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Neuronal ensemble dynamics in social memory

Azahara Oliva

Abstract

A large body of evidence suggests that cognitive functions rely
on the coordination of ensembles of neurons across brain
circuits. One example is social memory, the ability to recognize
and remember other conspecifics. A broad range of brain re-
gions have been implicated in social behaviors and memory
processes. At the single-cell level, neurons from different brain
areas have responded to specific social features. The coordi-
nation of these ensembles both within a region and across
structures is required to support social memory and decision-
making. The synchronous activation of these neuronal en-
sembles could allow for the integration of different aspects of a
social episode into a unified representation of experience. In
this review, recent results on the circuit basis and physiological
mechanisms of social memory are discussed, from a systems
neuroscience perspective. An integrative framework of the
neuronal ensemble dynamics supporting this fundamental
cognitive ability is proposed.
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Introduction

Social behaviors are a central aspect of many animal taxa,
including humans. In order to navigate their social world,
animals are required to interact and recognize other
conspecifics. They need to encode and remember the
identity and previous interactions with other members of
their group in order to adapt and make decisions about
their behavior. This ability is referred to as “social
memory”, a specific type of declarative memory [1].
Investigating the neural basis of social memory has been
traditionally challenging due to its inherently multi-
modal nature and the complexity of social behaviors.
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However, in recent years, the development of new
technologies to record [2] and manipulate neural circuits
[3] in behaving animals (particularly in rodents) and
novel computational tools for the analysis of neural ac-
tivity and behavior [4] have helped to shed light into the
brain mechanisms of social memory. Many aspects of
social behaviors are being tested in laboratory settings
with the use of traditional [5] and non-traditional model
organisms [6,7]. While there are fundamental differ-
ences between the repertoire of social behaviors across
species, there is one key feature that is common to all of
them: their ability to recognize and remember other
conspecifics. Focusing primarily in the rodent literature,
in this review, recent findings are discussed in an effort
to put forward an emerging, system neuroscience
framework of the neuronal ensemble dynamics that
support social memory.

Anatomical basis of social memory

Most of the research in social memory have been
focused on brain structures that are well known for their
role in declarative memory [1], such as the hippocampus
(HP) and the medial prefrontal cortex (mPFC). Social
memory has been shown to share a common anatomical
and physiological basis with other types of memories but
also important differences in terms of circuits, cell types
and neurotransmitters.

The hippocampus has been shown to be fundamental
for the encoding, consolidation and recall of declarative
memories [1,8]. Most of the work about the synaptic
and network mechanisms that support these processes
have focused on spatial memory paradigms. This
emphasis originated after the remarkable discovery that
individual hippocampal pyramidal cells increase their
firing rate at specific locations (‘place fields’) [9,10] and
form, as a population, a ‘cognitive map’ of the environ-
ment [11]. More recent evidence indicated that these
‘place cells’ do not encode space in an absolute manner
but rather respond to behaviorally salient features in
space, time and other arbitrary domains [12—14].
Therefore, hippocampal cognitive maps constitute a
neural coding mechanism that organizes relational in-
formation about events experienced during behavior
[15]. In recent years, several findings have emphasized
that the hippocampus is also involved in the processing
of social episodes. The CAl [16,17] and CA2 [18—22]
regions of the dHP have been implicated in encoding
various features of social representations, including the
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position of other conspecifics, as well as in consolidating
a social episode [23]. CAl pyramidal cells in the ventral
hippocampus (vHP), which receive projections from
dorsal CA2 region of the hippocampus (dHP), have been
shown to be necessary for storing the memory of a
conspecific [24—26]. On the other hand, parvalbumin
interneurons in ventral hippocampus are involved in
social memory discrimination [27]. Both dorsal and
ventral hippocampus send projections and receive
inputs from other regions that have been also implicated
in social memory. A projection from ventral CAl to the
nucleus accumbens (NA) has been reported to be
necessary for social memory encoding and recall [24,25].
Cell ensembles in the PFC increase or decrease their
activity during social explorations in an ON and OFF
manner [28]. In addition, adult-born neurons in the
dentate gyrus (DG) are required for social memory
maintenance [29], and activity-dependent tagging of
DG cells during fear learning showed reactivation of
these cells during social but not stressful experiences
[30]. Furthermore, projections from the lateral ento-
rhinal cortex to DG [31] and CA2 [32] are needed for
social memory formation and retrieval, potentially
conveying discriminant olfactory cues to the hippo-
campus [33]. The lateral septum, one of the main target
areas of CA2 [20,34], has been linked to various social
behaviors, including social recognition before an
aggressive encounter [34] and kinship recognition [35].

The mPFC works intimately in concert with the hip-
pocampus, receives direct projections from the vHP and
has been highlighted for its important role in the long-
term consolidation of memories and the formation of
higher-order ‘schemas’, potentially contributing to
transform episodic memories into semantic concepts
[36,37]. In support of this hypothesis in the context of
social memory, the mPFC has been implicated in the
encoding of higher-order social relationships, such as
dominance and social rank [38,39]. In addition, a sub-
population of pyramidal cells in the mPFC were shown to
be activated after social interactions and their silencing
impaired social memory formation [40]. Moreover,
altered synaptic connectivity was found to underly social
memory deficits in a mouse model of autism spectrum
disorder and replicating this alteration in wild-type ani-
mals resulted in impaired social recognition [41].
Furthermore, a subpopulation of neurons from the
prelimbic portion of the mPFC that projects to the NA
are active during social investigation [42]. Selective
excitation of these neurons via optogenetic stimulation
resulted in decreased social preference, with no effect on
novel object preference, while inhibition of mPFC neu-
rons that project to the shell of the NA impairs social
recognition without affecting social preference.

Several subcortical brain structures have also been
involved in social memory. One of them is the medial
septum, where serotoninergic modulation bidirectionally

controls social memory formation [43]. In addition, in-
hibition of cholinergic neurons in the medial septum/
diagonal band of Broca impaired conspecific discrimina-
tion [44]. In another subcortical structure, the supra-
mammillary nucleus, a subset of neurons that modulate
the output of CA2 hippocampal neurons under a high
cholinergic tone [45], was shown to be activated when
animals interacted with novel conspecifics [46]. In
addition to the cholinergic and serotonergic systems,
there are other neurotransmitters that are crucial for
social behaviors, such as vasopressin and oxytocin. The
vasopressin 1b receptor (Avprlb), profusely expressed in
the paraventricular nucleus of the hypothalamus (PVN)
and CAZ [20,34,47], is required for social recognition in
various social contexts, including aggression [34], terri-
toriality and pair bonding [48,49]. Oxytocin receptors
(Oxtr) are also expressed in the supraoptic and PVN
areas of the brain and CA2/CA3a areas of the hippo-
campus [47,50]. They have been shown to be necessary
for conspecific discrimination, presumably by increasing
the saliency and rewarding value of the stimulus animal
[51]. Importantly, stimulation of axons in the basolateral
amygdala (BLA) originated from oxytocin-expressing
neurons in the PFC, and abolished the ability of mice
to distinguish familiar, but not novel, conspecifics [52].

In summary, multiple brain regions are involved in
various aspects of social memory, with a large overlap,
but also some distinct specializations with the circuits,
cell types and neurotransmitters involved in other types
of declarative memory. This body of evidence suggests
that social memory relies on the coordination of cell
ensembles across  distributed brain  structures
(Figure 1), as is the case for other cognitive functions.

From single cells to ensemble dynamics across
species

Electrophysiological recordings in humans and other
primates have shown that single neurons respond to
social features or even to the identity of specific in-
dividuals. Single cells in the human medial temporal lobe
(MTL) increase their firing rates in response to faces
[53] and other features related to specific individuals
[54]. It was suggested that a subpopulation of neurons in
the MTL encode the semantic knowledge of individual
identity [54]. These ‘grandmother cells’ respond to the
face, name or voice of a particular individual and are
invariant to the context or sensory features of the stimuli
[53,54]. In macaques, cells that respond to faces were
also described in the inferotemporal cortex (I'T) [55].
Later, Tsao and colleagues showed that neurons that
respond to different facial features (such as orientation
or shape) are anatomically segregated into ‘patches’ along
the I'T anatomical axis [56].

In other species, single cells in the CAl hippocampal
region of rats [16] and bats [17] have been shown to fire
in response to the position of other conspecifics. In
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Figure 1
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Schematic of how several brain structures can contribute to the formation of a social memory. Single neurons (triangles) that respond to specific features

(sensory features, behavioral features ...

) can coordinate into an ensemble of neurons that represent the various elements of social episodes (such as the

identity of various conspecifics -in red and grey- or complex aspects of behavior, such as hierarchy). While the different ensembles in more primary
sensory areas can code single sensory modalities, they could combine into an episode through hippocampal neuronal ensembles, with an abstract social

meaning (i.e., hierarchy) encoded in cortical ensembles.

mice, cells from the hippocampus, predominantly from
the dorsal CA2 [23] and ventral CAl [24—26] respond
to social interactions and distinguish between novel and
familiar conspecifics [22]. Interestingly, neurons in the
hippocampus [33] and lateral septum [35] can differ-
entiate between odors of different conspecifics. On the
other hand, responses of a subset of mPFC neurons that
projects to the NA show mix selectivity for social and
spatial information [42]. Single neuron’s responses in
other areas, such as glutamatergic neurons in the medial
preoptic area, respond to social stimuli, but not to other
rewarding stimuli [57]. Importantly, it has also been
shown that subsets of neurons from the mPFC increase
or decrease their firing rates during specific social be-
haviors (approach, retreat ...) in mice [58] and bats [59]
as well as during social interactions with either male or
female conspecifics [60].

In recent years, a paradigm shift in systems neurosci-
ence facilitated by the possibility to record simulta-
neously from large numbers of neurons put forward the
idea that neuronal ensembles, rather than single
neurons, are the [functional wnits for information
processing in the brain [61,62]. This ensemble of
neurons can provide both robustness and flexibility to
support complex functions, such as encoding, consoli-
dation and retrieval of memories, including social

information. In order to encode a social episode,
different types of information need to be combined
into an integrated representation. On one hand, an
animal has to identify the other conspecific(s) using
whichever available (or more salient) sensory modalities
(olfactory, visual, somatosensorial etc.). On the other
hand, the interaction will take place in a particular
spatiotemporal context. In addition, social interactions
can also have different valence, ranging from negative
(such as aggression) to positive (e.g., mating). A flexible
and efficient way to generate a unified representation
of such an episode would be to combine the repre-
sentation of individual features (e.g., conspecific odor,
location, valence, etc.) via synchronous activation of cell
ensembles (Figure 2b).

In summary, while single neurons can respond to specific
sensory features, behavioral categories or even social
identity, the coordination of distributed neuronal en-
sembles is needed for the formation of complex repre-
sentations, such as that of a social episode.

Population dynamics of memory ensembles

The activation of neuronal ensembles encoding aspects
of experience follows a precise temporal coordination
both during behavior and ‘offline’ periods (such as rest
or sleep). In the hippocampus, the activation of
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a) Schematic of how ensembles of neurons that are active during in-
teractions with various conspecifics are later reactivated during offline
(sleep) periods. Different colored circles represent different neurons. A
neuronal ensemble composed of various neurons can represent a
conspecific. b) Optogenetic silencing of these ensembles during behavior
(left) or subsequent sleep (right) impair social memory [23].

neuronal ensembles that represent a particular spatial
trajectory is recapitulated in a compressed temporal
manner during highly synchronous network events, such
as theta oscillations and sharp-wave ripples [63,64].
Disruption of sharp-wave ripples during behavior
[65,66] or subsequent sleep [67] or silencing specific
assembly activity during behavior [68], impairs learning
and memory. In an analogous way, it was recently shown
that the neuronal ensembles that are active during in-
teractions with particular conspecifics are later reac-
tivated during sleep sharp-wave ripples, and disruption
of these ensembles during behavior or post-experience
sleep-impaired social memory [23] (Figure 2). In addi-
tion, vCA1 neurons that preferentially respond to con-
specifics reactivate during sharp-wave ripples, and this
phenomenon is abolished in a mouse model of autism
[69]. Whether dCA2 and vCA1 reactivation of socially
responsive ensembles during sharp-wave ripples serve
the same or alternative functions, it remains to be
investigated. At the single-cell level, dCA2 cells have
been implicated in the encoding of a novel conspecific
[19,22,23], whereas vCAl cells respond to familiar
conspecifics [24—26]. One possibility is that the reac-
tivation of ensembles of cells in dCA2 and vCAl sub-
regions during sharp-wave ripples helps consolidate a
novel versus a familiar conspecific respectively in a
segregated way. Alternatively, both regions could coor-
dinate together the consolidation of the entire social
episode. In this case, complementary aspects of a given
social episode could be encoded by dCAZ or vCAl

selectively and their simultaneous reactivation during
SWRs could support the integration of these features
into a single memory representation. This integrative
scenario seems more plausible given the complexity of
social memory representations (i.e., more features need
to be encoded and reactivated) and the connectivity
between dorsal and ventral sides of the hippocampus
[19,22,23]. The sequential order of activity of hippo-
campal cells that encode successive positions along a
trajectory and events in time has been proposed as a
mechanism for episodic memory [70]. These same
mechanisms that generate a ‘cognitive map’ for space
and memories have been proposed to also encode social
relationships [71,72]. However, it is not yet clear how
the stereotypic temporal organization of ensembles
arises based on the diversity and variability of social
interactions. While the experience of interacting with a
particular conspecific does not impose a temporal order
at the behavioral level, an intrinsic sequential structure
could arise due to anatomical wiring, cell excitability or
input-timing properties of afferent regions.

Social behaviors — an ethological note

The increased interest in understanding the neural basis
of behavior promoted the development of a broad variety
of social behavioral paradigms that can be used in the
laboratory. Even highly simplified social behavioral assays
have proven very useful, particularly when combined
with cell-type or circuit-specific manipulations. However,
the variety and complexity of social interactions that
animals exhibit in their natural habitats are far larger than
what has been reproduced in laboratory assays (for a
recent review see [74]). Importantly, the brain circuits
and physiological mechanisms investigated in reduced
laboratory preparations have evolved to support more
complex demands in environments that are richer than
the ones provided by laboratory settings. Interoceptive
processes such as the internal state of an animal (moti-
vational, metabolic, endocrine, etc.), can affect the way a
subject perceives and interacts with other conspecifics.
Even interactions with the same conspecific (or in the
same context) can have very different impacts due to
these factors and affect both, the innate and cognitive
components of social behaviors [73]. On the other hand,
social interactions often involve groups of individuals
[75], while most laboratory assays only consider a few
interacting animals. Animal groups are often organized in
a hierarchical manner, and the respective rank of two
interacting conspecifics greatly affects their behavior
[39]. Environmental conditions (seasons, climate) or
variability in the ecosystem of subject animals (predators,
resource availability) are key for the social behavior of any
individual. As the techniques for animal tracking,
analyzing behavior, recording and manipulating brain ac-
tivity via wireless technology continue to evolve, adopt-
ing more naturalistic behavioral paradigms is a pressing
need for understanding the neural circuit dynamics of
social memory.
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Conclusions and future directions

In the last decade, new experimental and theoretical
evidences suggest that the coordination of neuronal
ensembles across distributed brain structures underlies
the generation of complex cognitive functions, including
social memory. However, more research is needed in
order to understand how individual cell responses, often
encoding single sensory modalities, can efficiently
generate a unified representation of experience, such as
the identity of a conspecific. In addition, it remains to be
understood how the episodic and semantic aspects of
social memory are integrated in the brain during a social
episode. Furthermore, it is still unclear how the tem-
poral coordination of neuronal responses at a behavioral
scale during social interactions is generated and later
reactivated for memory consolidation. The use of more
naturalistic assays could help shed light on how well
mechanistic models generated in reduced laboratory
paradigms can be extended to explain more complex
social behaviors exhibited by multiple animal species in
their natural habitats.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could
have appeared to influence the work reported in
this paper.

Data availability
No data was used for the research described in
the article.

Acknowledgments

The author thanks Steven Siegelbaum, members of the Oliva and
Fernandez-Ruiz labs and Praveen Paudel for helpful comments. This work
was supported by NIH (4RO0OMH122582), Brain and Behavior Research
Foundation and Cornell University funding.

References
Papers of particular interest, published within the period of review,
have been highlighted as:
* of special interest
** of outstanding interest

1. Buffalo EA, Squire LR: Declarative memory, neural basis of. In-
ternational encyclopedia of the social & behavioral sciences. 2nd
ed. 2015:923-926, https://doi.org/10.1016/B978-0-08-097086-
8.51005-8.

2. Urai AE, Doiron B, Leifer AM, et al.: Large-scale neural recordings
call for new insights to link brain and behavior. Nat Neurosci
2022, 25:11-19, https://doi.org/10.1038/s41593-021-00980-9.

3. Farahani PE, Reed EH, Underhill EJ, Aoki K, Toettcher JE:
Signaling, deconstructed: using optogenetics to dissect and direct
information flow in biological systems, 23; 2021:61-87.

4. Mathis A, Schneider S, Lauer J, Weygandt Mathis M: A primer on
motion capture with deep learning: principles, pitfalls and
perspectives. Neuron 2020, 108:44—65.

5. Social MB Sokolwski: Interactions in “simple” model systems.
Neuron 2010, 65:780—-794.

Neuronal ensemble dynamics Oliva 5

6. Klump BC, Martin JM, Wild S, Horsch JK, Major RE, Aplin LM:
Innovation and geographic spread of a complex foraging
culture in an urban parrot. Science 2021, 373:456—-460, https:/
doi.org/10.1126/science.abe7808.

7. Brusman LE, Protter DSW, Fultz AC, Paulson MU, Chapel GD,
Elges 10, Cameron RT, Beery AK, Donaldson ZR: Emergent
intra-pair sex differences and organized behavior in pair
bonded prairie voles (Microtus ochrogaster). Gene Brain
Behav 2022, https://doi.org/10.1111/gbb.12786.

8. Buzsaki G, McKenzie S, Neurophysiology of Remembering L
Davachi: Annu Rev Psychol 2022, 73:187—-215, https://doi.org/
10.1146/annurev-psych-021721-110002.

9. O'Keefe J, Dostrovsky J: The hippocampus as a spatial map.
Preliminary evidence from unit activity in the freely-moving
rat. Brain Res 1971, 34:171-175.

10. O’Keefe J: Place units in the hippocampus of the freely
moving rat. Exp Neurol 1976 Apr, 51:78—109, https://doi.org/
10.1016/0014-4886(76)90055-8. PMID: 1261644.

11. O’Keefe J, Nadel L: The hippocampus as a cognitive map. Oxford
University Press; 1978.

12. Pastalkova E, Itskov V, Amarasingham A, Buzsaki G: Internally
generated cell assembly sequences in the rat hippocampus.
Science 2008, 321:1322-1327, https://doi.org/10.1126/
science.1159775.

13. Wood ER, Dudchenko PA, Robitsek RJ, Eichenbaum H: Hippo-
campal neurons encode information about different types of
memory episodes occurring in the same location. Neuron
2000, 27:623—-633.

14. Aronov D, Nevers R, Tank DW: Mapping of a non-spatial
dimension by the hippocampal/entorhinal circuit. Nature
2017, 29:719-722, https://doi.org/10.1038/nature21692. 543.

15. J.C.R. Whittington, T.H. Muller, S. Mark, C. Barry, T.E.J. Behrens.
Generalization of structural knowledge in the hippocampal-
entorhinal system. arXiv preprint (2018). arXiv:1805.09042.

16. Danjo T, Toyoizumi R, Fujisawa S: Spatial representations of
self and other in the hippocampus. Science 2018, 359:
213-218, https://doi.org/10.1126/science.aao3898.

17. Omer DB, Maimon SR, Las L, Ulanovsky N: Social place-cells in
the bat hippocampus. Science 2018, 359:218—-224, https://
doi.org/10.1126/science.aao3474.

18. Hitti FL, Siegelbaum SA: The hippocampal CA2 region is
essential for social memory. Nature 2014, 508:88—92, https://
doi.org/10.1038/nature13028.

19. Alexander GM, Farris S, Pirone JR, Zheng C, Colgin LL,
Dudek SM: Social and novel contexts modify hippocampal
CAZ2 representations of space. Nat Commun 2016, 7, 10300,
https://doi.org/10.1038/ncomms10300.

20. Smith AS, Williams Avram SK, Cymerblit-Sabba A, Song J,
Young WS: Targeted activation of the hippocampal CA2
area strongly enhances social memory. Mol Psychiatr 2016,
21:1137—-1144, https://doi.org/10.1038/mp.2015.189.

21. Laham BJ, Diethorn EJ, Gould E: Newborn mice form lasting
CA2-dependent memories of their mothers. Cell Rep 2021, 34,
108668, https://doi.org/10.1016/j.celrep.2020.108668.

22. Donegan ML, Stefanini F, Meira T, Gordon JA, Fusi S,
Siegelbaum SA: Coding of social novelty in the hippocam-
pal CA2 region and its disruption and rescue in a 22q11.2
microdeletion mouse model. Nat Neurosci 2020, 23:
1365-1375, https://doi.org/10.1038/s41593-020-00720-5.

23. Oliva A, Fernandez-Ruiz A, Leroy F, Siegelbaum SA: Hippo-
campal CA2 sharp-wave ripples reactivate and promote
social memory. Nature 2020, 587:264—-269, https://doi.org/
10.1038/s41586-020-2758-y.

This study showed that reactivation of ensembles of hippocampal
neurons that represent a particular conspecific during behavior is
necessary for social memory consolidation.

www.sciencedirect.com

Current Opinion in Neurobiology 2023, 78:102654


https://doi.org/10.1016/B978-0-08-097086-8.51005-8
https://doi.org/10.1016/B978-0-08-097086-8.51005-8
https://doi.org/10.1038/s41593-021-00980-9
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref3
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref3
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref3
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref4
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref4
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref4
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref5
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref5
https://doi.org/10.1126/science.abe7808
https://doi.org/10.1126/science.abe7808
https://doi.org/10.1111/gbb.12786
https://doi.org/10.1146/annurev-psych-021721-110002
https://doi.org/10.1146/annurev-psych-021721-110002
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref9
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref9
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref9
https://doi.org/10.1016/0014-4886(76)90055-8
https://doi.org/10.1016/0014-4886(76)90055-8
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref11
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref11
https://doi.org/10.1126/science.1159775
https://doi.org/10.1126/science.1159775
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref13
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref13
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref13
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref13
https://doi.org/10.1038/nature21692
https://doi.org/10.1126/science.aao3898
https://doi.org/10.1126/science.aao3474
https://doi.org/10.1126/science.aao3474
https://doi.org/10.1038/nature13028
https://doi.org/10.1038/nature13028
https://doi.org/10.1038/ncomms10300
https://doi.org/10.1038/mp.2015.189
https://doi.org/10.1016/j.celrep.2020.108668
https://doi.org/10.1038/s41593-020-00720-5
https://doi.org/10.1038/s41586-020-2758-y
https://doi.org/10.1038/s41586-020-2758-y
www.sciencedirect.com/science/journal/09594388

6 Systems Neuroscience

24. Okuyama T, Kitamura T, Roy DS, Itohara S, Tonegawa S: Ventral
CA1 neurons store social memory. Science 2016, 353:
1536—1541, https://doi.org/10.1126/science.aaf7003.

25. Meira T, Leroy F, W Buss E, Oliva A, Park J, Siegelbaum SA:
A hippocampal circuit linking dorsal CA2 to ventral CA1
critical for social memory dynamics. Nat Commun 2018, 9:
4163, https://doi.org/10.1038/s41467-018-06501-w.

26. P Rao R, von Heimendahl M, Bahr V, Brecht M: Neuronal re-
sponses to conspecifics in the ventral CA1. Cell Rep 2019, 27:
3460-3472, https://doi.org/10.1016/j.celrep.2019.05.081. e3.

27. Deng X, Gu L, Sui N, Guo J, Liang J: Parvalbumin interneuron
in the ventral hippocampus functions as a discriminator in
social memory. Proc Natl Acad Sci USA 2019, 116:
16583—16592, https://doi.org/10.1073/pnas.1819133116.

28. Liang B, Zhang L, Barbera G, Fang W, Zhang J, Chen X, Chen R,
Li Y, Lin DT: Distinct and dynamic ON and OFF neural en-
sembles in the prefrontal cortex code social exploration.
Neuron 2018 Nov 7, 100:700—-714. e9.

29. Cope EC, Waters RC, Diethorn EJ, Pagliai KA, Dias CG,
Tsuda M, Cameron HA, Gould E: Adult-born neurons in the
hippocampus are essential for social memory maintenance.
eNeuro 2020, 7, https://doi.org/10.1523/ENEURO.0182-20.2020.
ENEURO.0182-20.2020.

30. Finkelstein AB, Leblanc H, Cole R, Gallerani T, Vieira A, Zaki Y,
Ramirez S: Social reactivation of fear engrams enhances
recall and reinstatement. PNAS 2021, 119(12), e2114230119,
https://doi.org/10.1073/pnas.2114230119.

31. Leung C, Cao F, Nguyen R, Joshi K, Agrabawi AJ, Xia S,
Cortez MA, Snead Ill OC, Kim JC, Jia Z: Activation of entorhinal
cortical projections to the dentate gyrus underlies social
memory retrieval. Cell Rep 2018, 23:2379—-2391, https://doi.org/
10.1016/j.celrep.2018.04.073.

32. Lopez-Rojas J, de Solis CA, Leroy F, Kandel ER, Siegelbaum SA:
A direct lateral entorhinal cortex to hippocampal CA2 circuit
conveys social information required for social memory.
Neuron 2022 May 4, 110:1559—-1572. e4.

33. Hassan SlI, Bigler S, Siegelbaum SA: Coding for social odors in
the hippocampal CA2 region as a substrate for social memory.
bioRxiv 2021, https://doi.org/10.1101/2021.09.02.458744.

34. Leroy F, Park J, Asok A, Brann DH, Meira T, Boyle LM, Buss EW,
Kandel ER, Siegelbaum SA: A circuit from hippocampal CA2 to
lateral septum disinhibits social aggression. Nature 2018,
564:213-218, https://doi.org/10.1038/s41586-018-0772-0.

35. Clemens AM, Wang H, Brecht M: The lateral septum mediates
kinship behavior in the rat. Nat Commun 2020, 11:3161, https://
doi.org/10.1038/s41467-020-16489-x.

In this work, the authors showed that single neurons through the lateral

septum anatomical axis respond to a variety of multisensory features in

response to kin and non-kin stimuli.

36. Tse D, Langston RF, Kakeyama M, Bethus |, Spooner PA,
Wood ER, Witter MP, Morris RGM: Schemas and memory
consolidation. Science 2007, 316:76, hitps://doi.org/10.1126/
science.1135935.

37. Euston DR, Gruber AJ, McNaughton BL: The role of medial pre-
frontal cortex in memory and decision making. Neuron2012, 76:
1057-1070, https://doi.org/10.1016/j.neuron.2012.12.002.

38. Baez-Mendoza R, Mastrobattista EP, Wang AJ, Williams ZM:

** Social agent identity cells in the prefrontal cortex of inter-
acting groups of primates. Science 2021, 374 74:6566, https://
doi.org/10.1126/science.abb4149. Issue.

In this study, it was shown that the medial prefrontal cortex in Rhesus

macaques respond to various features, such as identity, context and

interaction history between groups of individuals.

39. Padilla-Coreano N, Batra K, Patarino M, et al.: Cortical ensem-

** bles orchestrate social competition through hypothalamic
outputs. Nature 2022, 603:667—-671, https://doi.org/10.1038/
s41586-022-04507-5.

In this work, the authors developed a novel trial-based competition task

and computer vision tool to track multiple animals. They showed that

population dynamics in the mPFC decode social rank and competitive

success.

40. Xing B, Mack NR, Guo KM, Zhang YX, Ramirez B, Yang SS,
Lin L, Wang DV, Li YC, Gao WJ: A subpopulation of prefrontal
cortical neurons is required for social memory. Biol Psychiatr
2021, 89:521-531.

41. Philips ML, Robinson HA, Pozz-Miller L: Ventral hippocampal
projections to the medial prefrontal cortex regulate social
memory. Elife 2019, 8, e44182, https://doi.org/10.7554/
elife.44182.

42. Murugan M, Jang HJ, Park M, Miller EM, Cox J, Taliaferro JP,
Parker NF, Bhave V, Hur H, Liang Y, Nectow AR, Pillow JW,
Witten IB: Combined social and spatial coding in a descend-
ing projection from the prefrontal cortex. Cell 171, 2017:
1663—1677, https://doi.org/10.1016/j.cell.2017.11.002.

43. Wu X, Morishita W, Beier KT, Heifets BD, Malenka RC: 5-HT
modulation of a medial septal circuit tunes social memory
stability. Nature 2021, 599:96—101, https://doi.org/10.1038/
s$41586-021-03956-8.

This study showed increased activity in medial septum neurons that

projects to CA2 area of the hippocampus, and modulation of 5-HT in

medial septum bidirectionally regulate social memory.

44. Pimpinella D, Mastrorilli V, Giorgi C, Coemans S, Lecca S,
Lalive AL, Fuchs EC, Monyer H, Mele A, Cherubini E, Griguoli M:
Septal cholinergic input to CA2 hippocampal region controls
social novelty discrimination via nicotinic receptor-mediated
disinhibition. Elife 2021, 10, 65580, https://doi.org/10.7554/
eLife.65580.

45. Robert V, Therreau L, Chevaleyre V, Lepicard E, Viollet C,
Cognet J, Huang AJY, Boehringer R, Polygalov D, McHugh TJ,
Piskorowski RA: Local circuit allowing hypothalamic control
of hippocampal area CA2 activity and consequences for
CA1. Elife 2021, 10, e63352, https://doi.org/10.7554/
eLife.63352.

46. Chen S, He L, Huang AJY, Boehringer R, Robert V, Wintzer ME,

** Polygalov D, Weitemier AZ, Tao Y, Gu M, Middleton SJ, Namiki K,
Hama H, Therreau L, Chevaleyre V, Hioki H, Miyawaki A,
Piskorowski RA, McHugh TJ: A hypothalamic novelty signal
modulates hippocampal memory. Nature 2020, 586:270—-274,
https://doi.org/10.1038/s41586-020-2771-1.

This study showed increased activity in neurons from the

suprammamilary nucleus that project to CA2 area of the hippo-

campus, and modulation of this pathway disrupt social novelty

discrimination.

47. Pagani JH, Zhao M, Cui Z, Williams Avram SK, Caruana DA,
Dudek SM, Young WS: Role of the vasopressin 1b receptor in
rodent aggressive behavior and synaptic plasticity in hippo-
campal area CA2. Mol Psychiatr 2015, 20:490—-499, https:/
doi.org/10.1038/mp.2014.47.

48. Bielsky IF, Young LJ: Oxytocin, vasopressin and social
recognition in mammals. Peptides 2004, 25:1565—1574, https://
doi.org/10.1016/j.peptides.2004.05.019.

49. Donaldson ZR, Oxytocin L J Young: vasopressin, and the
neurogenetics of sociality. Science 2008, 322:900.
90410.1126/science.1158668.

50. Raam T, McAvoy KM, Besnard A, Veenema AH, Sahay A: Hip-
pocampal oxytocin receptors are necessary for discrimina-
tion of social stimuli. Nat Commun 2017, 8:2001, https://doi.org/
10.1038/s41467-017-02173-0.

51. Young LJ: Oxytocin, social cognition and psychiatry. Neuro-
psychopharmacology 2015, 40:243—-244, https://doi.org/10.1038/
npp.2014.186.

52. Tan'Y, Singhal SM, Harden SW, Cabhill KM, Nguyen DTM, Colon-
Perez LM, Sahagian TJ, Thinschmidt JS, de Kloet AD, Febo M,
Frazier CJ, Krause EG: Oxytocin receptors are expressed by
glutamatergic prefrontal cortical neurons that selectively
modulate social recognition. J Neurosci 2019, 39:3249—-3263,
https://doi.org/10.1523/JNEUROSCI.2944-18.2019.

53. Quiroga RQ, Reddy L, Kreiman G, Koch C, Fried I: Invariant
visual representation by single neurons in the human brain.
Nature 2005, 435:1102—1107, https://doi.org/10.1038/
nature03687.

54. Rey HG, Gori B, Chaure FJ, Collavini S, Blenkmann AO,
** Seoane P, Seoane E, Kochen S, Quiroga RQ: Single neuron

Current Opinion in Neurobiology 2023, 78:102654

www.sciencedirect.com


https://doi.org/10.1126/science.aaf7003
https://doi.org/10.1038/s41467-018-06501-w
https://doi.org/10.1016/j.celrep.2019.05.081
https://doi.org/10.1073/pnas.1819133116
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref28
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref28
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref28
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref28
https://doi.org/10.1523/ENEURO.0182-20.2020
https://doi.org/10.1073/pnas.2114230119
https://doi.org/10.1016/j.celrep.2018.04.073
https://doi.org/10.1016/j.celrep.2018.04.073
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref32
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref32
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref32
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref32
https://doi.org/10.1101/2021.09.02.458744
https://doi.org/10.1038/s41586-018-0772-0
https://doi.org/10.1038/s41467-020-16489-x
https://doi.org/10.1038/s41467-020-16489-x
https://doi.org/10.1126/science.1135935
https://doi.org/10.1126/science.1135935
https://doi.org/10.1016/j.neuron.2012.12.002
https://doi.org/10.1126/science.abb4149
https://doi.org/10.1126/science.abb4149
https://doi.org/10.1038/s41586-022-04507-5
https://doi.org/10.1038/s41586-022-04507-5
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref40
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref40
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref40
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref40
https://doi.org/10.7554/eLife.44182
https://doi.org/10.7554/eLife.44182
https://doi.org/10.1016/j.cell.2017.11.002
https://doi.org/10.1038/s41586-021-03956-8
https://doi.org/10.1038/s41586-021-03956-8
https://doi.org/10.7554/eLife.65580
https://doi.org/10.7554/eLife.65580
https://doi.org/10.7554/eLife.63352
https://doi.org/10.7554/eLife.63352
https://doi.org/10.1038/s41586-020-2771-1
https://doi.org/10.1038/mp.2014.47
https://doi.org/10.1038/mp.2014.47
https://doi.org/10.1016/j.peptides.2004.05.019
https://doi.org/10.1016/j.peptides.2004.05.019
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref49
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref49
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref49
https://doi.org/10.1038/s41467-017-02173-0
https://doi.org/10.1038/s41467-017-02173-0
https://doi.org/10.1038/npp.2014.186
https://doi.org/10.1038/npp.2014.186
https://doi.org/10.1523/JNEUROSCI.2944-18.2019
https://doi.org/10.1038/nature03687
https://doi.org/10.1038/nature03687
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref54
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref54
www.sciencedirect.com/science/journal/09594388

coding of identity in the human hippocampal formation. Curr
Biol 30, 2020, 1152-1159, doi:10.1016/j.cub.2020.01.035.

In this study, the authors used a decoding approach to show that only
in a few cases, pictures of a given person can be distinguished from
single neuron’s activity. In most cases, the neurons that responded to
pictures of particular individuals were different from those responding
to written or spoken names of such individuals.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Gross CG, Rocha-Miranda CE, Bender DB: Visual properties of
neurons in inferotemporal cortex of the macaque.

J Neurophysiol 1972, 35:96—111, https://doi.org/10.1152/
jn.1972.35.1.96.

Chang L, Tsao DY: The code for facial identity in the primate
brain. Cell 2017, 169:1013—-1028, https://doi.org/10.1016/
j.cell.2017.05.011.

Hu RK, Zuo Y, Ly T, Wang J, Meera P, Wu YE, Hong W: An
amygdala-to-hypothalamus circuit for social reward. Nat
Neurosci 2021, 24:831-842, https://doi.org/10.1038/s41593-021-
00828-2.

Kingsbury L, Huang S, Wang J, Gu K, Golshani P, Wu YE,
Hong W: Correlated neural activity and encoding of behavior
across brains of socially interacting animals. Cell 2019, 178:
429-4486, https://doi.org/10.1016/j.cell.2019.05.022.

Zhang W, Yartsev MM: Correlated neural activity across brains
of socially interacting bats. Cell 2019, 178:413—-428, https:/
doi.org/10.1016/j.cell.2019.05.023. e22.

Kingsbury L, Huang S, Raam T, Ye LS, Wei D, Hu RK, Ye L,
Hong W: Cortical representations of conspecific sex shape
social behavior. Neuron 2020, 107:P941—-P953, https://doi.org/
10.1016/j.neuron.2020.06.020.

Yuste R: From the neuron doctrine to neural network. Nat Rev
Neurosci 2015, 16:487—-497, https://doi.org/10.1038/nrn3962.

Harris KD: Neural signatures of cell assemblies. Nat Rev
Neurosci 2005, 6:399—-407, https://doi.org/10.1038/nrn1669.

Foster DJ, Knierim JJ: Sequence learning and the role of the
hippocampus in rodent navigation. Curr Opin Neurobiol 2012,
22:294-300.

Buzsaki G, Tingley D: Space and time: the Hippocampus as a
sequence generator. Trends Cognit Sci 2018, 22:853—-869.

Jadhav SP, Kemere C, German PW, Frank LM: Awake hippo-
campal sharp-wave ripples support spatial memory. Science
2012, 336:1454—-1458, https://doi.org/10.1126/science.1217230.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

* x

Neuronal ensemble dynamics Oliva 7

Fernandez-Ruiz A, Oliva A, de Oliveira EF, Rocha-Almeida F,
Tingley D, Buzsaki G: Long-duration hippocampal sharp wave
ripples improve memory. Science 2019, 364:1082—-1086,
https://doi.org/10.1126/science.aax0758.

Girardeau G, Benchenane K, Wiener Sl, Buzsaki G, Zugaro MB:
Selective suppression of hippocampal ripples impairs spatial
memory. Nat Neurosci 2009, 12:1222-1223, https://doi.org/
10.1038/nn.2384.

Gridchyn |, Schoenenberger P, O’Neill J, Csicsvari J: Assembly-
specific disruption of hippocampal replay leads to selective
memory deficit. Neuron 2020, 106:291—-300. doi: 10.1016/
j-neuron.2020.01.021.

Tao K, Chung M, Watarai A, Huang Z, Wang MY, Okuyama T:
Disrupted social memory ensembles in the ventral hippo-
campus underlie social amnesia in autism-associated
Shank3 mutant mice. Mol Psychiatr 2022, 27:2095-2105,
https://doi.org/10.1038/s41380-021-01430-5.

Foster DJ: Replay comes of age. Annu Rev Neurosci 2017, 40:
581-602, https://doi.org/10.1146/annurev-neuro-072116-
031538.

Eichenbaum H: The hippocampus as a cognitive map of social
space. Neuron 2015, 87:9—11, https://doi.org/10.1016/
j-neuron.2015.06.013.

Tavares RM, Mendelsohn A, Grossman Y, Williams CH,
Shapiro M, Trope Y, Schiller D: A map for social navigation in
the human brain. Neuron 2015, 87:231-243, https://doi.org/
10.1016/j.neuron.2015.06.011.

Kennedy, Asahina K, Hoopfer E, Inagaki H, Jung Y, Lee H,
Remedios R, Anderson DJ: Internal states and behavioral
decision-making: toward an integration of emotion and
cognition. Cold Spring Harbor Symp Quant Biol 2014, 79:
199-210, https://doi.org/10.1101/sqb.2014.79.024984.

Dennis EJ, El Hady A, Michaiel A, Clemens A, Tervo DRG,
Voigts J, Datta SR: Systems neuroscience of natural behav-
iors in rodents. J Neurosci 2021, 41:911-919, https://doi.org/
10.1523/JNEUROSCI.1877-20.2020.

Vogt CC, Zipple MN, Sprockett DD, Miller CH, Hardy SX,

Arthur MK, Greenstein AM, Colvin MS, Moeller AH, Sheehan MJ:
bioRxiv 2022, https://doi.org/10.1101/2022.04.19.488643.
04.19.488643.

In this study, the authors investigated the dynamics of the spatial and
social structure of rewilded laboratory mice in natural environments.

www.sciencedirect.com

Current Opinion in Neurobiology 2023, 78:102654


http://refhub.elsevier.com/S0959-4388(22)00148-9/sref54
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref54
https://doi.org/10.1152/jn.1972.35.1.96
https://doi.org/10.1152/jn.1972.35.1.96
https://doi.org/10.1016/j.cell.2017.05.011
https://doi.org/10.1016/j.cell.2017.05.011
https://doi.org/10.1038/s41593-021-00828-2
https://doi.org/10.1038/s41593-021-00828-2
https://doi.org/10.1016/j.cell.2019.05.022
https://doi.org/10.1016/j.cell.2019.05.023
https://doi.org/10.1016/j.cell.2019.05.023
https://doi.org/10.1016/j.neuron.2020.06.020
https://doi.org/10.1016/j.neuron.2020.06.020
https://doi.org/10.1038/nrn3962
https://doi.org/10.1038/nrn1669
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref63
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref63
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref63
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref64
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref64
https://doi.org/10.1126/science.1217230
https://doi.org/10.1126/science.aax0758
https://doi.org/10.1038/nn.2384
https://doi.org/10.1038/nn.2384
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref68
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref68
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref68
http://refhub.elsevier.com/S0959-4388(22)00148-9/sref68
https://doi.org/10.1038/s41380-021-01430-5
https://doi.org/10.1146/annurev-neuro-072116-031538
https://doi.org/10.1146/annurev-neuro-072116-031538
https://doi.org/10.1016/j.neuron.2015.06.013
https://doi.org/10.1016/j.neuron.2015.06.013
https://doi.org/10.1016/j.neuron.2015.06.011
https://doi.org/10.1016/j.neuron.2015.06.011
https://doi.org/10.1101/sqb.2014.79.024984
https://doi.org/10.1523/JNEUROSCI.1877-20.2020
https://doi.org/10.1523/JNEUROSCI.1877-20.2020
https://doi.org/10.1101/2022.04.19.488643
www.sciencedirect.com/science/journal/09594388

