinct population ensembles for the eventual recall of a particular

conspecific from previously familiarized multiple ones.
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2.3.2.5 Evaluation of feedforward inhibition and OXTR signaling effects (E-I contributions) for social
memory specification

Thus far, we have demonstrated three main components contributing to the circuit element mechanism for
social memory specification in the dCA2-vCA1 hippocampal microcircuit: 1) dCA2-vCA1 functional
dependency in a “relay-like” manner from dCA2, iCA2, vCA2, to vCA1; 2) feedforward inhibition from
CA2 GABAergic interneurons and 3) OXTR-signaling modulation in excitatory pyramidal neurons;
where feedforward inhibition and OXTR-signaling modulation are contributive factors at every stage of
the relay projection in CA2 for the formation of distinct social memory engrams for individual social
stimuli. While various studies have also implicated CA2 and vCA1 respectively in social memory (Raam
Tetal.,2017; Lin YT et al., 2018; Hitti F et al., 2014; Stevenson EL et al., 2014; Owen SF et al., 2013;
Smith A et al., 2016; Leroy F et al., 2017; Tirko NN et al., 2018), we are the first to show that the ability
to recall specific individual stimuli from the social engram storage site in vCA1 is dependent on prior
encoding in CA2 which fine-tunes for a segregation of respective population codes via a relay projection

from dCA2, iCA2, to vCA2.

Existing literature seems to show three distinct regulatory mechanisms in CA2 in which GABAergic
interneurons and OXTR signaling effects could likely shape responses of downstream pyramidal neurons:
A) reduction of feedforward inhibition magnitude upon detection of social novelty (Leroy F et al., 2017,
Nasrallah K et al., 2019); B) excitation of pyramidal neurons by OXTR signaling — likely via the
modification of rapid conductance with hyperpolarizing influence on resting membrane potential to
enhance excitability; and C) an enhancement of inhibition from interneurons onto pyramidal cells by
OXTR signaling — counteracting the OXT- or TGOT-driven membrane depolarization duration to elevate
intra-burst frequency and shorten burst duration (Tirko NN et al., 2018). Also, in vCA1, PV-positive
neurons are shown to be implicated in the recall phase of social memory, and that they displayed higher
neuronal activities when a novel mouse is approached as compared to a familiar one; thereby implying a
role in social memory discrimination (Deng X et al., 2019). While it is tempting to rationalize our data by
adopting the mechanisms described in those literature on the modulatory effects attributed to feedforward
inhibition and OXTR signaling in inhibitory and/or excitatory neurons of CA2 (Owen SF et al., 2013;
Leroy F et al., 2017; Tirko NN et al., 2018), it remains a far stretch to bridge because the experimental
paradigms used in theirs and our work are different. Indeed, we are able to provide evidence that the
inhibitory network is one that is feedforward in nature within area CA2; and that engram reactivation

techniques provided the means to show both feedforward inhibition and OXTR-signaling induction of
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enhanced excitation in pyramidal neurons are pivotal components for social memory specification in the
dCA2-vCA1 hippocampal microcircuit. However, it remains a possibility that OXTR-signaling may have
a modulatory effect on interneurons in CA2 to influence the disambiguation of different neuronal
populations formed for social specification memory. Although not tested in our study, it is possible to
probe for this by injecting a CRE virus driven by the interneuron-specific promoter, mDIX, into the early
relay segments of CA2 (dCA2 and iCA2) of OXTR™1°* mice; and subject them to the social
specification behavior paradigm. The hypothesis here is that, when presented with the need to encode
multiple conspecifics in different epochs of interaction, OXTR signaling could be engaged to modulate
both the excitability of certain populations of pyramidal neurons, elevate their intra-burst frequency and
shorten their burst durations via the enhancement of interneurons so that CA2 can be initialized to

separately encode and hold the respective social information for transmission to downstream vCAI.

These studies also strongly suggest the notion of maintaining excitation-inhibition (E-I) balance within
the microcircuit for an effective behavior readout (i.e. ability to recall a specific previously familiarized
individual among other interacted, familiar individuals). The concept of a maintained E-I balance is not
new. It is imperative for brains to equilibrate between excitatory and inhibitory synaptic inputs; and
whose integration in the organization of neural circuits is the key for sustaining healthy normal functions
(Atallah BV & Scanziani M, 2009; Wehr M et al., 2003; Yizhar O et al., 2011; Vogels T & Abbott L,
2009; Deneve S & Machens C, 2016). As examples, E-I balance maintenance has been shown to be vital
in: responses to varying tones in auditory cortex (Wehr M et al., 2003; Zhang LI et al., 2003), refinement
of visual spatial receptive fields (Tschetter WW et al., 2018), whisker stimulation in somatosensory
cortex (Wilent WB et al., 2005), during cortical up states in vitro and in vivo (Shu 'Y et al., 2003; Haider B
et al., 2006), sensorimotor gating deficit seen in Npas4-knockout mice (Spiegel I et al., 2014; Coutellier
L et al., 2012); and in various disease models such as autistic-like social behaviors, tuberous sclerosis
complex, and despair-like behaviors (Gkogkas CG et al., 2013; Peca J et al., 2011; Kouser M et al., 2013;
Olmos-Serrano JL et al., 2010; Gogolla N et al., 2014).

However, one common limitation to the strategy for understanding and tackling problems pertaining to E-
I balance is that researchers often are manipulating either the excitatory or inhibitory component of the
equilibrium state at any given point of investigation; and rarely perturbing both at the same time to mimic
naturalistic simultaneous inputs coming from both excitatory and inhibitory sources. For our manipulation
using the social specification behavior paradigm to probe for E-I components, additional technical

difficulties that occlude a more in-depth investigation includes: disambiguating the relative contributions
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of engram-specific and non-engram specific GABAergic inhibition in CA2; which of those GABAergic
interneurons are co-regulated by OXT and OXTR-signaling for downstream signaling onto engram-
specific pyramidal neurons; titrating for the temporal window when OXTR-signaling enhancement of
excitatory activity for forming engram-specific neuronal populations occur; and recording or visualizing
the combined effects of the respectively modulated excitatory and inhibitory inputs onto engram
populations in each relay segment in CA2 for the progressive segregation of different social engrams. The
fact that even using a double transgenic mouse expressing Cre for both CA2-specific genes and
interneurons will not be ideal enough to serve our purpose; and that majority of the interneurons in CA2
are PV-positive makes it difficult to simply eyeball for patch recording, confound the problem further.

Consequently, those knowledge gaps may go unsolved until the next technology advancement.

Nonetheless, we are able to show, for the first time, the pivotal roles of OXTR-signaling modulations on
excitatory inputs and GABAergic inhibitory inputs in social memory and its specification — both of which
regulate the appropriate balance of excitation and inhibition (E/I) in the dCA2-vCA1 hippocampal
microcircuits. Both E/I imbalance and social familiarization impairments are hallmark symptoms of
autism spectrum disorder (ASD) (Lee E et al., 2017), where extensive human ASD meta-analyses studies
had identify OXTR as a gene heavily implicated in ASD (LoParo D et al., 2015). Our findings could

potentially push frontiers to inspire the advancement of ASD treatment.
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2.3.2.6 CA2 — a region for disease pathology and etiology

Given the documentation of CA2’s intrinsic properties as well as its intra- and extra-hippocampal
connections, it allows the speculation that CA2 is likely involved in modulating a vast variety of
neuromodulators — including but may not be limited to those involving substance P, OXT, AVP, and
opioids — whose alternation or disruption might attribute to disease. On top of this, the PV-positive
interneurons in CA2 have been shown to undergo long-term depression with the activation of delta-opioid
receptor (Piskorowski RA & Chevaleyre V, 2013); which would consequently result in an enhanced
excitatory drive from CA3 to CA2 (Nasrallah K et al., 2015). Furthermore, CA2’s circuitry of inhibitory
neurons, which comprises of a relatively larger density of PV, somatostatin (SST), calbindin, and
vasoactive intestinal polypeptide (VIP) interneurons as compared to those in CA3 and CA1 (Botcher NA
et al., 2014) places CA2 in a position whereby perturbations to the delicate E-I balance of the network

could potentially spin off clinical-related repercussions.

Demonstrated using mice model studies, CA2 lesions or the silencing of CA2 pyramidal neurons do result
in impaired social recognition memory (Hitti F et al., 2014; Stevenson EL et al., 2014); and this gives rise
to the notion that CA2 is one of the crucial regions for normal social behavior. With social behavior being
one of the major symptoms seen in the spectrum of ASD patients, it then strongly supports the fact that
CA2 dysfunction is possibly facilitating a fraction of its etiology. Even though further work needs to be
done in order to reach a consensus on the specific brain regions or structures that underlie ASD (Bauman
ML & Kemper TL, 2005), observations such as impairments especially in social memory (Boucher J et
al., 2012) and a likelihood of seizures (Deykin EY et al., 1979) reported in ASD patients established a
hypothesis for the involvement of the hippocampus in symptoms of ASD. Supporting that hypothesis are
notable studies showing that several genes, linked to ASD in humans, are differentially expressed in
lower levels CA2 compared to other hippocampal subregions in both the rodent and human brain,
including CDH10, CNTN3 and SHANK3 (Shen EH et al., 2012; Hawrylycz MJ et al., 2012). However, it
remains to be discovered if the expression of these genes during development stages in humans, as well as
the role of CA2 in rodent social behavior, will provide a comprehensive insight to how CA2 plays a part

in symptoms of ASD.

In humans, postmortem analyses have pinpointed specific alterations to CA2 and the resulting changes in
its activity which were observed in patients with psychiatric disorders. Evidence include the alterations in
gene expression patterns (Benes FM et al., 2007), and the specific loss of inhibitory neurons which upset

the normal E-I balance equilibrium (Benes FM et al., 1998; Zhang ZJ & Reynolds GP, 2002; Narr KL et
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al., 2004) — with an approximate 40% loss of those interneurons, particularly PV-positive ones, in CA2
from schizophrenic or bipolar disorder patients as compared to those in controls (Benes FM et al., 1998;
Zhang 7ZJ & Reynolds GP, 2002; Benes FM et al., 2007, Schobel SA et al., 2013). Researchers had also
successfully replicated some of the observable behavior symptoms in the spectrum of schizophrenia using
animal models; and found that these symptoms are confirmed to be attributed to a reduction in CA2 PV-
positive interneuron population (Berretta S et al., 2009; Piskorowski RA et al., 2016). A similar
consequence of reductions in CA2 PV-positive interneurons can be seen in postmortem cases of temporal

lobe epileptic patients (Andrioli A et al., 2007).

Despite the fact that disease-related symptoms and its pathology can be due to a combination of various
corticolimbic structures, the unmistakable abnormalities evident in interneuron density and gene
expression profiles in hippocampal CA2 seen in disorders such as ASD, schizophrenia, and epilepsy

strongly suggest that CA2 is a likely pivotal locus in some of their associated symptoms.
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2.3.2.7 CA2-Cortical brain regions for social memory

Apart from the anatomical connectivity between CA2 and the various subcortical brain regions that are
found to be involved in a variety of social-related memory and behaviors, CA2 also receive strong inputs
from cortical brain regions which in turn affects downstream transmission and processing of social
information. One widely-documented cortical region with direct projections to CA2 is the MEC and LEC
layers II; wherein MEC provides spatial input, while LEC provides non-spatial input which are
contributed mainly from the olfactory bulb and the piriform cortex (Kitamura T et al., 2015; Petrulis A et
al., 2005; Chevaleyre V et al., 2010; Jones MW et al., 2011; Caruana DA et al., 2012; Kohara K et al.,
2014; Mankin EA et al., 2015; Dudek SM et al., 2016; Boeijinga PH & Van Groen, 1984). The pyramidal
neurons in CA2 have also been reportedly claimed to project back to MEC layer II (Rowland DC et al.,
2013); thereby possibly establishing a reciprocal projection with EC. The presence of such a direct
projection route from EC to CA2, which runs in parallel alongside the neo-classical “quadsynaptic”
pathway (i.e. DG>CA3->CA2->CAl) and a variant of another trisynaptic pathway bypassing CA3 (i.e.
DG—=>CA2->CAl), is notably a projection route that provides a much stronger excitatory stimulation to
CA2 pyramidal neurons as compared to that from their Schaffer Collateral inputs (Chevaleyre V et al.,
2010). The presence of such a direct information transmission between CA2 and a cortical brain region
could perhaps facilitate in minimizing the loss in sensory information during transmission for a more
precise social recognition memory (McNaughton BL et al., 2006; Rowland DC et al., 2013) and social

specification memory.

There are also other important and relevant cortical brain regions that, despite not directly connected to
CA2 anatomically, are critical components of the larger “social brain network™ evident from findings in

both human and rodent studies.

The prefrontal cortex (PFC) has been implicated in a range of behaviors including social behavior in
humans (Duncan J and Owen AM, 2000; Wood JN et al., 2003), where different regions of PFC are said
to govern different categories of social cognition. For instance, the medial PFC (mPFC) region has not
only been extensively to be associated to social behavior; and is also related to perceptions of others,
perceptions of self and similar others (Johnson SC et al., 2002; Mitchell JP et al., 2006; Mitchell JP,
2009); the ventromedial PFC (vmPFC), which also encompasses the medial orbital cingulate cortex
(mOFC) and the perigenual anterior cingulate cortex (ACC) is shown to be associated with social
motivation, reward and prosocial behavior (Chevallier C et al., 2012; Meyer-Lindenberg A & Tost H,
2012; Moor BG et al., 2010; Lin A et al., 2012); mPFC and the dorsomedial PFC (dmPFC) is implicated
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in acquiring, evaluating and judging mental states of self and others, moral decision making, and empathy
(Amodio DM & Frith CD, 2006); and that the mPFC, vmPFC and dorsolateral PFC (dIPFC) are shown to
be involved in the social cognition of perceiving, evaluating and behaving appropriately in social
hierarchies where it is suggested that mPFC and vimPFC may be important for mediating appropriate
behaviors given changes in hierarchies (Karafin MS et al., 2004), while dIPFC could be important for
understanding the self’s place in a given hierarchy (Zink CF et al., 2008). These data obtained from
human studies can then be compared to that done on rodents based on the notion that the evolutionarily

conserved regions of the mPFC do facilitate social behavior across species.

Regions of the human mPFC do share certain degrees of homology with regions of the rodent mPFC: the
rodent prelimbic cortex (PL) is considered homologous with the human’s mPFC and vmPFC regions
(Riedel G et al., 2009; Wise SP, 2008); the rodent infralimbic cortex (IL) is deemed homologous with the
human’s vmPFC (Wise SP, 2008); the rodent mOFC is considered homologous with the human mOFC
(Preuss TM, 1995); the rodent ACC is considered homologous to the human dmPFC and parts of dorsal
ACC (Wise SP, 2008). Using the rodent model, earlier lesion studies done on the rodent PFC do
corroborate with human data which implicates PFC in social cognition and motivation. For example,
rodent OFC lesions have shown to disrupt social play behavior and increase aggression (Pellis SM et al.,
2006; Rudebeck PH et al., 2007); and that ACC lesions disrupt social memory and decreases sociability
(Rudebeck PH et al., 2007). To bolster the relatively crude manipulations done via lesion studies, whole
brain c-fos activity in a social context revealed that the rodent PFC does correlatively activate given a

social interaction context (Kim Y et al., 2015).

Unfortunately, there has been no compelling evidence that PFC, much less the subregions of PFC, plays a
role in social recognition to date. However, given the fact that PFC is both densely interconnected
amongst its subregions and connected to other cortical and sub-cortical brain regions which include nodes
belonging to the “social brain network” e.g. amygdala, VTA, NAC, hypothalamus, changes to its

microcircuit activity could serve to influence and/or modulate a diverse spectrum of social behaviors.

Neuromodulators such as ACh acting in the rodent PFC mediate social motivation (Avale ME et al.,
2011); while OXT has been shown to mediate social affiliation via regulation of E-I balance in the
auditory cortex (Marlin BJ et al., 2015) and modulation of experience-based plasticity across sensory
cortices (Zheng JJ et al., 2014). Also, OXTR expressing neurons in mPFC was shown to specifically
regulate for female rodent’s social motivation in interacting with males (Nakajima M et al., 2014). Other

factors include genetic alterations which resulted in disrupting the E-I balance, both in general and PFC-
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specific, would ultimately lead to observations of ASD and schizophrenic-like symptoms. Generic gene
alterations that will broadly affect social behaviors include those that manipulate changes in NMDAR
expressions (Gandal MJ et al., 2012a; 2012b) and PV expression that mainly affect the interneuron
population (Wohr M et al., 2015; Lewis DA et al., 2005). On the other hand, social behaviors that have
been shown to be specifically attributed to PFC dysfunction includes the demonstration of rescuing
Shank3-deficient mutant mice using inhibition of cofilin specifically in the PFC, while inhibiting
NMDARSs in PFC is sufficient to replicate loss of social motivation (Duffney LJ et al., 2015); and that
Rett syndrome mutant mice have exhibited a mPFC-specific dysfunction of excitatory transmission

(Sceniak MP et al., 2015).

These findings, as a whole, demonstrate that deficiencies observed in animal models of social disorders
can be attributed to perturbations to the E-I balance in the PFC which stems from neuromodulatory and/or
genetic alterations. And since it has been found that several direct and indirect anatomical pathways link
the hippocampus and the PFC (Barbas H & Blatt GJ, 1995; Condé F et al., 1995; Hoover WB & Vertes
RP, 2007; Thierry AM et al., 2000; Rajasethupathy P et al., 2015), both PFC and the hippocampal regions
(including area CA2) may then influence the neuronal population activity across both regions for a
potentially amplified resultant effect to be observed on the behavioral level. Hence, it is imperative for
further studies to provide more conclusive and comprehensive insights in dissociating the functional
significance of PFC subregions, and their functional relationship with the various hippocampal

subregions, for social memory and social behaviors in general.
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2.4 Afterthoughts

By our definition, social recognition and social specification are two different processes. Social
recognition is the process of simply distinguishing the novel from the familiar; while social specification
can be classified as a more advanced form of recognition where the process involves distinguishing

amongst multiple familiar conspecifics.

As seen in the animal world, not all of them are equally conferred the ability for processing social
specification memory through evolution and/or adapting through natural selection. As examples, in the
msect realm, colonial insects such as ants and bees, noncolonial insects such as the wood cricket, and
others in between such as the aggregative common fruit fly learn to survive in the wild by means of social
information sharing via, for example, the emissions of chemical signals (Suh GSB et al., 2004). It is an
advantageous behavior in which these creatures adapt their behavior to the environment by extracting
knowledge from other conspecifics (Sumpter D, 2006; Leadbeater E et al., 2007; Coolen I et al., 2005;
Galef BG et al., 2005). On the other hand, for the more evolutionally-advanced insects like the queen
paper wasps, they not only exhibit the ability to recognize members versus non-members of her hive; but
also are able to visually discriminate amongst other familiar queens who became her “hive helpers” after
having lost in battle (Tibbetts EA, 2002; Sheehan MJ et al., 2008). Other social animals, including
mammals like primates, not only distinguish familiar conspecifics in their group from novel individuals
from other groups, but also utilize such information to establish kinship and hierarchical relationships
with the respective familiar within-group individuals. In humans, the processes of face recognition and
face verification are analogous to social recognition and social specification respectively. Facial features
and cues are processed via the fusiform face area for faces and the fusiform body area for body features
before being transmitted to higher order processing brain regions like the hippocampus for possibly
further refinement and integration into an episodic memory for retrieval when the occasion calls for it

(Schwarzlose RF et al., 2005).

Our study is the first to investigate social specification memory in the hippocampus, where this process
may involve different functional roles of the respective CA fields and their sub-regions, as well as
different modulatory elements. By designing a novel behavior paradigm for laboratory use, we are able to
provide a first glimpse in uncovering the anatomical sites for the formation and storage of social

specification memory, and its underlying circuit element mechanisms underlying this neural process.
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In this study, the application of the recently developed memory engram cell identification technique (Liu
X et al., 2012), various cell-type specific Cre mice, and the optogenetic and chemogenetic manipulation
techniques (Okuyama T et al., 2016, Liu X et al., 2012, Armbruster BN et al., 2007) enabled the
demonstration that different neuronal ensembles in vCA1 store social specification memories for different
familiar individuals. Although dCA2 processes social information essential for fine-tuning and
transmitting relevant social specification engrams for storage in the downstream vCA1, dCA2 itself has a
relatively less specific social memory at the neuronal population level. Our findings suggest that the
neural code of social representations may be translated from dense population coding in dCA2, probably
with rate and temporal coding, to sparse population coding in vCA1, via modulation from repeated feed-

forward inhibition motif and OXTR-signaling processes.
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2.5 Materials and Methods

Subjects

All experiments were conducted in accordance with U.S. National Institutes of Health (NIH) guidelines
and the Massachusetts Institute of Technology (MIT) Department of Comparative Medicine and
Committee of Animal Care (CAC). All animals were socially housed in a 12 h (7am - 7pm) light/dark
cycle, with food and water ad libitum. BALB/cJ (Stock No: 00651), C3H/HeJ (Stock No: 00659),
B6129SF2/J (Stock No: 101045), C57BL/6J, B6.FVB-Tg(Slc32al-cre)2.1Hzo/FrkJ (Slc32al-Cre, Stock
No: 017535), B6.129(SJL)-Oxtr™""Vs/J (Oxtr™1°* Stock No: 008471), and B6J.129S6(FVB)-
Slc32al1™ 9" Mwar] (Vgat-Cre, Stock No: 028862), were obtained from the Jackson
Laboratory. Tg(Oxtr-cre)ON66Gsat, (OxtR-Cre, Stock No: 036545-UCD) was obtained from Mutant
Mouse Resource and Research Centers (MMRRC). Map3k15-Cre transgenic line (Kohara K et al., 2014),
Trpc4-Cre transgenic line Okuyama T et al., 2016), and Wfs1-Cre transgenic line (Kitamura T et al.,
2014), were previously developed in our laboratory. All transgenic mouse lines involved in engram
reactivation experiments and FT-Slow analyses were raised on a 40 mg/kg doxycycline (Dox) diet until
the activated neuron labeling day. All Cre expressing mouse transgenic lines were maintained as

hemizygotes. All experiments were performed using male mice.

Adeno-associated viruses (AAYV)

AAV9-cfos:tTA was packaged by ViGENE Bioscience, with a titer of 1.4*10"13 genome copies/ml,
which was previously described (Roy DS et al., 2016). AAV9-TRE:ChR2-EYFP (2.0*10"13 genome
copies/ml) and AAV9-TRE:EYFP (1.5%10"13 genome copies/ml) were generated by and acquired from
the Gene Therapy Center and Vector Core at the University of Massachusetts Medical School, which
were previously described (Liu X et al., 2012). AAV9-eSARE:tTA was reproduced in the Tonegawa lab
and packaged by ViGENE Bioscience, with a titer of 1.19*10"14 genome copies/ml. The pAAV-hSyn-
DIO-HA-hM4D-WPRE plasmid was acquired from Bryan Roth at the University of North Carolina; and
packaged as 3.3*10"12 genome copies/ml AAV-hSyn-DIO-HA-hM4D-WPRE at the University of
Massachusetts Medical School Gene Therapy Center and Vector Core. AAV9-EF1a:DIO-
hChR2(H134R)-EYFP (AV-9-20298P) was generated by and acquired from University of Pennsylvania
Vector Core, with a titer of 1.6%10"13 genome copies/ml. pTRE:Fluorescent Timer (FT)-Slow was
obtained from Addgene (Plasmid No. 31915) and TRE:FT-Slow was previously cloned in AAV vector.
AAV9-TRE:FT-Slow was packaged by ViIGENE Bioscience, with a titer of 1.64*10"14 genome
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copies/ml, which was previously described (Okuyama T et al., 2016). The plasmid of AAV5-
TRE:histoneH2B-EGFP-2A-TVA receptor-2A-rabies glycoprotein (pAAV-TRE:H2B-EGFP) was
obtained from Addgene (Plasmid No. 27437) and the AAV was packaged by University of Massachusetts
Medical School (UMMS), with a titer of 1.4*10"13 genome copies/ml, which was previously described
(Okuyama T et al., 2016). The plasmid of pAAV-EFla:mCherry-IRES-Cre was obtained from Addgene
(Plasmid No. 55632) and packaged by ViGENE Bioscience, with a titer of 5.59*10"12 genome
copies/ml. AAVS5- CaMKlla:cre-GFP was generated and packaged by University of North Carolina
Vector Core, with a titer of 3.5%10"12 genome copies/ml. AAV9-hSyn:DIO-eArchT3.0-EYFP was
generated by and acquired from University of Massachusetts Medical School (UMMS), with a titer of
2.5*%10"13 genome copies/ml, which was previously described (Okuyama T et al., 2016). AAV9-
EF1a:DIO-EYFP (AV-9-27056) was generated by and acquired from University of Pennsylvania Vector

Core, with a titer of 2.93*%10"13 genome copies/ml.

Stereotaxic surgery

Methods for stereotaxic surgery were described previously (Okuyama T et al., 2016). Stereotactic viral
injections, microendoscope implants, and optic fiber implants were all performed in accordance with
MIT’s CAC guidelines. Mice were anaesthetized using 500 mg/kg avertin. Viruses were injected using a
glass micropipette attached to a 10 ml Hamilton microsyringe through a microelectrode holder filled with
mineral oil. A microsyringe pump and its controller were used to control the speed of the injection. The
needle was slowly lowered to the target site and remained for 3 min after the injection. Three jewelry
screws were placed on the skull surrounding the implant site of each hemisphere to provide additional
stability. A layer of adhesive cement was applied followed by dental cement to secure the optical fiber
implant. A cap made from the top part of an Eppendorf tube was used to protect the implant. The incision
was closed with sutures. Mice were given 1.5 mg/kg metacam as analgesic and remained on a heating pad
until fully recovered from anaesthesia. Mice were allowed to recover for 2 weeks before all subsequent

experiments.

Bilateral viral delivery was used for behavioral experiments and unilateral for in vitro patching
experiments. All coordinates are relative to Bregma: vCA1 injections were targeted to (AP: - 3.40 mm,
ML: + 3.70 mm, DV: - 4.70 mm). vCA1 implants were placed at (AP: - 3.40 mm, ML: &+ 3.70 mm, DV: -
4.50 mm). dCA2 injections were targeted (AP: - 1.60 mm, ML: = 1.60 mm, DV: - 1.70 mm). iCA2
injections were targeted to (AP: - 3.10 mm, ML: + 3.95 mm, DV: - 3.00 mm). vCA2 injections were
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targeted to (AP: - 3.00 mm, ML: + 3.10 mm, DV: - 4,70 mm). Custom vCA1 and dCA2 implants
containing optic fibres (200 mm core diameter; Doric Lenses) were lowered above the injection site
(vCALl, AP: - 3.40 mm, ML: + 3.70 mm, DV: - 4.50 mm; dCA2, AP: - 1.60 mm, ML: £+ 1.60 mm, DV: -
1.50 mm).

For behavioral experiments, just before the AAV injection, the AAV mixtures were prepared from stock
solution. AAV9-cfos:tTA and AAV9-TRE:ChR2-EYFP mixture volume (AAV9-cfos:tTA was diluted by
factor of 6 with 1x PBS; and mixed with AAV9-TRE:ChR2-EYFP in 1:1 ratio) was 200nl for vCAL.
AAV9-eSARE:tTA and AAV9-TRE:ChR2-EYFP mixture volume (AAV9-eSARE:tTA was diluted by
factor of 100 with 1x PBS; and mixed with AAV9-TRE:ChR2-EYFP in 1:1 ratio) was 100nl for dCA2.
AAV9-hSyn-DIO-HA-hM4D-WPRE volume was 50nl for dCA2 and iCA2. For SDT (Fig. S2), the
injection volume AAV9-hsyn:DIO-eArchT3.0-EYFP and AAV9-hsyn:DIO-EYFP volume were 100 nl
for dCA2. AAV-EF1a:Cre volume was 200nl for vCA1. AAV5- CaMKlIla:Cre-GFP volume was 200nl
for vCAL.

For in vitro patching experiments, the injection volume of AAV9-EF1a:DIO-hChR2(H134R)-EYFP was
100nl for dCA2, 50nl (diluted 1:5) for iCA2, and 50nl for vCA2. For showing the neural connection from
iCA2 to vCA2, the 1:5 diluted AAV (AAV9-EF1a:DIO-ChR2-EYFP) was used, since injection of the
undiluted virus in iCA2 showed a significant drop in cell viability in vCA2, owing to the close proximity

of 1ICA2 and vCA2.

For FT-Slow reactivation overlap experiments, bilateral viral delivery of viral mixture comprising of
AAV9-eSARE:tTA, AAV5-hSyn:DIO-H2B-EGFP and AAV9-TRE:FT-Slow (AAV9-eSARE:tTA was
diluted by factor of 100 with 1x PBS; AAV5-hSyn:DIO-H2B-EGFP was diluted by a factor of 3 with 1x
PBS; and both are mixed with AAV9-TRE:FT-Slow in 1:1:1 ratio). The volume for the viral mixture was
100 nl for dCA2, and 150nl for iCA2, and vCA2 respectively in Map3k15-Cre transgenic mice. AAVS5-
CaMKIla:Cre-GFP volume was 150nl for dCA2 and iCA2.
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Histology and immunohistochemistry

Methods for immunohistochemistry were previously described (Okuyama T et al., 2016). Briefly, adult
mice were transcardially perfused with 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS).
50 um brain sections were prepared using a vibratome, followed by incubation in 0.3% Triton-X PBS
with 5% normal goat serum for 1 hour at room temperature (RT). Primary antibodies were added to 5%
Normal Goat Serum / 0.3% Triton-X in PBS solution and incubated overnight at 4°C. All samples
involving anti-RGS14 were incubated over 4 nights at 4°C. Primary antibodies: chicken anti-GFP
(Invitrogen, A10262, 1:1000), mouse anti-RGS14 (NeuroMab, 75-170, 1:200), and rabbit anti-c-Fos
(Santa Cruz, sc-52, 1:500). After rinsing with 1x PBS 3 times for 15 minutes each, tissue sections were
incubated with Alexa Fluor-488, Alexa Fluor-546 or Alexa Fluor-633 conjugated secondary antibodies
(Invitrogen, 1:500; only for RGS14 staining, 1:200) for 3 hours at RT. Sections were then washed in 1x
PBS 3 times for 15 minutes and mounted using VECTASHIELD medium on glass slides. Excluding FT-
slow sections, all samples were stained by DAPI (1 pg/ml) for 15 min. IHC was not performed on FT-
Slow sections. Fluorescent images were taken by confocal microscopy using 10X, 20X, and 40X

objectives, as well as by fluorescence microscopy using 10X, 20X objectives.

Social discrimination test (SDT)

Methods for social discrimination test (SDT) were previously described (Okuyama T et al., 2016). All
behavioral experiments were performed using 12 to 20 weeks old mice, during the facility light cycle.
Behavioral subjects were individually habituated to the investigator by handling for several minutes on
each of two separate days (Day- -2 and Day- -1; i.e. 2 days before Day-0 and 1 day before Day-0).
Handling took place in the holding room where the mice were housed. Habituation to the social
discrimination chamber was performed for 10 min on each of two separate days (Day- -1 and Day-0).
Social discrimination chamber is a rounded rectangle composed of 30 x 30 cm square (center part) and
half circle with a radius of 15 cm on both ends (30 cm height). The subject-mice were placed in a pencil
holder, with dimensions of: circle with a radius of 7.5 cm and 15 cm height. On the evening of Day-1, a
subject-mouse was put into the home cage of the test-mice for 2 h familiarization, and then removed for
30 min before behavioral recording (interstimulus interval, IST = 30 min). During the last 5 min of the ISI,
the test-mouse was placed into the social chamber and allowed to explore. Behavioral recording and
tracking were performed for 10 min by Ethovision XT software, using an infra-red (IR) sensitive GIG-E
camera with two IR illuminators under dark conditions. For half of the behavioral assays, a novel subject-
mouse was placed in the left holder and familiar subject-mouse in the right, while the remaining assays

were run in a counterbalanced manner. 3-5 seconds is needed for detection of the test-mouse behavior by
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Ethovision software and 9 min recording data following detection was used. Total duration during which
the nose-position of test-mice was in each sniffing area, a circle centered on the pencil holder with a
radius of 11.25 cm (1.5 times the holders’ radius), was measured. Behavior-triggered inhibition and
activation experiments were performed with minor modifications of the previously described methods

(Redondo RL et al., 2014).

For optogenetic inhibition, a 561 nm green laser (561-300mW) were used for eArchT-inhibition,
respectively. 15 mW (green laser) of power were delivered to the ends of the optic fiber patch-cords and
constant green light was used for eArchT experiments. In the 2h inhibition experiments (Fig. S2), for test-
mice and control-mice in the “Encoding Inhibition” experimental group, 10 epochs of 11 min green laser-
ON followed by 1 min laser-OFF was used only during the Familiarization phase. Immediately after that,
the subject-mouse was removed from the home cage of test-mice for a 30-min separation before SDT was
performed for 10 min (Recall phase). For test-mice and control-mice in the “Recall Inhibition”

experimental group, constant green laser-ON was given only during the Recall phase.

Optogenetic reactivation of social memory engram in vCA1l and dCA2

Mouse handling and habituation procedure were identical to SDT. All WT test-mice were raised on a 40
mg/kg doxycycline (Dox) diet until the evening of Day-1 (ON-Dox). Prior to mouse-A labeling, test-mice
were given food without Dox for 48 hours for vCA1 experiments and 18 hours for dCA2 experiments
(OFF-Dox) before subject mouse-A (C3H/Hel, 6-8 weeks of age) was put into the home cage of the test-
mouse for ChR2 labeling during a 2 h social interaction. Immediately after social interaction and removal
of the subject-mouse A from the home cage, test-mice were returned to 40 mg/kg Dox (ON-Dox). On
Day-4 (24 hours after social interaction), while still ON-Dox, a different subject mouse-B (BALB/cJ, 6-8
weeks of age) was put into the home cage of the test-mouse for a second 2 h social interaction. On Day-5
(24 hours after social interaction), SDT was performed for 10 min during blue laser stimulation (12 mW,
15 ms light pulses, 20 Hz; ON-laser group) between familiar mouse-A and a novel mouse-C
(B6129SF2/J, 6-8 weeks of age). On Day-7, SDT was performed for 10 min during a 473 nm blue laser
(473nm-600mW) stimulation (12 mW, 15 ms light pulses, 20 Hz; ON-laser group) between familiar
mouse-B and a novel mouse-D (a different B6129SF2/], 6-8weeks of age). For mouse-B labeling, the
procedure is the same except that test-mice were placed ON-Dox on Day-2 during mouse-A interaction;

and were placed OFF-Dox on Day-4 during mouse-B interaction.
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For chemogenetic inhibition of CA2 neurons, clozapine-N-oxide (CNO, 4 mg/kg) or saline was delivered
intra-peritoneally 45 minutes prior to placing subject-mouse A (C3H/HelJ, 6-8 weeks of age) or mouse-B

(BALB/cJ, 6-8 weeks of age) into the home cage of the test-mouse.

FT-Slow visualization and analysis of distinct neural ensembles

Test-mice were single-housed for 2 weeks post-surgery while ON-Dox. Prior to labeling, test-mice were
given food without Dox for 18 hours (evening of Day-1). In the afternoon of Day-2, a subject-mouse,
mouse-A (C3H/HelJ, 6-8 weeks of age), was placed into the home cage of the test-mouse for FT-Slow
labeling during a 2 h social interaction. Immediately after social interaction and removal of the subject-
mouse from the home cage, test-mice were returned to 40 mg/kg Dox (ON-Dox). On Day-4 (48 hours
after social interaction), test-mice were given food without Dox for 18 hours. In the afternoon of Day-5,
the same subject-mouse, mouse-A (C3H/Hel, 6-8 weeks of age), or a different subject-mouse, mouse-B
(BALB/cJ, 6-8 weeks of age) was placed into the home cage of the test-mouse for a second FT-Slow
labeling during a 2 h social interaction. Immediately after social interaction and removal of the respective
subject-mouse from the cage, test-mice were returned to 40 mg/kg Dox (ON-Dox). 12 hours later, all test-
mice were perfused. Test-mice were transcardially perfused with 4% PFA; and harvested brain samples
were shaken for 2 h at room temperature. Immediately following perfusion, 50 pm brain sections were
collected using a vibratome and the fluorescence images were quickly acquired by confocal microscopy
without immunohistological staining. Even post-perfusion, the fluorescence of FT-Slow gradually

changed from blue to red.

Both FT-Slow red and blue form-expressing cells in the respective ROIs (i.e. dCA2, iCA2, vCA2) were
identified using either one of the two methods as such: 1) within the boundaries of H2B-expressing cells
in Map3k15-Cre transgenic line after viral injection; or 2) staining adjacent brain slices for RGS14; and
superimposing the RGS14-expressing regions to do manual cell counting. FT-Slow blue form signal in
FT-Slow red form positive cells were calculated and histograms were plotted. A minimum of three
coronal hippocampal slices per subject mouse for dCA2, and three horizontal hippocampal slices for
iCA2 and vCA2 per subject mouse respectively were used to count the number of cells with FT-Slow
blue and red form signals. All manual counting was performed blind as to the group and condition. The
number of cells expressing both the FT-Slow blue and red form signals in the ROI were counted and the
percentages were calculated as: (number of cells with red and blue signals) *100/ (number of cells with

only red signal).
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in vitro electrophysiological recording

Mice were anesthetized by isoflurane and their brains dissected. Using a vibratome (VT1000S, Leica), we
prepared 300-um-thick horizontal slices in oxygenated cutting solution at ~4 °C. Slices were then incubated
at ~23 °C in oxygenated artificial cerebrospinal fluid (ACSF) for 45 min to a 1 hr. The cutting solution
contained 3 mM KCI, 0.5 mM CaCl2, 10 mM MgCl2, 25 mM NaHCO3, 1.2 mM NaHPO4, 10 mM D-
glucose, 230 mM sucrose, saturated with 95% O, 5% CO; (pH 7.3, osmolarity 340 mOsm). The ACSF
contained 124 mM NaCl, 3 mM KCl, 2 mM CaCl2, 1.3 mM MgSO4, 25 mM NaHCO3, 1.2 mM NaHPO4,
10 mM D-glucose, saturated with 95% O, 5% CO, (pH 7.3, osmolarity 300 mOsm). Slices were transferred

to a submerged experimental chamber and perfused with oxygenated 36 °C ACSF at a rate of 3 ml min™".

Whole-cell patch clamp recordings of iCA2, vCA2 and vCA1 neurons were performed in both voltage and
current-clamp mode, using an infrared differential interference contrast microscope (BX51, Olympus) with
a water immersion 40% objective (N.A. 0.8), four automatic micro-manipulators (Luigs & Neumann) and a
CCD camera (Orca R2, Hamamatsu). Borosilicate glass pipettes were fabricated (P97, Sutter Instrument)
with a resistances of 8-10 MQ and filled with the following intracellular solution: 110 mM potassium
gluconate, 10 mM KCI, 10 mM HEPES, 4 mM ATP, 0.3 mM GTP, 10 mM phosphocreatine and 0.5%
biocytin (pH 7.25, osmolarity 290 mOsm) for current clamp recordings. For voltage clamp recordings the
following solution was used: Cesium methanesulfonate 117mM, HEPES 20mM, EGTA 0.4mM, NaCl
2.8mM, TEA-CI 5mM, Mg-ATP 4mM, Na-GTP 0.3mM and 0.5% biocytin (pH 7.25, osmolarity 290
mOsm). Access resistance was monitored throughout the duration of the experiment and current clamp data
acquisition was suspended whenever the resting membrane potential was depolarized above =50 mV or the
access resistance drifted beyond 20 MQ. Recordings were amplified using up to two dual-channel
amplifiers (Multiclamp 700B, Molecular Devices), filtered at 2 kHz, digitized (20 kHz) and acquired using

custom software running on Igor Pro (Wavemetrics). Software and code are available upon request.

Optogenetic stimulation was achieved through a 460-nm LED light source (XLED1, Lumen Dynamics)
driven by TTL input with a delay onset of 25 pus (subtracted offline). Light power on the sample was 33
mW mm—2, and only the maximum power was employed. Slices were stimulated by a train of 15 light
pulses at 10 Hz repeated 20 times every 6 s. EPSPs, IPSPs and action potentials were measured at resting
membrane potential of the patched cell. For voltage clamp recordings, a single pulse was used to elicit

EPSCs and IPSCs.
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Synaptic connections were verified by taking an average of 10 to 20 individual trials from each patched
neuron held in current clamp at -55mV and -75mV. If a patched cell had only EPSPs at both -55 and -75mV
holding potentials, the cell was classified as one that receives only a direct excitation via light stimulation
of fibers. If a patched cell showed a combination of E and IPSPs at -50mV and EPSPs at -70mV, the cell
was classified as receiving both excitatory and inhibitory synaptic currents from the direct glutamatergic
fibers as well as the local inhibitory interneuron. And finally, if the cell showed no PSPs in response to light
stimulation at both holding potentials, it was classified as not connected. To compute the probability of
connection (n successes/n tests) we used only slices with reliable ChR2 expression characterized at least by

one responsive postsynaptic cell (principal cell or interneuron).

In voltage clamp recordings, cells were held either at -70mV or OmV and a single light pulse was used to

elicit EPSCs and IPSCs respectively. An average of 20 traces was acquired from each resting potential.

Most CA2 neurons were filled with biocytin, slices were recovered and fixed in 4% paraformaldehyde for

post experiment verification of neurons.

Latencies were calculated from the onset of laser stimulation, rise and decay times were calculated from 20

to 80% of the response amplitude.

Statistics

Data are represented as mean * s.e.m. All histograms include individual points, which represent the
values and total number of individual samples; and also depicts the corresponding new value after an
experimental treatment. What the individual samples represent is indicated within the figure legends for
all experiments. Student’s t-test, paired or unpaired wherever appropriate, was performed on all
comparisons with exceptions being the one-way ANOVA with Tukey’s multiple comparisons test
between all groups in dCA2, iCA2, vCA2 for A/A re-exposures and A/B distinct exposures (Figure 3K).
95% confidence interval was used to determine significance. Significance was displayed as *P< 0.05,
**Pp<(0.01, ***P<0.001, ****P>0.0001, not significant values are denoted “n.s.”. Statistical tests were

performed using GraphPad Prism 7.0
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2.6 Figures
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Fig. 1. vCA1 store distinct memory engrams for a pair of familiar mice.

(A — H) Opto-SDT for vCA1 and dCA2 neurons.

(A, E) Schematics of virus injection into vCA1 (A) and dCA2 (E).

(B, F) Protocols of opto-SDT for optogenetic reactivation of mouse-A engram (Group-I) on Day-5 and
mouse-B engram (Group-II) on Day-7 in vCA1 (B) and dCA2 (F).

(C, G) ChR2-labeled neurons in vCA1 (C) and dCA2 (G).

(D, H) Opto-SDT of injected mice in vCA1 (D, n =5 each) and dCA2 (H, n = 8 each). Purple, Group-I;

blue, Group-II; measuring duration of social interaction on Day-5 (purple) and Day-7 (blue).
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(I—R) Social information is conveyed from dCA2 to vCA1. Virus injection in Map3k15-Cre mice for
dCA2 chemogenetic inhibition.

(J—M) dCAZ2 sections showing hM4Di-mCitrus expression, stained with anti-GFP (green), anti-RGS14
(red), and DAPI (blue).

(N) Protocol of Opto-SDT with dCA2 chemogenetic inhibition.

(O —=R) Opto-SDT in Group-I (O, P; n=7 WT; n = 8 Map3k15-Cre) and Group-II (Q,R;n=9 WT;n=7
Map3k15-Cre) mice on Day-5 (O, Q) and Day-7 (P, R). *p<0.05; ***p<0.001, n.s., not significant.

Results show means + S.E.M.
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Fig. 2 Intra-CA2 connectivity and feed-forward inhibition along the dorso-ventral axis.

(A) Experimental schematic.

(B) The patched CA2 neurons filled with Biocytin (white) and stained with anti-RGS14 (red) and DAPI

(blue).

(C) Schematic of circuit diagram from dCA2 to vCAL.

(D — F) Current clamp recordings of iCA2, vCA2 and vCA1 neurons with stimulation of ChR2 positive
fibers of dCA2-iCA2 (D), iCA2-vCA2 (E), and vCA2-vCAl (F).

(G) Pie charts illustrating the distribution of three types of connections.

(H) Voltage clamp traces showing currents recorded as baseline and during applications of Gabazine

(GABA-A antagonist) and CGP55845 (GABA-B antagonist).

(I) Traces showing the absence of direct synaptic connections between dCA2 and vCAL.
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Fig. 3. Social memory specification by the repeated feed-forward inhibition.

(A) Virus injection schematic.

(B) Experimental protocol labeling mouse A- and mouse B-neurons.

(C, D) Section labeled by FT-Slow showing both red and blue forms, with H2B-EGFP expression
showing CA2.

(E —J) Sections show the FT-Slow red form (E, H) representing mouse-A neurons; FT-Slow blue form
(F, I) representing mouse-B neurons; and merged (G, J) in dCA2 (E to G) and vCA2 (H to J).

(K) Percentage of reactivated cells visualized in dCA2, iCA2, and vCA2 when the test mouse was
exposed to the same mouse twice (A/A) or mouse A and then mouse B (A/B) (n = 6, each group).

(L) Social memory specification schematic.

(M) Schematic of virus injection.

(N) Protocol for labeling mouse A- and mouse B-neurons for chemogenetic manipulation.

(O) Percentage of reactivated cells in vCA2 with chemogenetic inhibition of GABAergic interneurons (n
=5, each group).

(P) Virus injection schematic.

(Q) iCA2 section stained with anti-GFP (green), anti-RGS14 (red), and DAPI (blue).

(R) Protocol of Opto-SDT with dCA2, iCA2 chemogenetic inhibition.
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(S, T) Opto-SDT with GABAergic inhibition. (n =7 WT; n = 8 Slc32al-Cre). *p<0.05; ***p<0.001, n.s.,

not significant. Results show means + S.E.M.
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Fig. 4. Essential roles of oxytocin receptor for social recognition and specification.
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(A — C) Horizontal sections of OxtR-Cre mouse injected with AAV9-hsyn:DIO-H2B-GFP, stained with
anti-GFP (green), anti-RGS14 (red), and DAPI (blue). DV -4.7 mm (A), -3.7 mm (B), -2.7 mm (C).

(D) Coronal vCA1 section of (A to C), stained with anti-GFP (green), anti-CaMKII (red), and DAPI
(blue) (Arrows, excitatory neurons; arrowheads, inhibitory neurons).

(E) Circuit connectivity schematic.

(F —K) SDT of OxtR " ¢conditional knockout (cKO) mice and OxtR™" heterozygote mice. (F)
Trpc4-Cre/OxtR™™ ™ mice, (G) Wfs1-Cre/OxtR™™1°* mice, (H) Map3k15-Cre/OxtR™™* mice, and (I)
vgat-Cre/,0xtR™¥1°* mice; (J) OxtR™*™** mice injected with AAV2-EF1a:Cre into vCA1, and (K)
OxtR™1* mice injected with AAV5-CaMKII:Cre-GFP into vCAL1.

(L, M) Schematics of virus injection and experimental protocol.

(N) Percentage of reactivated cells in vCA2 with OxtR elimination (n = 7, each group).

(O) Virus injection schematic.

(P) 1CA2 section stained with anti-GFP (green), anti-RGS14 (red), and DAPI (blue)

(Q) Protocol of Opto-SDT with dCA2, iCA2 oxytocin receptor ablation.

(R =S) Opto-SDT of OxtR-cKO mice on Day-5 (R) and Day-7 (S). (n= 6 each). **p<0.01; ***p<0.001,
n.s., not significant. Results show means + S.E.M.

(T) A schematic depicting the hypothetical information flow from extra-hippocampal input sources to
dCA2 for integration and fine-tuning by “relay-like” feedforward inhibitory network and OXTR-signaling

modulations, and then transmitted to vCA1 to store as social specification memory engrams.
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Fig. S1. Visualization of social engram neurons.

(A —F) Social interaction-induced c-Fos expression in dCA2. Coronal sections were stained with (A, D)
anti-c-Fos (green), (B, E) anti-RGS14 (red), and (C, F) merged images with DAPI (blue). Little or no
visible fluorescent signal from dCA2 c-Fos expression.

(J — O) Social interaction-induced levels of eSARE-driven dCA2 ChR2-EYFP expression. Coronal
sections stained with anti-GFP (green) and DAPI (blue). (J, M) Social interaction during OFF-Dox. (K,
N) No interaction during OFF-Dox. (L, O) Social interaction during ON-Dox.
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Fig. S2. Optogenetic inhibition of dCA2 neurons during the encoding and recall of social memory.
(A, B) Virus injection and optic fiber implant site in Map3k15-Cre mice for dCA2 optogenetic inhibition;
and coronal section showing dCA2 eArchT expression.

(C) Protocol for optogenetic inhibition in dCA2.

(D) Encoding inhibition. SDT in control EYFP mice (grey bars, n = 15) and eArchT-EYFP mice (green
bars, n = 15)

(E) Recall inhibition. SDT in control EYFP mice (grey bars, n = 9) and eArchT-EYFP mice (green bars, n
=9)
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Fig. S3. Control groups of chemogenetic inhibition during the encoding phase.

(A) Virus injection and optic fiber implant schematic in Map3k15-Cre mice and the corresponding
protocols for mouse-A specific optogenetic engram reactivation.

(B) SDT with engram reactivation in Map3k15-Cre mice with DREADD virus injection and Saline
treatment. Purple, ChR2-labeled mouse-A engram reactivation in vCA1 shows memory recall for the
familiar mice. Blue, unlabeled mouse-B cells do not result in memory recall (n = 7).

(C) SDT with engram reactivation in Map3k15-Cre mice with control virus EYFP injection and CNO
treatment. Purple, ChR2-labeled mouse-A engram reactivation in vCA1 shows memory recall for the

familiar mice. Blue, unlabeled mouse-B cells do not result in memory recall (n = 7).
(D) SDT without reactivation of engram cells in WT mice with DREADD virus injection and CNO

treatment. Purple, memory recall fails to occur without optogenetic reactivation of ChR2-labeled mouse-

A engram cells in vCAL1. Blue, unlabeled mouse-B cells do not result in memory recall (n = 7).
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Fig. S4. Anatomical projection pattern of dCA2, iCA2, and vCA2 neurons.

(A, B) Coronal section (A) and horizontal sections (B) of Map3k15-Cre mice unilaterally injected with
AAV9-EF1a:DIO-ChR2-EYFP in dCA2. Sections stained with anti-GFP (green) and anti-RGS14 (red)
and merged with DAPI (blue).

(C) Quantification of immunohistological staining of ChR2-EYFP (green) expression across the DV axis

(horizontal distance from DV — 2.5 mm to — 4.8 mm) of CA2 (top) and CA1 (bottom). Bars represent

r
'

means; traces represent individual mice (n = 3).;5}}]
(D — a temporary inclusion; not part of actual figure) Example images of anatomical projection from
dCA2. Map3k15-Cre mice unilaterally injected with AAV9-EF1a:DIO-ChR2-EYFP in dCA2. Fiber

projection terminates in iCA2 sections; with no visible labeled fibers detected in vCA2 sections.
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Fig. S5. Physiological characteristics of CA2 neurons.
EPSC statistics for neurons patched in iCA2 receiving projections from dCA2 and vCA1 receiving
projections from vCA2.

(A) EPSC amplitudes

(B) EPSC latencies

(C) EPSC rise times

(D) EPSC decay times

(E) IPSC amplitudes

(F) latencies

(G) Rise times

(H) Decay times

(D) The calculated E-I ratio for neurons in iCA2 and vCAL.

75



References

Alexander GM., e. a. (2016). Social and novel contexts modify hippocampal CA2 representations of
space. Nat Commun., 7, 10300.

Amodio DM, F. C. (2006). Meeting of minds: the medial frontal cortex and social cognition. Nat Rev
Neurosci., 7(4), 268-2717.

Anderson, D. J. (2016). Circuit modules linking internal states and social behaviour in flies and mice. Nat
Rev Neurosci., 17(11), 692-704.

Andrioli A, A.-N. L., Arellano JI, DeFelipe J. (2007). Quantitative analysis of parvalbumin-
immunoreactive cells in the human epileptic hippocampus. Neuroscience, 149(1), 131-143.

Armbruster BN, L. X., Pausch MH, Herlitze S, Roth BL. (2007). Evolving the lock to fit the key to create
a family of G protein-coupled receptors potently activated by an inert ligand. PNAS, 104(12), 5163-5168.
Atallah, B. V., Scanziani, M. (2009). Instantaneous modulation of gamma oscillation frequency by
balancing excitation with inhibition. Neuron, 62, 566-577.

Atoji Y., W. J. M. (2004). Fiber connections of the hippocampal formation and septum and subdivisions
of the hippocampal formation in the pigeon as revealed by tract-tracing and kainic acid lesions. Journal of
Comparative Neurology, 475, 426-461.

Avale ME, e. a. (2011). Prefrontal nicotinic receptors control novel social interaction between mice.
FASEB J., 25(7), 2145-2155.

Bannerman D M, G., M A, Butcher S P, Ramsay M & Morris R G M (1995). Distinct components of
spatial learning revealed by prior training and NMDA receptor blockade. Nature, 378, 182-186.
Bannerman DM, S. R., Sanderson DJ, et al. (2014). Hippocampal synaptic plasticity, spatial memory and
anxiety. Nat Rev Neurosci., 15(3), 181-192.

Barbas H, B. G. (1995). Topographically specific hippocampal projections target functionally distinct
prefrontal areas in the rhesus monkey. Hippocampus, 5(6), 511-533.

Barberis, C., Tribollet, E. (1996). Vasopressin and oxytocin receptors in the central nervous system. Rev.
Neurobiol., 10, 119-154.

Basu, J., Srinivas, K. V., Cheung, S. K., Taniguchi, H., Huang, Z. J., and Siegelbaum, S. A. (2013). A
cortico-hippocampal learning rule shapes inhibitory microcircuit activity to enhance hippocampal
information flow. Neuron, 79, 1208-1221.

Bauman ML, K. T. (2005). Neuroanatomic observations of the brain in autism: a review and future
directions. Int J Dev Neurosci., 23(2-3), 183-187.

Beck CH, F. H. (1995). Conditioned fear-induced changes in behavior and in the expression of the
immediate early gene c-fos: with and without diazepam pretreatment. The Journal of neuroscience: the
official journal of the Society for Neuroscience, 15 (1 Pt 2), 709-720.

Bender, F., Gorbati, M., Cadavieco, M. et al. (2015). Theta oscillations regulate the speed of locomotion
via a hippocampus to lateral septum pathway. Nat Commun., 6(8521).

Benes F.M., e. a. (1998). A reduction of nonpyramidal cells in sector CA2 of schizophrenics and manic
depressives. Biol. Psychiatry, 44, 88-97.

Benes FM, e. a. (2007). Regulation of the GABA cell phenotype in hippocampus of schizophrenics and
bipolars. Proc Natl Acad Sci U S A, 104(24), 10164-10169.

Berretta S, e. a. (2009). A rodent model of schizophrenia derived from postmortem studies. Behav Brain
Res, 204(2), 363-368.

Bieri KW, B. K., Colgin LL. (2014). Slow and fast y thythms coordinate different spatial coding modes in
hippocampal place cells. Neuron, 82(3), 670-681.

Boehringer R., e. a. (2017). Chronic Loss of CA2 Transmission Leads to Hippocampal Hyperexcitability.
Neuron, 94, 642-655.

Boeijinga, P. H., & Van Groen, T. (1984). Inputs from the olfactory bulb and olfactory cortex to the
entorhinal cortex in the cat. Exp Brain Res, 57, 40-48.

Botcher N A, F. J. E., Thomson A M, Mercer A. (2014). Distribution of interneurons in the CA2 region of
the rat hippocampus. Front Neuroanat., 8, 104.

76



Boucher J, e. a. (2012). Memory in autistic spectrum disorder. Psychol Bull., 138(3), 458-496.

Brady, J. V., & Nauta, W. J. H. (1953). Subcortical mechanisms in emotional behavior: affective changes
following septal forebrain lesions in the albino rat. Journal of Comparative and Physiological Psychology,
46(5), 339-346.

Brennan PA, K. E. (1997). Neural mechanisms of mammalian olfactory learning. Prog Neurobiol., 51(4),
457-481.

Broglio C, R. F., Salas C. (2003). Spatial cognition and its neural basis in teleost fishes. Fish and
Fisheries, 4, 247-255.

Bruck, J. N. (2013). Decades-long social memory in bottlenose dolphins. Proc. R. Soc. B.(280),
20131726.

Buckner, R. L. (2012). The serendipitous discovery of the brain’s default network. Neurolmage, 62(2),
1137-1145.

Buijs, R. M., Swaab, D.F. (1979). Immuno-electron microscopical demonstration of vasopressin and
oxytocin synapses in the limbic system of the rat. Cell Tissue Res., 204, 355-365.

Butler A B, H. W. (2005). Comparative Vertebrate Neuroanatomy: Evolution and Adaptation, 2nd
Edition.

Buzsaki, G. (1984). Feed-forward inhibition in the hippocampal formation. Prog Neurobiol., 22(2), 131-
153.

Caldwell HK., Y. W. S. 1. (2006). Oxytocin and Vasopressin: Genetics and Behavioral Implications. In
R. Lim (Ed.), Neuroactive Proteins and Peptides (pp. 573—607). New York: Springer.

Cardin, J., Carlén, M., Meletis, K. et al. (2009). Driving fast-spiking cells induces gamma rhythm and
controls sensory responses. Nature, 459, 663—-667.

Carstens KE, D. S. (2019). Regulation of synaptic plasticity in hippocampal area CA2. Current Opinion
in Neurobiology, 54, 194-199.

Caruana DA, A. G., Dudek SM. . (2012). New insights into the regulation of synaptic plasticity from an
unexpected place: hippocampal area CA2. Learn Mem., 19, 391-400.

Castel M, M. J. (1988). The neurophysin-containing innervation of the forebrain of the mouse.
Neuroscience, 24, 937-966.

Castel M., B. M., Cohen S., Wagner S., Schwartz W.J. (1997). Light-induced c-Fos expression in the
mouse suprachiasmatic nucleus: immunoelectronmicroscopy reveals co-localization in multiple celltypes.
Eur. J. Neurosci., 9, 1950-1960.

Cave CB, S. L. (1991). Equivalent impairment of spatial and nonspatial memory following damage to the
human hippocampus. Hippocampus, 1(3), 329-340.

Cayco-Gajic NA, S. R. (2019). Re-evaluating Circuit Mechanisms Underlying Pattern Separation.
Neuron, 101(4), 584-602.

Chabaud MA, 1. G., Kaiser L, Preat T. (2009). Social facilitation of long-lasting memory retrieval in
Drosophila. Curr Biol., 19(19), 1654-1659.

Chang PY, T. P., Jackson MB. (2007). Voltage imaging reveals the CA1 region at the CA2 border as a
focus for epileptiform discharges and long-term potentiation in hippocampal slices. J Neurophysiol., 98,
1309-1322.

Chee SA, M. J., Dringenberg HC. (2015). The lateral septum as a regulator of hippocampal theta
oscillations and defensive behavior in rats. J Neurophysiol., 113(6), 1831-1841.

Chevaleyre V., S. S. A. (2010). Strong CA2 pyramidal neuron synapses define a powerful disynaptic
cortico-hippocampal loop. Neuron, 66, 560-572.

Chevallier C, e. a. (2012). The social motivation theory of autism. Trends Cogn Sci., 16(4), 231-239.
Chini, B., et al. (1995). Tyr115 is the key residue for determining agonist selectivity in the Vla
vasopressin receptor. EMBO J., 14, 2176-2182.

Chinwalla A., C. L., Delehaunty K. et al. (2002). Initial sequencing and comparative analysis of the
mouse genome. Nature, 420(520-562).

77



Choi W K, W. D., Park HJ, Lee MS, Her S, & Shim L. (2012). The Characteristics of Supramammillary
Cells Projecting to the Hippocampus in Stress Response in the Rat. Korean J Physiol Pharmacol., 16,
17-24.

Choleris E., e. a. (2007). Microparticle-based delivery of oxytocin receptor antisense DNA in the medial
amygdala blocks social recognition in female mice. PNAS, 104(11), 4670-4675.

Ciocchi S, e. a. (2015). Selective information routing by ventral hippocampal CA1 projection neurons.
Science, 348(6234), 560-563.

Colgin LL, M. E., Moser MB. (2008). Understanding memory through hippocampal remapping. Trends
Neurosci., 31, 469-477.

Condé F, e. a. (1995). Afferent connections of the medial frontal cortex of the rat. II. Cortical and
subcortical afferents. ] Comp Neurol., 352(4), 567-593.

Connor, J. L., & Lynds, P. G. (1977). Mouse aggression and the intruder-familiarity effect: Evidence for
multiple-factor determination. Journal of Comparative and Physiological Psychology, 91(2), 270-280.
Connor R.C, S. R. A., Bejder L. (2006). Synchrony, social behaviour & alliance affiliation in Indian
Ocean bottlenose dolphins (Tursiops aduncus). Anim. Behav, 72, 1371-1378.

Connor R.C, W. R., Mann J, Read A. (2000). The bottlenose dolphin: social relationships in a fission—
fusion society. In C. R. Mann J, Tyack P, Whitehead H (Ed.), Cetacean societies: field studies of whales
and dolphins (pp. 91-126). Chicago, IL: University of Chicago Press.

Coolen 1., e. a. (2005). Foraging nine-spined sticklebacks prefer to rely on public information over
simpler social cues. Behavioral Ecology, 16(5), 865—-870.

Coutellier L., e. a. (2012). Npas4: A Neuronal Transcription Factor with a Key Role in Social and
Cognitive Functions Relevant to Developmental Disorders. PLos ONE, 7(9), e46604.

Crawley JN, C. T., Puri A, et al. (2007). Social approach behaviors in oxytocin knockout mice:
comparison of two independent lines tested in different laboratory environments. Neuropeptides, 41(3),
145-163.

Cui Z, G. C., Young WS. (2013). Hypothalamic and other connections with dorsal CA2 area of the mouse
hippocampus. J Comp Neurol., 521, 1844—-1866.

Cullinan WE, H. D., Watson SJ. (1996). Fos expression in forebrain afferents to the hypothalamic
paraventricular nucleus following swim stress. The Journal of comparative neurology, 368(1), 88—99.
D'Cunha, T. M., King, S., Fleming, A. & Lévy, F. (2011). Oxytocin receptors in the nucleus accumbens
shell are involved in the consolidation of maternal memory in postpartum rats. Horm. Behav., 59, 14-21.
Dannenberg H., e. a. (2015). Synergy of direct and indirect cholinergic septo-hippocampal pathways
coordinates firing in hippocampal networks. The Journal of Neuroscience: The Official Journal of the
Society for Neuroscience, 35, 8394-8410.

de Kloet, E. R., Rotteveel, F., Voorhuis, T. A., and Terlou, M. (1985). Topography of binding sites for
neurohypophyseal hormones in rat brain. Eur. J. Pharmacol., 110, 113—119.

de Kock, C. P. J. e. a. (2003). Somatodendritic secretion in oxytocin neurons is upregulated during the
female reproductive cycle. J Neurosci., 23(7), 2726-2734.

Deng X., e. a. (2019). Parvalbumin interneuron in the ventral hippocampus functions as a discriminator in
social memory. PNAS, 116(33), 16583-16592.

Denny C A, e. a. (2014). Hippocampal Memory Traces Are Differentially Modulated by Experience,
Time, and Adult Neurogenesis. Neuron, 83(1), 189-201.

Deneve, S., Machens, C. (2016). Efficient codes and balanced networks. Nat Neurosci, 19, 375-382.
Deykin EY, M. B. (1979). The incidence of seizures among children with autistic symptoms. Am J
Psychiatry, 136(10), 1310-1312.

Dluzen D. E., M. S., Engelmann M., Landgraf R. (1998a). The effects of infusion of arginine vasopressin,
oxytocin, or their antagonists into the olfactory bulb upon social recognition responses in male rats.
Peptides, 19, 999-1005.

Dolen G., e. a. (2013). Social reward requires coordinated activity of nucleus accumbens oxytocin and
serotonin. Nature, 501, 179-184.

78



Dorrn AL, Y. K., Barker AJ, Schreiner CE, Froemke RC. (2010). Developmental sensory experience
balances cortical excitation and inhibition. Nature, 465(7300), 932-936.

Dragoi G., e. a. (1999). Interactions between Hippocampus and Medial Septum during Sharp Waves and
Theta Oscillation in the Behaving Rat. J Neurosci., 19(14), 6191-6199.

Drever B.D., R. G., Platt B. (2011). The cholinergic system and hippocampal plasticity. Behavioral Brain
Research, 221(2), 505-514.

Dudek, S. M., Alexander, G. M., and Farris, S. (2016). Rediscovering area CA2: unique properties and
function. Nat. Rev. Neurosci., 17, 89-102.

Duffney LJ, e. a. (2015). Autism-like Deficits in Shank3-Deficient Mice Are Rescued by Targeting Actin
Regulators. Cell Rep., 11(9), 1400-1413.

Duncan J, O. A. (2000). Common regions of the human frontal lobe recruited by diverse cognitive
demands. Trends Neurosci., 23(10), 475-483.

Engelmann, M., Ebner, K., Wotjak, C. T., and Landgraf, R. (1998). Endogenous oxytocin is involved in
short-term olfactory memory in female rats. Behav. Brain Res., 90, 89-94.

Erbs, E., Faget, L., Scherrer, G., Kessler, P., Hentsch, D., Vonesch, J.-L., Mat- ifas, A., Kieffer, B.L., and
Massotte, D. (2012). Distribution of delta opioid re- ceptor-expressing neurons in the mouse
hippocampus. Neuroscience, 221, 203-213.

Falkner AL, G. L., Davidson TJ, Deisseroth K, Lin D. (2016). Hypothalamic control of male aggression-
seeking behavior. Nat Neurosci., 19(4), 596-604.

Fanselow MS, D. H. (2010). Are the dorsal and ventral hippocampus functionally distinct structures?
Neuron, 65(1), 7-19.

Farina Lipari, E., and Valentino, B. (1993). Immunohistochemical research on vasopressin in the
accessory hypothalamic nuclei. Ital. J. Anat. Embryol., 98, 207-214.

Farina Lipari, E., Valentino, B., and Lipari, D. (1995). Immunohistochemical

research on oxytocin in the hypothalamic accessory nuclei. Ital. J. Anat. Embryol., 100, 189—-193.
Ferguson J N, Y. L. J,, Insel T R. (2002). The neuroendocrine basis of social recognition. Front
Neuroendocrinol, 23(2), 200-224.

Ferguson, J. N, Young, L. J., Hearn, E. F., Matzuk, M. M., Insel, T. R., and Winslow, J. T. (2000). Social
amnesia in mice lacking the oxytocin gene. Nat. Genet., 25, 284-288.

Ferguson JN., e. a. (2001). Oxytocin in the Medial Amygdala is Essential for Social Recognition in the
Mouse. J Neurosci., 21(20), 8278-8285.

Fletcher ML, W. D. (2002). Experience modifies olfactory acuity: acetylcholine-dependent learning
decreases behavioral generalization between similar odorants. J Neurosci., 22, RC201.

Foote, A. L., & Crystal, J. D. . (2007). Metacognition in the rat. Current Biology, 17, 551-555.

Frank M C, V. E., Johnson S P. (2009). Development of infants’ attention to faces during the first year.
Cognition, 110(2), 160-170.

Frizzi, F., C. Ciofi, L. Dapporto, C. Natali, G. Chelazzi, S. Turillazzi, and G. Santini. (2015). The Rules
of Aggression: How Genetic, Chemical and Spatial Factors Affect Intercolony Fights in a Dominant
Species, the Mediterranean Acrobat Ant Crematogaster scutellaris. PLos ONE, 10(10), e0137919.
Froemke, R., Carcea, 1., Barker, A. et al. (2013). Long-term modification of cortical synapses improves
sensory perception. Nat Neurosci, 16, 79-88.

Galef B.G., L. K. N. (2005). Social Learning in Animals: Empirical Studies and Theoretical Models.
BioScience, 55(6), 489-499.

Gandal MJ, e. a. (2012a). Mice with reduced NMDA receptor expression: more consistent with autism
than schizophrenia? Genes Brain Behav., 11(6), 740-750.

Gandal MJ, e. a. (2012b). GABAB-mediated rescue of altered excitatory-inhibitory balance, gamma
synchrony and behavioral deficits following constitutive NMDAR-hypofunction. Transl Psychiatry, 2(7),
el42.

Gimpl G, F. F. (2001). The oxytocin receptor system: structure, function, and regulation. Physiol Rev.,
81(2), 629-683.

Gkogkas CG, S. N. (2013). Translational control and autism-like behaviors. Cell Logist., 3(1), e24551.

79



Gloveli, T., Dugladze, T., Rotstein, H. G., Traub, R. D., Monyer, H., Heinemann, U., et al. (2005).
Orthogonal arrangement of thythm-generating microcircuits in the hippocampus. PNAS, 102, 13295—
13300.

Gogolla N, T. A., Feng G, Fagiolini M, Hensch TK. (2014). Sensory integration in mouse insular cortex
reflects GABA circuit maturation. Neuron, 83(4), 894-905.

Goodson JL, B. A. (2000a). Forebrain peptides modulate sexually polymorphic vocal circuitry. Nature,
403, 769-772.

Goodson JL, B. A. (2000b). Vasotocin innervation and modulation of vocal-acoustic circuitry in the
teleost, Porichthys notatus. J Comp Neurol., 422, 363-379.

Goodson JL, S. S., Klatt JD, Kabelik D, Kingsbury MA. (2009). Mesotocin and nonapeptide receptors
promote estrildid flocking behavior. Science, 325(5942), 862-866.

Grinevich, V., Shusterman, R., Kelsch, W. (2016). Oxytocin enhances social recognition by modulating
cortical control of early olfactory processing. Neuron, 90, 609—-621.

Grossberg, S. (1971). Pavlovian pattern learning by nonlinear neural networks. PNAS, 68, 828-831.
Gruber, C. W. (2013). Physiology of invertebrate oxytocin and vasopressin neuropeptides. Exp Physiol.,
99(1), 55-61.

Gunaydin LA, G. L., Finkelstein JC, et al. . (2014). Natural neural projection dynamics underlying social
behavior. Cell, 157(7), 1535-1551.

Guthman EM, G. J., Ma M, et al. (2020). Cell-type-specific control of basolateral amygdala neuronal
circuits via entorhinal cortex-driven feedforward inhibition. eLife, 9, e50601.

H E Ross., e. a. (2009). Characterization of the oxytocin system regulating affiliative behavior in female
prairie voles. Neuroscience, 162, 892-903.

Haider B, D. A., Hasenstaub AR, McCormick DA. (2006). Neocortical network activity in vivo is
generated through a dynamic balance of excitation and inhibition. J Neurosci., 26(17), 4535-4545.
Halgren E, W. C. L., Stapleton J M. (1985). Human medial temporal-lobe stimulation disrupts both
formation and retrieval of recent memories. Brain and Cognition, 4(3), 287-295.

Hara Y., B. J., Gainer H. (1990). Structure of mouse vasopressin and oxytocin genes. Brain Res. Mol.
Brain Res, 8(4), 319-324.

Harden, S. W., and Frazier, C. J. (2016). Oxytocin depolarizes fast-spiking hilar interneurons and induces
GABA release onto mossy cells of the rat dentate gyrus. Hippocampus, 26, 1124-1139.

Hashikawa K., e. a. (2016). The neural circuits of mating and fighting in male mice. Current Opinion in
Neurobiology, 38, 27-37.

Hasselmo, M. E. (1999). Neuromodulation: Acetylcholine and memory consolidation. Trends in
Cognitive Sciences, 3, 351-359.

Hasselmo, M. E. a. M., J. (2004). High acetylcholine levels set circuit dynamics for attention and
encoding and low acetylcholine levels set dynamics for consolidation. Progress in Brain Research, 145,
207-231.

Hasunuma, 1., Toyoda, F., Okada, R., Yamamoto, K., Kadono, Y., Kikuyama, S. (2013). Roles of
arginine vasotocin receptors in the brain and pituitary of submammalian

vertebrates. Int. Rev. Cell Mol. Biol., 304, 191-225.

Hawrylycz MJ, e. a. (2012). An anatomically comprehensive atlas of the adult human brain
transcriptome. Nature, 489(7416), 391-399.

Hawtin, S. R., Wesley, V.J., Parslow, R.A., Patel, S., Wheatley, M. (2000). Critical role of a subdomain
of the N-terminus of the V1a vasopressin receptor for binding agonists but not antagonists; functional
rescue by the oxytocin receptor N-terminus. Biochemistry, 39, 13524—13533.

Henke, P. G. (1990). Hippocampal pathway to the amygdala and stress ulcer development. Brain Res
Bull., 25(5), 691-695.

Hirama, J., Shoumura, K., Ichinohe, N., You, S., and Yonekura, H. (1997). Cornu ammonis of the cat:
lack of a separate field of CA2. J. Hirnforsch, 38, 487—493.

Hirsch JA., e. a. (2015). How Inhibitory Circuits in the Thalamus Serve Vision. Ann. Rev. Neurosci., 38,
309-329.

80



Hitti, F., & Siegelbaum, S. . (2014). The hippocampal CA2 region is essential for social memory. Nature,
508, 88-92.

Hoover WB, V. R. (2007). Anatomical analysis of afferent projections to the medial prefrontal cortex in
the rat. Brain Struct Funct., 212(2), 149-179.

Hoyle, C. (1999). Neuropeptide families and their receptors: evolutionary perspectives. Brain Res., 848(1-
2), 1-25.

HuH, G. J., Jonas P. (2014). Interneurons. Fast-spiking, parvalbumin® GABAergic interneurons: from
cellular design to microcircuit function. Science, 345(6196), 1255263.

Huber D, V. P., Stoop R. (2005). Vasopressin and oxytocin excite distinct neuronal populations in the
central amygdala. Science, 308(5719), 245-248.

Ishizuka N, C. W., Amaral DG. (1995). A quantitative analysis of the dendritic organization of pyramidal
cells in the rat hippocampus. J] Comp Neurol., 362(1), 17-45.

Ito M, S. T., Doya K, Sekino Y. (2009). Three-dimensional distribution of Fos-positive neurons in the
supramammillary nucleus of the rat exposed to novel environment. Neuroscience research, 64(4), 397—
402.

Jacobs S A, H. F., Tsien J Z, Wei W. (2016). Social Recognition Memory Test in Rodents. Bio. Prot,
6(9), e1804.

Jeffery K J., M. R. G. (1993). Cumulative long-term potentiation in the rat dentate gyrus correlates with,
but does not modify, performance in the water maze. Hippocampus, 3(2), 133-140.

Johnson SC, e. a. (2002). Neural correlates of self-reflection. Brain, 125(Pt 8), 1808-1814.

Jones M W, M. T. J. (2011). Updating hippocampal representations: CA2 joins the circuit. Trends
Neurosci., 34(10), 526-535.

Josselyn SA, T. S. (2020). Memory engrams: Recalling the past and imagining the future. Science,
367(6473), eaaw4325.

Karafin MS, e. a. (2004). Dominance attributions following damage to the ventromedial prefrontal cortex.
J Cogn Neurosci., 16(10), 1796-1804.

Kawashima T, K. K., Suzuki K, et al. (2013). Functional labeling of neurons and their projections using
the synthetic activity-dependent promoter E-SARE [published correction appears in Nat Methods. 2014
Feb;11(2):210]. Nat Methods, 10(9), 889-895.

Keating P, D. J., King AJ. (2015). Complementary adaptive processes contribute to the developmental
plasticity of spatial hearing. Nat Neurosci., 18, 185-187.

Khalaf O., e. a. (2018). Reactivation of recall-induced neurons contributes to remote fear memory
attenuation. Science, 360(6394), 1239-1242.

Kim, J. J., & Fanselow, M. S. (1992). Modality-specific retrograde amnesia of fear. Science, 256(5057),
675-677.

Kim Y, e. a. (2015). Mapping social behavior-induced brain activation at cellular resolution in the mouse.
Cell Rep., 10(2), 292-305.

Kimura T, e. a. (1994). Molecular characterization of a cloned human oxytocin receptor. Eur. J.
Endocrinol., 131, 385-390.

Kitamura T, M. C., Tonegawa S. (2015). Entorhinal-hippocampal neuronal circuits bridge temporally
discontiguous events. Learn Mem., 22(9), 438-443.

Kitamura T, P. M., Suh J, et al. (2014). Island cells control temporal association memory. Science,
343(6173), 896-901.

Kjelstrup KG, T. F., Steffenach HA, Murison R, Moser EI, Moser MB. (2002). Reduced fear expression
after lesions of the ventral hippocampus. PNAS, 99(16), 10825-10830.

Klur S., e. a. (2009). Hippocampal-Dependent Spatial Memory Functions Might be Lateralized in Rats:
An Approach Combining Gene Expression Profiling and Reversible Inactivation. Hippocampus, 19(9),
800-816.

Knobloch HS., e. a. (2012). Evoked axonal oxytocin release in the central amygdala attenuates fear
response. Neuron, 73, 553-566.

81



Kocsis B, V. R. (1994). Characterization of neurons of the supramammillary nucleus and mammillary
body that discharge rhythmically with the hippocampal theta rhythm in the rat. J Neurosci., 14(11 Pt 2),
7040-7052.

Kogan J.H, F. P. W, Silva A.J. (2000). Long-term memory underlying hippocampus-dependent social
recognition in mice. Hippocampus, 10(1), 47-56.

Kohara, K., Pigatelli, M., Rivest, A. J., Jung, H. Y., Kitamura, T., Suh, J., et al. (2014). Cell type-specific
genetic and optogenetic tools reveal hippocampal CA2 circuits. Nat. Neurosci., 17, 269-279.

Korotkova, T., Fuchs, E. C., Ponomarenko, A., von Engelhardt, J., and Monyer, H. (2010). NMDA
receptor ablation on parvalbumin-positive interneurons impairs hippocampal synchrony, spatial
representations, and working memory. Neuron, 68, 557-569.

Kouser M, S. H., Dewey CM, et al. (2013). Loss of predominant Shank3 isoforms results in
hippocampus-dependent impairments in behavior and synaptic transmission. J Neurosci., 33(47), 18448-
18468.

Krieg, W. J. S. (1932). The hypothalamus of the albino rat. J Comp Neurol., 55(1), 19-89.

Kroon JA, C. A. (2009). Olfactory fear conditioning paradigm in rats: effects of midazolam, propranolol
or scopolamine. Neurobiol Learn Mem., 91, 32—40.

Lacagnina, A. F., Brockway, E.T., Crovetti, C.R. et al. . (2019). Distinct hippocampal engrams control
extinction and relapse of fear memory. Nat Neurosci, 22, 753-761.

Landry M, V.-P. E., Hokfelt T, Calas A. . (2003). Differential routing of coexisting neuropeptides in
vasopressin neurons. Eur. J. Neurosci., 17, 579-589.

Lavenex, P., Lavenex, P. B., Bennett, J. L., and Amaral, D. G. (2009). Postmortem changes in the
neuroanatomical characteristics of the primate brain: hippocampal formation. J. Comp. Neurol., 512, 27—
51.

Leadbeater E., C. L. (2007). The dynamics of social learning in an insect model, the bumblebee (Bombus
terrestris). Behavioral Ecology and Sociobiology, 61(11), 1789-1796.

Lee E, L. J., Kim E. (2017). Excitation/Inhibition Imbalance in Animal Models of Autism Spectrum
Disorders. Biol Psychiatry, 81(10), 838-847.

Lee HJ, C. H. K., Macbeth A H, Tolu S G, Young W S 3rd. (2008). A conditional knockout mouse line
of the oxytocin receptor. Endocrinology(149), 3256-3263.

Lee, H., Wang, C., Deshmukh, S. S. & Knierim, J. J. . (2015). Neural population evidence of functional
heterogeneity along the CA3 Transverse axis: pattern completion versus pattern separation. Neuron, 87,
1093-1105.

Lee I, H. M., Kesner RP. (2005). The role of hippocampal subregions in detecting spatial novelty. Behav
Neurosci., 119(1), 145-153.

Lee SE., e. a. (2010). RGS14 is a natural suppressor of both synaptic plasticity in CA2 neurons and
hippocampal-based learning and memory. Proc Natl Acad Sci USA, 107, 16994-16998.

Lee SH, D. Y. (2012). Neuromodulation of brain states. Neuron, 76, 209-222.

Lee YS, S. A. (2009). The molecular and cellular biology of enhanced cognition. Nat Rev Neurosci., 10,
126-140.

Legros, J. (2001). Inhibitory effect of oxytocin on corticotrope function in humans: are vasopressin and
oxytocin ying-yang neurohormones? Psychoneuroendocrinology, 26(7), 649-655.

Leroy F, P. J., Asok A, et al. (2018). A circuit from hippocampal CA2 to lateral septum disinhibits social
aggression. Nature, 564(7735), 213-218.

Leroy F., e. a. (2017). Input-Timing-Dependent Plasticity in the Hippocampal CA2 Region and Its
Potential Role in Social Memory. Neuron, 95, 1089-1102.

Letzkus JJ, W. S., Meyer EM, Tovote P, Courtin J, Herry C, Luthi A. (2011). A disinhibitory microcircuit
for associative fear learning in the auditory cortex. Nature, 480, 331-335.

Lewis DA, e. a. (2005). Cortical inhibitory neurons and schizophrenia. Nat Rev Neurosci., 6(4), 312-324.
Li DP, e. a. (2007). Feedforward Construction of the Receptive Field and Orientation Selectivity of
Visual Neurons in the Pigeon. Cerebral Cortex, 17(4), 885-893.

82



Lin A, e. a. (2012). Social and monetary reward learning engage overlapping neural substrates. Soc Cogn
Affect Neurosci., 7(3), 274-281.

Lin D, B. M., Dollar P, et al. (2011). Functional identification of an aggression locus in the mouse
hypothalamus. Nature, 470(7333), 221-226.

Lin, Y. T., Hsieh, T.Y., Tsai, T.C., Chen, C.C., Huang, C.C., and Hsu, K.S. (2018). Conditional Deletion
of Hippocampal CA2/CA3a Oxytocin Receptors Impairs the Persistence of Long-Term Social
Recognition Memory in Mice. J. Neurosci., 38, 1218-1231.

Lisman, J. (1999). Relating hippocampal circuitry to function: recall of memory sequences by reciprocal
dentate-CA3 interactions. Neuron, 22, 233-242.

Liu, X., Ramirez, S., Pang, P. et al. (2012). Optogenetic stimulation of a hippocampal engram activates
fear memory recall. Nature, 484(7394), 381-385.

Llorens-Martin M, J.-A. J., Avila J, Hernandez F. (2015). Novel connection between newborn granule
neurons and the hippocampal CA2 field. Exp Neurol., 263, 285-292.

Lolait, S. J., O'Carroll, A.M., Brownstein, M.J. (1995). Molecular biology of vasopressin receptors. Ann.
N.Y. Acad. Sci., 771, 273-292.

LoParo D, W. 1. (2015). The oxytocin receptor gene (OXTR) is associated with autism spectrum disorder:
a meta-analysis. Mol Psychiatry, 20(5), 640-646.

Lorente de No, R. (1934). Studies on the structure of the cerebral cortex. II. Continuation of the study of
the ammonic system. J. Psychol. Neurol., 46, 113-177.

Lu L, L. K. M., Witter M.P., Moser E.I., Moser M.B. . (2015). Topography of place maps along the CA3-
to-CA2 axis of the hippocampus. Neuron, 87, 1078—1092.

Ludwig M., L. G. (2006). Dendritic peptide release and peptide-dependent behaviours. Nat Rev
Neurosci., 7, 126-136.

Luo AH, e. a. (2011). Linking context with reward: a functional circuit from hippocampal CA3 to ventral
tegmental area. Science, 333(6040), 353-357.

Macbeth, A. H., Lee, H. J., Edds, J., and Young, W. S., 3rd. (2009). Oxytocin and the oxytocin receptor
underlie intrastrain, but not interstrain, social recognition. Genes Brain Behav., 8, 558-567.

Maguire E A, e. a. (1997). Recalling Routes around London: Activation of the Right Hippocampus in
Taxi Drivers. Journal of Neuroscience, 17(18), 7103-7110.

Mandal B, J. X., Eng H, Kot A. (2010). Prediction of eigenvalues and regularization of eigenfeatures for
human face verification. Pattern Recogn. Lett., 31(8), 717-724.

Maniezzi, C., Talpo, F., Spaiardi, P., Toselli, M., and Biella, G. (2019). Oxytocin increases phasic and
tonic GABAergic transmission in CA1 region of mouse hippocampus. Front. Cell Neurosci., 13(178).
Mankin E A., e. a. (2015). Hippocampal CA2 Activity Patterns Change over Time to a Larger Extent than
between Spatial Contexts. Neuron, 85, 190-120.

Marlin BJ, e. a. (2015). Oxytocin enables maternal behaviour by balancing cortical inhibition. Nature,
520(7548), 499-504.

McCall C, S. T. (2012). The animal and human neuroendocrinology of social cognition, motivation and
behavior. Nature Neuroscience, 15(5), 681-688.

McClelland JL, G. N. (1996). Considerations arising from a complementary learning systems perspective
on hippocampus and neocortex. Hippocampus, 6, 654-665.

McClelland JL, R. D. (1985). Distributed memory and the representation of general and specific
information. J. Exp. Psychol. Gen., 114, 159-197.

McComb K, M. C., Durant S M, Baker L, Sayialel S. (2001). Matriarchs as repositories of social
knowledge in African elephants. Science, 292(5516), 491-494.

McComb, K., Moss, C., Sayialel, S. & Baker, L. (2000). Unusually extensive networks of vocal
recognition in African elephants. Anim Behav., 59, 1103-1109.

McLardy, T. (1963). Some cell and fibre peculiarities of uncal hippocampus. Prog. Brain Res., 3, 71-78.
McNaughton BL, e. a. (2006). Path integration and the neural basis of the 'cognitive map'. Nat Rev
Neurosci., 7(8), 663-678.

83



McNaughton BL, M. R. (1987). Hippocampal synaptic enhancement and information-storage within a
distributed memory system. Trends Neurosci., 10, 408—415.

Meibach RC, S. A. (1977). Efferent connections of the septal area in the rat: an analysis utilizing
retrograde and anterograde transport methods. Brain Res., 119(1), 1-20.

Meira, T., Leroy, F., Buss, E.W. et al. (2018). A hippocampal circuit linking dorsal CA2 to ventral CA1
critical for social memory dynamics. Nat Commun., 9(4163).

Mens WB, W. A., van Wimersma Greidanus TB. (1983). Penetration of neurohypophyseal hormones
from plasma into cerebrospinal fluid (CSF): half-times of disappearance of these neuropeptides from
CSF. Brain Res., 262(1), 143-149.

Mercado E, D. C. (2010). Dolphin Cognition: Representations and Processes in Memory and Perceptions.
International Journal of Comparative Psychology, 23.

Mercer A, T. H., Thomson AM. (2007). Characterization of neurons in the CA2 subfield of the adult rat
hippocampus. J Neurosci., 27, 7329-7338.

Meyer-Lindenberg, A., Domes, G., Kirsch, P., Heinrichs, M. (2011). Oxytocin and vasopressin

in the human brain: social neuropeptides for translational medicine. Nat. Rev. Neurosci., 12, 524-538.
Meyer-Lindenberg A, T. H. (2012). Neural mechanisms of social risk for psychiatric disorders. Nat
Neurosci., 15(5), 663-668.

Mitchell, J. (2009). Inferences about mental states. Philos Trans R Soc Lond B Biol Sci., 364(1521),
1309-1316.

Mitchell JP, e. a. (2006). Dissociable medial prefrontal contributions to judgments of similar and
dissimilar others. Neuron, 50(4), 655-663.

Mitre M, e. a. (2016). A distributed network for social cognition enriched for oxytocin receptors. J
Neurosci., 36(8), 2517-2535.

Mohr E, B. U, Kiessling C, Richter D (1988). Expression of the vasopressin and oxytocin genes in rats
occurs in mutually exclusive sets of hypothalamic neurons. FEBS Lett, 242, 144-148.

Mohr E, S. E., Richter D (1988) A single rat genomic DNA fragment encodes both the oxytocin and
vasopressin genes separated by 11 kilobases and oriented in opposite transcriptional directions. Biochimie
70:649—-654. (1988). A single rat genomic DNA fragment encodes both the oxytocin and vasopressin
genes separated by 11 kilobases and oriented in opposite transcriptional directions. Biochimie, 70(649—
654).

Moor B G, e. a. (2010). Do you like me? Neural correlates of social evaluation and developmental
trajectories. Soc Neurosci., 5(5-6), 461-482.

Morris RG, A. E., Lynch GS, Baudry M. (1986). Selective impairment of learning and blockade of long-
term potentiation by an N-methyl-D-aspartate receptor antagonist, AP5. Nature, 319(6056), 774-776.
Morris, R. G. M. (1981). Spatial localization does not require the presence of local cues. Learn Motiv.,
12, 239-260.

Moser EL K. K., Moser MB, Morris RG. . (1998). Impaired spatial learning after saturation of long-term
potentiation. Science, 281(5385), 2038-2042.

Moser MB, M. E., Forrest E, Andersen P, Morris RG (1995). Spatial learning with a minislab in the
dorsal hippocampus. Proc Natl Acad Sci, 92, 9697-9701.

Moser MB., M. E. L. (1998). Functional differentiation in the hippocampus. Hippocampus, 8(6).
Moyaho, A., Rivas-Zamudio, X., Ugarte, A. et al. (2015). Smell facilitates auditory contagious yawning
in stranger rats. Anim Cogn, 18, 279-290.

Nadel, L. (1991). The hippocampus and space revisited. Hippocampus, 1(3), 221-229.

Nakajima M, e. a. (2014). Oxytocin modulates female sociosexual behavior through a specific class of
prefrontal cortical interneurons. Cell, 159(2), 295-305.

Nakashiba T., e. a. (2008). Transgenic inhibition of synaptic transmission reveals role of CA3 output in
hippocampal learning. Science, 319, 1260-1264.

Nakazawa Y, P. A., Tanaka K Z, Wiltgen B J. (2016). Memory retrieval along the proximodistal axis of
CALl. Hippocampus, 26(9), 1140-1148.

84



Narr KL, e. a. (2004). Regional specificity of hippocampal volume reductions in first-episode
schizophrenia. Neuroimage, 21(4), 1563-1575.

Nasrallah K, P. R., Chevaleyre V. . (2015). Inhibitory Plasticity Permits the Recruitment of CA2
Pyramidal Neurons by CA3 [published correction appears in eNeuro. 2015 Nov-Dec;2(6). eNeuro.
Nasrallah K., e. a. (2019). Routing Hippocampal Information Flow through Parvalbumin Interneuron
Plasticity in Area CA2. Cell, 27, 86-98.

Noack J., R. K., Laube G., Haghgoo H. A., Veh R. W., Engelmann M. . (2010). Different importance of
the volatile and non-volatile fractions of an olfactory signature for individual social recognition in rats
versus mice and short-term versus long-term memory. Neurobiol. Learn. Mem., 94, 568—575.

Numan, R. (2000). The Behavioral Neuroscience of the Septal Region. New York: Springer-Verlag.

Oettl LL, R. N., Schneider M, et al. (2016). Oxytocin Enhances Social Recognition by Modulating
Cortical Control of Early Olfactory Processing. Neuron, 90(3), 609-621.

Okamoto K., I. Y. (2019). Recurrent connections between CA2 pyramidal cells. Hippocampus, 29(4),
305-312.

Okuyama T., K. T., Roy D.S., Itohara S., & Tonegawa S. (2016). Ventral CA1 neurons store social
memory. Science, 353(6307), 1536-1541.

Olazébal, D. E. Y., L. . (2006). Species and individual differences in juvenile female alloparental care are
associated with oxytocin receptor density in the striatum and the lateral septum. Horm. Behav., 49, 681—
687.

Olmos-Serrano JL, P. S., Martin BS, Kaufmann WE, Corbin JG, Huntsman MM. (2010). Defective
GABAergic neurotransmission and pharmacological rescue of neuronal hyperexcitability in the amygdala
in a mouse model of fragile X syndrome. J Neurosci., 30(29), 9929-9938.

Olton, D. S., & Samuelson, R. J. . (1976). Remembrance of places passed: Spatial memory in rats. Journal
of Experimental Psychology: Animal Behavior Processes, 2(2), 97-116.

Owen SF, T. S., Bader PL, Tirko NN, Fishell G, Tsien RW. (2013). Oxytocin enhances hippocampal
spike transmission by modulating fast-spiking interneurons. Nature, 500(7463), 458-462.

O’Keefe J., D. J. (1971). The hippocampus as a spatial map. Preliminary evidence from unit activity in
the freely-moving rat. Brain Research, 34(1), 171-175.

O’Leary, e. a. (2013). The Placental Mammal Ancestor and the Post-K-Pg Radiation of Placentals.
Science, 339(6120), 662-667.

O’Reilly RC, R. J. (2001). Conjunctive representations in learning and memory: principles of cortical and
hippocampal function. Psychol. Rev., 108, 311-345.

Pagani, J. H.,, Lee, H. J., and Young, W. S., 3rd. (2011). Postweaning, forebrain-specific perturbation of
the oxytocin system impairs fear conditioning. Genes Brain Behav., 10, 710-719.

Pagani, J. H., Zhao, M., Cui, Z., Williams Avram, S. K., Caruana, D. A., Dudek, S. M., et al. (2014). Role
of the vasopressin 1b receptor in rodent aggressive behavior and synaptic plasticity in hippocampal area
CA2. Mol. Psychiatry, 20, 490-499.

Pagani JH., e. a. (2015). Role of the vasopressin 1b receptor in rodent aggressive behavior and synaptic
plasticity in hippocampal area CA2. Mol Psychiatry, 20, 490-499.

Pan WX., M. N. (2002). The role of the medial supramammillary nucleus in the control of hippocampal
theta activity and behaviour in rats. Eur J Neurosci., 16(9), 1797-1809.

Papadopoulou M., e. a. (2011). Normalization for Sparse Encoding of Odors by a Wide-Field Interneuron.
Science, 332(721).

Pellis SM, e. a. (2006). The effects of orbital frontal cortex damage on the modulation of defensive
responses by rats in playful and nonplayful social contexts. Behav Neurosci., 120(1), 72-84.

Petrulis A., A. P., Eichenbaum H. (2005). Neural correlates of social odor recognition and the
representation of individual distinctive social odors within entorhinal cortex and ventral subiculum.
Neuroscience, 130(1), 259-274.

Peca J, F. C,, Ting JT, et al. (2011). Shank3 mutant mice display autistic-like behaviours and striatal
dysfunction. Nature, 472(7344), 437-442.

85



Piskorowski RA, e. a. (2016). Age-Dependent Specific Changes in Area CA2 of the Hippocampus and
Social Memory Deficit in a Mouse Model of the 22q11.2 Deletion Syndrome. Neuron, 89(1), 163-176.
Piskorowski RA., C. V. (2013). Delta-opioid receptors mediate unique plasticity onto parvalbumin-
expressing interneurons in area CA2 of the hippocampus. J Neurosci., 33, 14567-14578.

Pobbe RL, P. B., Defensor EB, et al. (2012). Oxytocin receptor knockout mice display deficits in the
expression of autism-related behaviors. Horm Behav., 61(3), 436-444.

Pothuizen, e. a. (2004). Dissociation of function between the dorsal and the ventral hippocampus in
spatial learning abilities of the rat: A within-subject, within-task comparison of reference and working
spatial memory. European Journal of Neuroscience, 19(3), 705-712.

Pouille F, S. M. (2001). Enforcement of temporal fidelity in pyramidal cells by somatic feed-forward
inhibition. Science, 293(5532), 1159-1163.

Pow DV., M. J. (1989). Dendrites of hypothalamic magnocellular neurons release neurohypophysial
peptides by exocytosis. Neuroscience, 32(2), 435-439.

Preuss, T. (1995). Do rats have prefrontal cortex? The rose-woolsey-akert program reconsidered. J Cogn
Neurosci., 7(1), 1-24.

Raam, T., McAvoy, K.M., Besnard, A. et al. . (2017). Hippocampal oxytocin receptors are necessary for
discrimination of social stimuli. Nat Commun 8, 8.

Ragnauth AK, D. N., Moy V, Finley K, Goodwillie A, Kow LM, Muglia LJ, Pfaff DW. (2005). Female
oxytocin gene-knockout mice, in a semi-natural environment, display exaggerated aggressive behavior.
Genes Brain Behav., 4, 229-239.

Ragnauth AK, e. a. (2000). Vasopressin Stimulates Ventromedial Hypothalamic Neurons via Oxytocin
Receptors in Oxytocin Gene Knockout Male and Female Mice. Neuroendocrinology, 80, 92-99.
Rajasethupathy P, e. a. (2015). Projections from neocortex mediate top-down control of memory retrieval.
Nature, 526(7575), 653-659.

Raman B., e. a. (2010). Temporally Diverse Firing Patterns in Olfactory Receptor Neurons Underlie
Spatiotemporal Neural Codes for Odors. J Neurosci., 30(6), 1994-2006.

Ramirez S., e. a. (2013). Creating a False Memory in the Hippocampus. Science, 341(6144), 387-391.
Rasmussen, L. E. L. (1995). Evidence for long-term chemical memory in elephants. Chem. Senses,
20(762).

Redondo RL, K. J., Arons AL, Ramirez S, Liu X, Tonegawa S. (2014). Bidirectional switch of the
valence associated with a hippocampal contextual memory engram. Nature, 513(7518), 426-430.

Reeve, H. K. (1991). Polistes (K. G. R. R. W. Matthews Ed.). Ithaca, NY: Comstock Publishing
Associates.

Ribak CE, S. L., Leranth C. (1993). Electron microscopic immu-nocytochemical study of the distribution
of parvalbumin-containing neurons and axon terminals in the primate-dentate gyrus and Am- mon’s horn.
J Comp Neurol, 327, 298-321.

Richter K., W. G., Engelmann M. . (2005). Social recognition memory requires two stages of protein
synthesis in mice. Learn. Mem, 12, 407—413.

Riedel G, e. a. (2009). Scopolamine-induced deficits in social memory in mice: reversal by donepezil.
Behav Brain Res., 204(1), 217-225.

Risold, P. Y. (2004). The septal region. In P. G (Ed.), The Rat Nervous System (pp. 605-632).
Amsterdam: Elsevier.

Rolls, E. (2010). A computational theory of episodic memory formation in the hippocampus. Behav.
Brain Res., 215, 180-196.

Ross, H. E., et al. . (2009). Variation in oxytocin receptor density in the nucleus accumbens has
differential effects on affiliative behaviors in monogamous and polygamous voles. J. Neurosci., 29, 1312—
1318.

Rossier, J., & Schenk, F. . (2003). Olfactory and/or visual cues for spatial navigation through ontogeny:
Olfactory cues enable the use of visual cues. Behavioral Neuroscience, 117(3), 412-425.

86



Rowland DC, e. a. (2013). Transgenically targeted rabies virus demonstrates a major monosynaptic
projection from hippocampal area CA2 to medial entorhinal layer II neurons. J Neurosci., 33(37), 14889-
14898.

Roy D S, M. S., Smith L M, & Tonegawa S, 2017. (2017). Silent memory engrams as the basis for
retrograde amnesia. PNAS, 114(46), E9972-E9979.

Roy DS, A. A., Mitchell TI, Pignatelli M, Ryan TJ, Tonegawa S. (2016). Memory retrieval by activating
engram cells in mouse models of early Alzheimer's disease. Nature, 531(7595), 508-512.

Royer S, Z. B., Losonczy A, et al. (2012). Control of timing, rate and bursts of hippocampal place cells by
dendritic and somatic inhibition. Nat Neurosci., 15(5), 769-775.

Royer S., e. a. (2010). Distinct Representations and Theta Dynamics in Dorsal and Ventral Hippocampus.
J Neurosci., 30(5), 1777-1787.

Rudebeck PH, e. a. (2007). Distinct contributions of frontal areas to emotion and social behaviour in the
rat. Eur J Neurosci., 26(8), 2315-2326.

Ryan TJ, R. D., Pignatelli M, Arons A, Tonegawa S. (2015). Memory Engram cells retain memory under
retrograde amnesia. Science, 348(6238), 1007-1013.

San Antonio, A., Liban, K., Ikrar, T., Tsyganovskiy, E., and Xu, X. (2014). Distinct physiological and
developmental properties of hippocampal CA2 subfield revealed by using anti-Purkinje cell 4 (PCP4)
immunostaining. J. Comp. Neurol., 522, 1333-1354.

Sarter M, N. C., Bruno JP. (2005). Cortical cholinergic transmission and cortical information processing
following psychostimulant-sensitization: implications for models of schizophrenia. Schizophr Bull, 31,
117-138.

Sausville E, C. D., Battey J. (1985). The human vasopressin gene is linked to the oxytocin gene and is
selectively expressed in a cultured lung cancer cell line. J Biol Chem., 260(18), 10236-10241.

Sayigh LS, T. P., Wells RS, Solow AR, Scott MD, Irvine AB. (1999). Individual recognition in wild
bottlenose dolphins: a field test using playback experiments. Anim Behav., 57(1), 41-50.

Sceniak MP, e. a. (2016). Mechanisms of Functional Hypoconnectivity in the Medial Prefrontal Cortex of
Mecp2 Null Mice. Cereb Cortex, 26(5), 1938-1956.

Schmitz E., M. E., Richter D. (1991). Rat vasopressin and oxytocin genes are linked by a long
interspersed repeated DNA element (LINE): sequence and transcriptional analysis of LINE. DNA Cell
Biol., 10, 81-91.

Schobel SA, e. a. (2013). Imaging patients with psychosis and a mouse model establishes a spreading
pattern of hippocampal dysfunction and implicates glutamate as a driver. Neuron, 78(1), 81-93.
Schwarzlose R.F., e. a. (2005). Separate Face and Body Selectivity on the Fusiform Gyrus. J Neurosci.,
25(47), 11055-11059.

Scoville W B, M. B. (1957). Loss of recent memory after bilateral hippocampal lesions. J. Neurol.
Neurosurg. Psychiat., 20, 11-21.

Sekino Y, O. K., Tanifuji M, Mizuno M, Murayama J. (1997). Delayed signal propagation via CA2 in rat
hippocampal slices revealed by optical recording. J Neurophysiol., 78, 1662—1668.

Sheehan M J, T. E. A. (2008). Robust long-term social memories in a paper wasp. Curr Biol., 18(18),
R851-852.

Shen EH, e. a. (2012). The Allen Human Brain Atlas: comprehensive gene expression mapping of the
human brain. Trends Neurosci., 35(12), 711-714.

Sherman, P. W., Reeve, H. K., and Pfennig, D. W. (1997). Recognition systems. In D. N. B. Krebs ] R
(Ed.), Behavioural Ecology: An Evolutionary Approach (Vol. 4, pp. 69-96). Oxford, UK: Blackwell
Science.

Shinohara Y., e. a. (2012). Hippocampal CA3 and CA2 have distinct bilateral innervation patterns to CA1l
in rodents. Eur J Neurosci., 35, 702-710.

Shu Y., e. a. (2003). Barrages of Synaptic Activity Control the Gain and Sensitivity of Cortical Neurons. J
Neurosci., 23(32), 10388-10401.

Simmons M. L., T. G. W., Gibbs S. M., Chavkin C. (1995). L-type calcium channels mediate dynorphin
neuropeptide release from dendrites but not axons of hippocampal granule cells. Neuron, 14, 1265-1272.

87



Smith, A., Williams Avram, S., Cymerblit-Sabba, A., et al. (2016). Targeted activation of the
hippocampal CA2 area strongly enhances social memory. Mol Psychiatry, 21, 1137-1144.

Smith, J. D., Couchman, J. J., & Beran, M. J. (2014). Animal metacognition: A tale of two comparative
psychologies. Journal of Comparative Psychology, 128, 115-131.

Sofroniew, M. V. (1983). Morphology of vasopressin and oxytocin neurones and their central and
vascular projections. Prog. Brain Res., 60, 101-114.

Song Z, A. H. E. (2018). Cross-talk among oxytocin and arginine-vasopressin receptors: Relevance for
basic and clinical studies of the brain and periphery. Front Neuroendocrinol, 51, 14-24.

Song, Z., et al. (2014). Oxytocin induces social communication by activating arginine-vasopressin Vla
receptors

and not oxytocin receptors. Psychoneuroendocrinology, S0C, 14—19.

Spiegel I, M. A., Gabel HW, et al. (2014). Npas4 regulates excitatory-inhibitory balance within neural
circuits through cell-type-specific gene programs. Cell, 157(5), 1216-1229.

Squire L R, C. R. E., Knowlton B J. (2001). Retrograde amnesia. Hippocampus, 11, 50-55.

Squire, L. R. (1992). Memory and the hippocampus: A synthesis from findings with rats, monkeys, and
humans. Psychological Review, 99(2), 195-231.

Stark, E., Roux, L., Eichler, R., Senzai, Y., Royer, S., and Buzsaki, G. (2014). Pyramidal cell-interneuron
interactions underlie hippocampal ripple oscillations. Neuron, 83, 467—480.

Stefanelli T, B. C., Liischer C, Muller D, Mendez P. (2016). Hippocampal Somatostatin Interneurons
Control the Size of Neuronal Memory Ensembles. Neuron, 89(5), 1074-1085.

Stevenson EL., C. H. K. (2014). Lesions to the CA2 region of the hippocampus impair social memory in
mice. Eur J Neurosci., 40(9), 3294-3301.

Striedter, G. F. (2005). Principles of brain evolution: Sinauer Associates.

Stober, T., Lehr, A. B., Hafting, T., Kumar, A., & Fyhn, M. (2020). Selective neuromodulation and
mutual inhibition within the CA3-CA2 system can prioritize sequences for replay. PsyArXiv Preprints.
Subach FV, S. O., Gundorov IS, et al. (2009). Monomeric fluorescent timers that change color from blue
to red report on cellular trafficking. Nat Chem Biol., 5(2), 118-126.

Suh G S B, W. A. M., Hergarden A C, Wang J W, Simon A F, Benzer S, Axel R, Anderson D J. (2004).
A single population of olfactory sensory neurons mediates an innate avoidance behaviour in Drosophila.
Nature, 431, 854-859.

Sumpter, D. (2006). The principles of collective animal behaviour. Philos Trans R Soc Lond B Biol Sci.,
361(1465), 5-22.

Sun Q, S. K., Sotayo A, Siegelbaum SA. . (2014). Dendritic Na+ spikes enable cortical input to drive
action potential output from hippocampal CA2 pyramidal neurons. eLife, 3, e04551.

Swanson L.W., K. H. G. (1980). The paraventricular nucleus of the hypothalamus: cytoarchitectonic
subdivisions and organization of projections to the pituitary, dorsal vagal complex, and spinal cord as
demonstrated by retrograde fluorescence double-labeling methods. J. Comp. Neurol., 194, 555-570.
Sweis, B. M., et al. (2018). Sensitivity to “sunk costs” in mice, rats, and humans. Science, 361, 178-181.
Szenczi P, B. O., Groo Z, Altbacker V. (2012). Development of the social behavior of two mice species
with contrasting social systems. Aggress Behav, 38, 288-297.

Takayanagi Y, Y. M., Bielsky IF, et al. (2005). Pervasive social deficits, but normal parturition, in
oxytocin receptor-deficient mice. PNAS, 102(44), 16096-16101.

Tamamaki N, A. K., Nojyo Y. (1988). Three-dimensional analysis of the whole axonal arbors originating
from single CA2 pyramidal neurons in the rat hippocampus with the aid of a computer graphic technique.
Brain Res., 452(1-2), 255-272.

Tan AY., W. M. (2009). Balanced tone-evoked synaptic excitation and inhibition in mouse auditory
cortex. neuroscience, 163(4), 1302-1315.

Tayler K K., e. a. (2013). Reactivation of Neural Ensembles during the Retrieval of Recent and Remote
Memory Author links open overlay panel. Curr Biol., 23(2), 99-106.

Teyler, T. J., & DiScenna, P. . (1986). The hippocampal memory indexing theory. Behavioral
Neuroscience, 100(2), 147-154.

88



Thibonnier, M., Coles, P., Thibonnier, A., Shoham, M. (2001). The basic and clinical pharmacology of
nonpeptide vasopressin receptor antagonists. Annu. Rev. Pharmacol. Toxicol., 41, 175-202.

Thierry AM, e. a. (2000). Hippocampo-prefrontal cortex pathway: anatomical and electrophysiological
characteristics. Hippocampus, 10(4), 411-419.

Tibbetts, E. A. (2002). Visual signals of individual identity in the wasp Polistes fuscatus. Proc Biol Sci.,
269(1499), 1423-1428.

Tibbetts EA, J. D. (2007). Individual recognition: it is good to be different. Trends Ecol Evol., 22(10),
529-537.

Tirko NN, E. K., Carcea I, et al. (2018). Oxytocin Transforms Firing Mode of CA2 Hippocampal
Neurons. Neuron, 100(3), 593-608.

Tonegawa S, L. X., Ramirez S, Redondo R. (2015). Memory Engram Cells Have Come of Age. Neuron,
87(5), 918-931.

Tschetter W.W., e. a. (2018). Refinement of Spatial Receptive Fields in the Developing Mouse Lateral
Geniculate Nucleus Is Coordinated with Excitatory and Inhibitory Remodeling. J Neurosci., 38(19),
4531-4542.

Valero, M., Cid, E., Averkin, R. et al. (2015). Determinants of different deep and superficial CA1
pyramidal cell dynamics during sharp-wave ripples. Nat Neurosci., 18, 1281-1290.

van den Pol A.N. (1982). The magnocellular and parvocellular paraventricular nucleus of rat: intrinsic
organization. J. Comp. Neurol., 206, 317-345.

van den Pol A.N. (2012). Neuropeptide transmission in brain circuits. Neuron, 76(1), 98-115.

van Kesteren., e. a. (1995). Structural and functional evolution of the vasopressin/oxytocin superfamily:
vasopressin-related conopressin is the only member present in Lymnaea, and is involved in the control of
sexual behavior. J Neurosci., 15(9), 5989-5998.

van Leeuwen, F. W., van Heerikhuize, J., van der Meulen, G., and Wolters, P. (1985). Light microscopic
autoradiographic localization of [3H]oxytocin binding sites in the rat brain, pituitary and mammary gland.
Brain Res., 359, 320-325.

van Zweden, J. S., and d’Ettorre, P. (2010). Nestmate recognition in social insects and the role of
hydrocarbons. In B. A. G. Blomquist G J (Ed.), Insect Hydrocarbons (pp. 222-243). Cambridge:
Cambridge University Press.

Vernier C L, K. J. J., Marcus K, Hefetz A, Levine J D, Ben-Shahar Y. (2019). The cuticular hydrocarbon
profiles of honey bee workers develop via a socially-modulated innate process. eLife, 8, e41855.

Viviani D, C. A., van den Burg E, et al. (2011). Oxytocin selectively gates fear responses through distinct
outputs from the central amygdala. Science, 333, 104-107.

Vogels, T., Abbott, L. (2009). Gating multiple signals through detailed balance of excitation and
inhibition in spiking networks. Nat Neurosci., 12, 483—491.

Wehr M, Z. A. (2003). Balanced inhibition underlies tuning and sharpens spike timing in auditory cortex.
Nature, 426(6965), 442-446.

Wersinger SR, C. H., Christiansen M, Young WS 3rd. (2007a). Disruption of the vasopressin 1b receptor
gene impairs the attack component of aggressive behavior in mice. Genes Brain Behav.(6), 653-660.
Wersinger, S. R., Ginns, E. 1., O'Carroll, A. M., Lolait, S. J., and Young, W. S., 3rd. (2002). Vasopressin
V1b receptor knockout reduces aggressive behavior in male mice. Mol. Psychiatry, 7, 975-984.

Wilent WB, C. D. (2005). Dynamics of excitation and inhibition underlying stimulus selectivity in rat
somatosensory cortex. Nat Neurosci., 8(10), 1364-1370.

Wilson, A. G., & Crystal, J. D. . (2012). Prospective memory in the rat. Animal Cognition, 15, 349-358.
Winslow J T., e. a. (2000). Infant Vocalization, Adult Aggression, and Fear Behavior of an Oxytocin Null
Mutant Mouse. Horm Behav., 37(2), 145-155.

Wintzer M E., e. a. (2014). The Hippocampal CA2 Ensemble Is Sensitive to Contextual Change. J
Neurosci., 34(8), 3056-3066.

Wirtshafter D, S. T. R., Shim L. (1998). Placement in a novel environment induces Fos-like
immunoreactivity in supramammillary cells projecting to the hippocampus and midbrain. Brain Research,
789(2), 331-334.

&9



Wise, S. (2008). Forward frontal fields: phylogeny and fundamental function. Trends Neurosci., 31(12),
599-608.

Wong LC, W. L., D'Amour JA, et al. (2016). Effective Modulation of Male Aggression through Lateral
Septum to Medial Hypothalamus Projection. Curr Biol., 26(5), 593-604.

Wood JN, e. a. (2003). Category-specific representations of social and nonsocial knowledge in the human
prefrontal cortex. J Cogn Neurosci., 15(2), 236-248.

Woodhams, P. L., Celio, M.R., Ulfig, N., and Witter, M.P. (1993). Morphological and functional
correlates of borders in the entorhinal cortex and hippocampus. Hippocampus, 3, 303-311.

Wyszynski M., e. a. (1998). Differential regional expression and ultrastructural localization of a-actinin-
2, a putative NMDA receptor-anchoring protein, in rat brain. J Neurosci., 18, 1383-1392.

Wohr M, e. a. (2015). Lack of parvalbumin in mice leads to behavioral deficits relevant to all human
autism core symptoms and related neural morphofunctional abnormalities. Transl Psychiatry, 5(3), e525.
Yizhar, O., Fenno, L., Prigge, M. et al. (2011). Neocortical excitation/inhibition balance in information
processing and social dysfunction. Nature, 477, 171-178.

Yoshida K, O. H. (1995). Topographical projections from the medial septum-diagonal band complex to
the hippocampus: a retrograde tracing study with multiple fluorescent dyes in rats. Neurosci Res., 21(3),
199-209.

Yoshida M, T. Y., Inoue K, et al. (2009). Evidence that oxytocin exerts anxiolytic effects via oxytocin
receptor expressed in serotonergic neurons in mice. J Neurosci., 29(7), 2259-2271.

Young, L., Wang, Z. (2004). The neurobiology of pair bonding. Nat Neurosci, 7, 1048—-1054.

Young LJ, F.-C. L. (2012). Editorial comment: oxytocin, vasopressin and social behavior. Hormones and
Behavior, 61, 227-229.

Young W.S., J. L., S.R. Wersinger, M. Palkovits. (2006). The vasopressin 1b receptor is prominent in the
hippocampal area CA2 where it is unaffected by restraint stress or adrenalectomy. Neuroscience, 143,
1031-1039.

Young WS 3rd, G. H. (2003). Transgenesis and the study of expression, cellular targeting and function of
oxytocin, vasopressin, and their receptors. Neuroendocrinology, 78, 185-203.

Yurkovic A, W. O., Basu A C, Kravitz E A. (2006). Learning and memory associated with aggression in
Drosophila melanogaster. PNAS, 103(46), 17519-17524.

Zaninetti, M., and Raggenbass, M. (2000). Oxytocin receptor agonists enhance inhibitory synaptic
transmission in the rat hippocampus by activating interneurons in stratum pyramidale. Eur J Neurosci.,
12, 3975-3984.

Zhang L., H. V. (2013). Synaptic innervation to rat hippocampus by vasopressin-immuno-positive fibres
from the hypothalamic supraoptic and paraventricular nuclei. Neuroscience, 228, 139-162.

Zhang LI, T. A., Schreiner CE, Merzenich MM. (2003). Topography and synaptic shaping of direction
selectivity in primary auditory cortex. Nature, 424(6945), 201-205.

Zhang, Y. E., Landback, P., Vibranovski, M. D., & Long, M. (2011). Accelerated recruitment of new
brain development genes into the human

genome. PLoS Biology, 9(10), e1001179.

Zhang ZJ, R. G. (2002). A selective decrease in the relative density of parvalbumin-immunoreactive
neurons in the hippocampus in schizophrenia. Schizophr Res., 55(1-2), 1-10.

Zhao M, C. Y .-S., Obrietan K, Dudek SM. (2007). Synaptic plasticity (and the lack thereof) in
hippocampal CA2 neurons. J Neurosci., 27, 12025-12032.

Zheng C., e. a. (2016). Spatial Sequence Coding Differs during Slow and Fast Gamma Rhythms in the
Hippocampus. Neuron, 89(2), 398-408.

Zheng JJ, e. a. (2014). Oxytocin mediates early experience-dependent cross-modal plasticity in the
sensory cortices. Nat Neurosci., 17(3), 391-399.

Zink CF, e. a. (2008). Know your place: neural processing of social hierarchy in humans. Neuron, 58(2),
273-283.

Zola-Morgan S., S. L. R. (1984). Preserved learning in monkeyswith medial temporal lesions: sparing of
motor and cognitive skills. J. Neurosci., 4, 1072-1085.

90



