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Abstract

Studies of the neural basis of social dominance hierarchies have focused on how
status is learned and represented in a thalamocortical circuit involving mainly the
mediodorsal thalamus, the anterior cingulate cortex and the medial prefrontal cortex
(mPFC). However, it is unclear how this circuit integrates sensory information about
others and leads to distinct behavioural phenotypes for dominant and subordinate
individuals in a wide repertoire of social behaviours. This thesis proposes that this is
achieved through top-down modulation of the sensory representations of social cues
in two hypothalamic areas involved in behavioural decision-making: the medial pre-
optic area (MPOA) and the ventromedial hypothalamus (VMH). In vivo miniscope
recordings in these areas in male mice reveal rank-dependent modulation of neu-
ronal excitability and tuning properties in response to female conspecifics. These
functional features in turn predict the propensity for social interaction with females
as well as sexual mounting. The position of these nodes in the social cognition
pathway with known connectivity to olfactory sensory inputs combined with rank-
dependent modulation led to the hypothesis that they serve as integration nodes for
information about an animal’s own social rank and that of opponents. It was con-
firmed that mice detect the rank of unfamiliar opponents through olfactory signals
and the encoding of both own and opponent rank variables was individually investi-
gated, however, neither was represented in these areas. Instead, a novel function for
the hypothalamus was described in encoding two semi-stable variables with slow
dynamics: competitive context and winning state. Finally, a circuit model is pro-
posed where monosynaptic mPFC projections to the hypothalamus achieve sensory

modulation and influence winning performance against conspecifics. Optogenetic
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manipulation of mPFC projections to the MPOA and VMH during competitive be-
haviour was performed, however, no effect on winning performance was found,
instead suggesting a multisynaptic modulatory mechanism or diffuse release of a

neuromodulator.



Impact Statement

Low social status has well-documented damaging effects on both physical and psy-
chological health in both humans and animals. At least some of these effects, espe-
cially on mental well-being, are attributed to the tendency towards social avoidance
in subordinate individuals, which itself has a strong relationship with poor health
outcomes. Additionally, by generalising one’s low social status in one community
to interactions with new groups of people, subordinates impair their ability to as-
sume a higher rank in novel social contexts. Despite the associations between low
social rank, low social engagement, and poor physical health, it is not well under-
stood how social status affects social competence.

This thesis investigates how sensory representations of conspecifics are mod-
ulated by self-perceived dominance rank in male mice. It addresses the absence
of sensory integration in the current understanding of the dominance circuit, even
though hierarchical behaviour is highly adaptive and relies not only on own rank
but also that of conspecific opponents. It characterises rank-dependent modulatory
effects on social perception at the level of specific brain areas at single-cell reso-
lution. Specifically, neuronal tuning and response amplitude properties in response
to female conspecifics differed across males of different ranks. Furthermore, these
metrics correlated with the level of chemoinvestigatory and sexual engagement with
the female. Modulation of sensory responses to social cues could therefore be one
mechanism by which low rank renders others less salient or rewarding, with social
isolation as a consequence. Furthermore, these changes were found in two hypotha-
lamic areas, whose involvement in hierarchical behaviour had not been investigated

before. These findings therefore expand the theoretical understanding of the domi-
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nance circuit, propose a conceptually novel mechanism for rank to affect behaviour,
and have important translational implications for the mechanism behind lower so-
cial engagement among subordinate individuals.

The thesis also investigates how the rank of conspecifics is detected and pro-
poses a model of own and opponent rank integration. The sensory modality used to
detect conspecific rank is determined using sensory deprivation experiments. The
sufficiency of both the main and accessory olfactory systems to detect the rank
of even unfamiliar mice demonstrates that mice can generalise their rank to inter-
actions with strangers and provides the basis for understanding why moving to a
new social environment is insufficient to improve self-perceived social status. It
also offers two potential pathways through which opponent rank information could
reach the dominance circuit that encodes own rank. The thesis investigates the non-
volatile pathway in more detail and proposes the two hypothalamic areas that are
modulated by own rank as integration nodes, which combine the two streams of
information containing own and opponent rank representations. This concept has
implications not just for the encoding of hierarchical relationships, but the encod-
ing of self and other as a wider problem in the neuroscience and psychology fields.
While the integration node hypothesis was rejected, the work offers valuable techni-
cal insights for assay design, as well as robust decoder model evaluation standards

due to the unique generalizability constraints in this type of analysis.
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Chapter 1

Introduction

1.1 Hierarchies solve a resource allocation problem

Social animals face a resource allocation problem: resources that the community
needs to survive are often scarce and available supplies are exceeded by the collec-
tive needs of the group. A hierarchical organisation is the evolutionarily preferred
strategy for resolving this problem, where a single animal or a group of individuals
retain preferential access to group resources (Tibbetts et al., 2022). Human societies
are highly hierarchical as well although with substantial complexities, such as par-
ticipation in multiple simultaneous hierarchies (e.g., domestic, workplace, friend-
ships), formalised hierarchies that do not necessarily align with implicit hierarchies,
and social ranking based on constructed concepts (Hawley, 1999). While many of
these features of hierarchies cannot be replicated in animal models, their ubiquity
across social species as well as research on the neural basis of dominance point to
an evolutionarily ancient mechanism that enables this type of social structure.
Theories of why hierarchical organisation seems favoured over egalitarian
community structures suggest that it avoids constant within-species physical con-
flict for resources since the access hierarchy is implicitly understood by all partici-
pants and injury is avoided (Drews, 1993). Indeed, stable hierarchies with little or

no rank switching appear to result in lower testosterone, stress hormone, and ag-
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gression levels across all group members compared to unstable hierarchies (Knight
and Mehta, 2017). Hierarchies are also proposed to enhance the reproductive suc-
cess of dominant group members, thus applying an additional evolutionary selec-
tive pressure. Indeed, subordinates do have lower reproductive success (D’ Amato,
1988; Thor and Carr, 1979) and dominants are more likely to also sire dominant
offspring (Kleshchev and Osadchuk, 2014), suggesting there is some propagation

of advantageous traits via this mechanism.

1.2 Dominance-dependent modulation of innate

social behaviour

Social behaviours such as mating, aggression, parenting, and grooming are innate,
meaning that they do not require training. The association of these behaviours with
evolutionarily ancient subcortical brain areas has led to the outdated perspective
that these behaviours are “hard-wired” and offer very little flexibility, compared
to the learned behaviours facilitated by the cortical areas and the hippocampus.
However, the expression of innate social behaviours is highly flexible and depends
on the presence of the correct motivational state (Wei et al., 2021). For example,
the propensity for sexual behaviour is regulated by past sexual experience in male
mice (Yang et al., 2022; Remedios et al., 2017), while repeated experience of win-
ning aggressive fights in males leads to a more aggressive phenotype in the future
(Stagkourakis et al., 2020). Past experiences can therefore lead to stable plastic-
ity changes that promote specific behavioural responses in the future. Similarly,
hormonal states associated with the oestrus cycle modulate sexual receptivity in
female mice (Inoue et al., 2019), lactation results in a switch from female sexual
receptivity to aggression when interacting with males (Liu et al., 2022), while hor-
monal changes associated with pregnancy prime female mice for parental behaviour
(Ammari et al., 2023). Finally, innate social behaviour is highly sexually dimorphic,
meaning that the same social cues elicit distinct behavioural responses depending on
sex (Stowers and Liberles, 2016). These internal states therefore flexibly modulate

the expression of otherwise stereotyped social behaviours on multiple timescales.
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Some states, such as those associated with the circadian and oestrus cycles can be
highly transient, while others are semi-stable (e.g., pregnancy), and even perma-
nent (e.g., sex). This variability in timescales is reflected in multiple mechanisms of
internal state encoding, namely, neuromodulatory and endocrine signalling, mainte-
nance of an internal state via recurrent self-sustaining activity, and stable plasticity
changes (Flavell et al., 2022).

Dominance status is yet another internal state acquired through social expe-
rience (Zhou et al., 2017) and maintained over relatively long timescales as long
as the group hierarchy remains stable. Variability in social status results in dis-
tinct behavioural phenotypes for dominant and subordinate individuals. The nature
of these differences is highly variable across species due to a multitude of hierar-
chical structures that social animals employ (Tibbetts et al., 2022). Nonetheless,
rank-dependent differences in behavioural phenotype, especially with respect to so-
ciability, sexual behaviour, and resource control (Tibbetts et al., 2022), highlight
the role of social status as a modulator of innate behaviour. However, the neural
mechanism through which rank affects behavioural decision-making is not well un-
derstood.

Social behaviour can be conceptualised as a sensorimotor transformation,
where the brain represents the relevant sensory features of a social cue and trans-
forms them into a behavioural decision and subsequently motor instruction that
ultimately leads to an observable behavioural response (Wei et al., 2021). Areas
involved in this transformation frequently exhibit neuronal tuning to both the sen-
sory features of the social cue as well as specific behaviours with varying levels of
selectivity (Karigo et al., 2021; Stagkourakis et al., 2023). In this model, internal
states can achieve distinct behavioural outcomes by either manipulating the sensory
representation of the social cue (Ammari et al., 2023; Remedios et al., 2017; Yang
etal., 2022; Stowers and Liberles, 2016), or by triggering switching in the activation
of mutually exclusive neural populations which promote opposing behavioural re-
sponses, e.g., aggression versus mating (Karigo et al., 2021) and exploration versus

defensive avoidance (Griindemann et al., 2019).
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In the case of dominance, the modulatory mechanism has not been system-
atically explored at a similar level of mechanistic detail, however, evidence from
human studies suggests that social status may be affecting the perceptual end of the
sensorimotor transformation. For example, observing an individual perceived to be
low-status is associated with diminished sensorimotor mirroring activity compared
to observing high-status individuals (Gutsell and Inzlicht, 2010; Avenanti et al.,
2010), while faces of high-status individuals are easier to recognise (Ratcliff et al.,
2011). Studies in humans and primates have also identified an attentional bias,
where lower-ranked individuals spend more time visually attending to their domi-
nant counterparts, perhaps with the aim of either vicariously learning more about
the shifting hierarchical relationships in the group, or to detect signs of aggression
from the dominant and territorial claims over resources that the subordinate should
avoid (Jones et al., 2010; Chance, 1967; Deaner et al., 2005; Shepherd et al., 2006).
Similarly, in the mouse model, research has identified cells tuned to own behaviour
as well as cells tuned to the behaviours of others in the prefrontal cortex, an area
strongly involved in status encoding (Kingsbury et al., 2019). However, the subordi-
nate mice had a larger proportion of cells selectively tuned to conspecifics compared
to dominant counterparts, supporting the attentional bias hypothesis and higher sen-
sory salience of dominant individuals at the neuronal level. Together these findings
suggest that dominance status may be modulating the sensory representations of

social cues to precipitate rank-dependent behavioural phenotypes.

1.3 Adverse effects of low social status

While hierarchical social organisation may have evolutionary benefits, it also entails
substantial disadvantages for subordinate individuals. Low socioeconomic status
in humans is a strong predictor of disease, poor immune function, short life ex-
pectancy, and psychiatric morbidity (Sapolsky, 2004; Johnson et al., 2012). While
wealth-associated differences in lifestyle, healthcare, and food quality may explain
some of these health outcome disparities, there is evidence that they do not depend

on absolute income levels and living standards, but rather on the relative income
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within a society (Wilkinson, 1997), demonstrating a contribution of social status
in its own right. Likewise, these harmful effects of low status are also present in
social animals, where the confounds of healthcare access and lifestyle differences
are absent (Cavigelli and Chaudhry, 2012).

Of particular concern is the link between low social status, psychiatric condi-
tions, and social avoidance. Chronic social defeat drives isolation (Challis et al.,
2013; Franklin et al., 2017) and defensive behaviours such as fleeing (Nelson et al.,
2019) in rodent models, while work in humans shows that low socioeconomic indi-
viduals have poorer quality social relationships. For example, low socioeconomic
status men in Sweden reported lower perceived levels of social integration, social
activity and emotional support compared to high-status counterparts (Rosengren
et al., 1998). These coping mechanisms sacrifice an individual’s innate need for so-
cial interaction and community belonging in exchange for the reduced probability
of further social defeat in the future. In mice, this isolation drive is generalised and
not limited to individuals whom the defeated animal has already had a negative ex-
perience with (Challis et al., 2013). Defeated individuals are therefore hypervigilant
and tend to err on the side of caution by evaluating unfamiliar or neutral social cues
as potentially threatening, thus passing over opportunities for positive social inter-
action in the interest of avoiding the risk of negative interaction (Sloman, 1984).
This hypervigilance may be contributing to the attentional bias towards dominants
described earlier, which could preempt physical conflict by detecting signs of ag-
gression from the dominant early. While social vigilance does attenuate the risk of
conflict, it is also destructive to the subordinate’s community belonging and support
network, which are fundamental needs in many social species and certainly humans
(Rosengren et al., 1998).

Generalised social avoidance and failure to meet social needs are a known
risk factor for poor mental health outcomes (Chen et al., 2022a; Wei et al., 2023;
Jenkins et al., 2023), while psychiatric symptoms such as anxiety, depression, and
psychosis frequently drive further isolation precisely when community support is

the most crucial (Linz and Sturm, 2013). Isolation also inhibits the individual’s
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ability to increase their status. In contrast with the common perception of domi-
nants as tyrants, a much more successful strategy to attain high status in humans
is prosocial behaviour, gregariousness, and adopting the function of a leader and
role model that provides value to the group (Hawley, 1999; Chance, 1967). Simi-
larly, the attentional bias towards focusing on the highest-ranking individuals entails
that dominants spend their time in the group spotlight, meaning that withdrawn and
fearful individuals struggle to gain the esteem of others.

In humans, large parts of the population are pushed into low socio-economic
status by factors beyond their control with severe implications for physical as well
as mental health. I argue that the associations between low social status, poor health,
and diminished social engagement further reinforce low rank and reduce hierarchi-
cal mobility. These health effects also occur in animals, meaning that they are at
least partially independent from wealth disparities and access to quality healthcare
that confound their relationships with social status in humans. Understanding the
representation of social rank on the individual level is therefore crucial to under-

standing an incredibly strong predictor of quality of life.

1.4 Neural circuits of social dominance

Social hierarchy research is conducted in a very wide variety of model systems
as well as humans with considerable interspecies variability in group organisation,
however, a few conserved brain circuits reappear in the literature. The current state
of the field will be summarised particularly with reference to work in male mice,
which is the model system used in this thesis. Studies focusing on the learning of
hierarchical relationships have elucidated the importance of plasticity in two tha-
lamic projections to the cortex. Specifically, glutamatergic projections from the
mediodorsal thalamus (MDT) to the medial prefrontal cortex (mPFC) are potenti-
ated in dominant individuals (Zhou et al., 2017; Wang et al., 2011), resulting in a
more excitable mPFC in dominants. Activity from the mPFC was used to decode
competitive performance in dyadic interactions in the tube test, a behavioural dom-

inance assay, while optogenetic excitation of this area could be used to reversibly
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manipulate the rank of an animal (Zhou et al., 2017). Strikingly, repeated excitation
of the mPFC over 3 days resulted in a stable rank improvement. Subsequent work
has revealed that early life stress during a critical developmental period biases the
ratio of excitatory and inhibitory input to the mPFC in favour of inhibition, thus
resulting in low social status in adulthood (Chen et al., 2022b; Ohta et al., 2020).
Work on social defeat in mice also found that functional connectivity between the
mPFC and the dorsal periaqueductal gray (PAG) is weakened in defeated individu-
als who were repeatedly exposed to an aggressive intruder (Franklin et al., 2017).
The optogenetic inhibition of the projection from the mPFC to the dPAG was also
found to induce social avoidance behaviour mimicking social defeat. While the de-
feat paradigm using an aggressive intruder is different from dominance paradigms
where hierarchies are mostly stable and peaceful, these findings suggest a mecha-
nism through which status representations in the mPFC can affect social approach
and avoidance.

Involvement of the PFC was also demonstrated in human fMRI studies. Par-
ticipants usually play competitive games against opponents whose rank is explicitly
communicated (e.g. by showing different numbers of starts next to the opponent
avatar (Zink et al., 2008)), or the game is not played against a human opponent and
instead rigged to obtain the desired rate of winning determining the self-perceived
rank against the opponents (Ligneul et al., 2016). Activations in both the mPFC
(Ligneul et al., 2016; Zink et al., 2008) and the dorsolateral PFC subdivision (Zink
et al., 2008; Ligneul et al., 2017) correlate with the dominance of the opponent as
well as winning and losing. The mPFC is also involved in the encoding of exper-
tise and intelligence of others in humans (Boorman et al., 2013; Bault et al., 2011),
both of which are strongly related to the subjective perception of someone’s social
position. Furthermore, variation in dIPFC sensitivity to social rank correlated with
participants’ social dominance orientation (SDO) score (Ligneul et al., 2017). SDO
is a psychological trait axis that describes the individual’s belief in the legitimacy
of social hierarchy over egalitarianism, their willingness to enforce hierarchies and

the perception of existing social inequalities as inherently just (Pratto et al., 1994).
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In addition to the mPFC, MDT neurons also project to the caudal anterior cin-
gulate cortex (cACC), where they synapse onto local parvalbumin (PV) positive
inhibitory interneurons (Nelson et al., 2019). The potentiation of MDT-ACC pro-
jections in dominants therefore leads to the inhibition of the ACC glutamatergic
(VGLUT?2 positive) pyramidal neurons (Nelson et al., 2019). The ACC has been
associated with physical as well as social pain in human studies, which have highly
overlapping neural substrates (Qu et al., 2011). Stroke-associated lesions of the
ACC do not impair the detection of pain, however, it ceases to be perceived as un-
pleasant (Qu et al., 2011). The role of the ACC in encoding negative social valence
was also demonstrated by lesions in mouse mothers, which resulted in diminished
distress in response to pup calls, indicating a lower sensitivity to social pain (Stamm,
1955; Murphy et al., 1981). This suggests that the highly activated caudal ACC in
subordinates is correlated with a perception of social pain or exclusion associated
with low social status. Similarly to the mPFC, optogenetic manipulation of the
ACC was successfully used to manipulate social rank in mice, albeit with the re-
verse trend to the mPFC, establishing an opposing influence of the two areas on
rank (Nelson et al., 2019).

In simpler vertebrates such as Zebrafish which lack a clear homologue of the
mamallian neocortex, the roles of the mPFC and cACC in regulating dominance-
dependent winning are instead attributed to the two subdivisions of the dorsal habe-
nula (dHb) and their projections to the interpeduncular pathway (IPN) (Chou et al.,
2016). The lateral subdivision (dHbL) and its projections to the dorsal and inter-
mediate IPN is associated with winning fights, whereas the medial habenular sub-
division (dHbM) and its projections to the ventral IPN are associated with losing.
Involvement of the habenula in dominance has not been studied in rodents so it is
unclear whether the role in encoding own dominance status has been completely
delegated to the prefrontal cortices in mammals or whether the habenula still serves

a unique or perhaps redundant dominance function in higher vertebrates.
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Returning to the rodent model, the dopaminergic system is also of interest
due to the involvement of the nucleus accumbens (NAc), the ventral tegmental
area (VTA), as well as prefrontal projections to these areas in dominance. The
NAc has an interesting relationship between mitochondrial function and dominance.
Namely, subordinates exhibit diminished mitochondrial function in the accumbens
along with decreased neuronal excitability (Ghosal et al., 2023), while local mi-
tochondrial inhibition using electron transport chain inhibitors reduces social rank
(Hollis et al., 2015). Furthermore, projections from the infralimbic area (ILA), a
subdivision of the mPFC, to the NAc enhance social approach behaviour (Fetcho
et al., 2023). Similarly, in a social defeat paradigm higher NAc activity during so-
cial approach correlates with resilience to defeat (Willmore et al., 2022). Other work
has shown that diazepam action in the VTA increases dopaminergic input to the
NAc, which improves accumbal mitochondrial function through the D1 dopamine
receptor and promotes dominant behaviour (van der Kooij et al., 2018). The VTA
is reciprocally connected to the mPFC (Huang et al., 2020), which also expresses
dopaminergic receptors and a functional segregation of dominance and subordinacy
promoting neurons in the mPFC was identified based on the expression of either the
D1 or D2 receptor respectively (Xing et al., 2022). These findings imply a feedback
loop between the prefrontal cortices encoding rank and the dopaminergic circuitry
encoding the salience and reward value of social stimuli. Figure 1.1 summarises

these findings into a working circuit model.

1.5 Absence of sensory integration in the current

circuit model

While efforts have been made to map some of the upstream inputs into the core
thalamocortical mechanism (e.g., orbitofrontal cortex inputs to the MDT (Nelson
et al., 2019)), the current circuit model offers no clear way for representations of
own social status to interact with sensory information about the conspecifics. Hier-
archical behaviour is highly contextual, meaning that the behavioural decision can

vary drastically depending on whom an individual is competing against. The mouse
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Figure 1.1: Current circuit model for encoding of own dominance rank in mice. MDT:
mediodorsal thalamus. dmPFC: dorsomedial prefrontal cortex. c¢ACCYY:
parvalbumin-expressing interneurons of the caudal anterior cingulate cortex.
cACC"#2: vesicular glutamate transporter-expressing neurons of the caudal
anterior cingulate cortex. OFC: orbitofrontal cortex. NAc: nucleus accum-
bens. VTA: ventral tegmental area. PAG: periaqueductal gray. Illustration
created using BioRender.com.

with the same rank will withdraw from a scarce resource or assert its claim over it
depending on the social status of any surrounding conspecifics. It is currently un-
clear what signals are used by rodents to detect the rank of conspecifics, where this
variable is represented in the brain, and where it is integrated with representations
of own rank. Furthermore, behavioural responses also depend on environmental
context: In a scarce resource environment a mouse may yield preferential access
to resources to a higher ranked conspecific, but there may be no need for that in
a less constrained environment with plentiful resources. Rank therefore does not
simply promote specific dominant or subordinate behaviours indiscriminately, at
all times, and irrespective of social context. Understanding the way sensory inputs
about social cues integrate with the existing dominance circuit is therefore crucial
for understanding the situational flexibility of hierarchical behaviour. The following
section describes the social perception circuitry in mice with a focus on candidate

areas which might facilitate the encoding of conspecific social status.

1.6 Social perception in mice

Mice primarily use olfaction for social perception (Stowers et al., 2002; Dulac and
Torello, 2003). For example, the ablation of vomeronasal sensory input through

TRP2 (transient receptor potential channel 2) knockout results in the abolition of
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conspecific sex discrimination (Stowers et al., 2002). This results in male sexual
behaviour towards both male and female conspecifics and the absence of male-to-
male aggression. Olfaction is therefore indispensable for adaptive social behaviour
in mice. The murine olfactory sensory system is split into the main and accessory
olfactory pathways as summarised in Figure 1.2 (Dulac and Wagner, 2006). The
former begins in the olfactory epithelium where olfactory sensory neurons detect
volatile odorants and project to the main olfactory bulb (MOB). MOB mitral cells in
turn project to several areas, including the piriform cortex, the olfactory tubercle, the
anterior cortical nucleus (ACN) and the entorhinal cortex. The ACN is a subdivision
of the cortical amygdala that conveys olfactory information to the MPOA (Dulac
and Wagner, 2006) and the medial amygdala (MeA) (Keshavarzi et al., 2015), which
is activated in response to volatile cues in conspecific urine (Kang et al., 2009).

In contrast, non-volatile odorants which require direct contact of the animal
with the odorant are detected in the vomeronasal organ (VNO). The VNO projects
to the accessory olfactory bulb (AOB), which in turn projects to the bed nucleus of
the accessory olfactory tract, bed nucleus of the stria terminalis (BNST), the MeA,
and the posteromedial cortical amygdala (Dulac and Wagner, 2006; Imamura et al.,
2020). The MeA therefore receives and integrates both volatile and non-volatile
olfactory input (Kang et al., 2009; Keshavarzi et al., 2015). This amygdalar subdi-
vision then projects to several hypothalamic targets, among them the MPOA and the
VMH (Keshavarzi et al., 2014). The BNST, MeA, MPOA and VMH all have sig-
nificant roles in regulating social behaviour (Chen and Hong, 2018). Furthermore,
the MPOA (Kohl et al., 2018) and VMH (Lo et al., 2019) have onward connectiv-
ity to the brain stem, specifically the PAG at the behavioural execution end of the
pathway, thus forming a social behaviour circuit from sensory input to behavioural
outputs.

While the two olfactory pathways are initially segregated, there are a hand-
ful of subcortical areas, namely, the MeA, MPOA, and VMH, which receive input
from both modalities. Since olfactory information passes through several nodes be-

fore reaching these three areas, they receive highly processed sensory input. This
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is demonstrated in their tuning to abstracted variables relevant to social behaviour,
for example, selective tuning for either male or female conspecifics (Li et al., 2017;
Yang et al., 2022; Remedios et al., 2017). Additionally, these sensory represen-
tations are flexible depending on the animal’s internal state. For example, sexual
experience drives increased discriminability of female and male conspecific repre-
sentations in the MeA and VMH (Yang et al., 2022; Remedios et al., 2017), while
the hormonal changes associated with pregnancy in mothers increase the discrim-
inability of pups from other social cues (Ammari et al., 2023). This also demon-
strates that sensory representations in these areas are relatively low-dimensional
since distinct social cues can be representationally highly similar in the absence of
the appropriate motivational state (e.g., parental or sexual receptivity). This is in
contrast with more high-dimensional representations of the sensory environment in
upstream nodes of the pathway such as the main olfactory bulb, which are sensitive

to small changes in the sensory stimulus (Cleland, 2014).

1.7 Evidence for rank-dependent modulation in the

hypothalamus

Interestingly, the MPOA and VMH, which are two prominent downstream targets
of both olfactory pathways, also exhibit evidence of modulation by own dominance
status. A c-Fos study by Nelson et al. (2019) (Figure 1.3) found increased c-Fos
expression in the VMH and decreased expression in the MPOA of high-ranking
mice after a tube test, a dominance assay which forces non-aggressive competi-
tion between pairs of mice (Wang et al., 2011; Fan et al., 2019). This activation
pattern was reversed in low-ranking animals. Additionally, dominant female mice
have higher levels of estrogen alpha and beta receptors as well as oxytocin recep-
tor mRNA in the VMH compared to subordinate females (Williamson et al., 2019),
while subordinate male mice who newly assume a dominant role show elevated
gonadotropin-releasing hormone levels in the MPOA (Williamson et al., 2017).
Dominance research in Zebrafish also identified differences in the numbers of argi-

nine vasotocin expressing (AVT™") cells in the preoptic area (POA). There are more
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Figure 1.2: The projection patterns of the volatile and non-volatile olfactory systems in
mice. Red arrows show the non-volatile (accessory) olfactory pathway, while
blue arrows show the volatile (main) olfactory pathway. VNO: vomeronasal
organ. AOB: anterior olfactory bulb. BNST: bed nucleus of the stria termi-
nalis. MeA: medial amygdala. MeP: posterior division of the medial amyg-
dala. PMCN: posteromedial cortical amygdaloid nucleus. MOB: main olfac-
tory bulb. MOE: main olfactory epithelium. TT: tenia tecta. AON: anterior
olfactory nucleus. OT: olfactory tubercle. PC/PIR: piriform cortex. LA: lat-
eral amygdala. NLOT: nucleus of the lateral olfactory tract. ACN: anterior
cortical nucleus. PLCN: posterolateral cortical amygdaloid nucleus. EC: en-
torhinal cortex. Adapted from Dulac & Wagner (2006).
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AVTT cells in the magnocellular POA of dominant fish and more AVT™ cells in
the parvocellular POA of subordinate fish (Larson et al., 2006). This indicates a
vasotocinergic mechanism to activate distinct subpopulations within the POA that
could result in distinctly dominant and subordinate behavioural phenotypes. An-
other study in mice examined c-Fos expression in response to presented urine from
dominant and subordinate male donors (Lee et al., 2021). Here the VMH showed
differential expression depending on the rank of the urine donor, suggesting a sen-
sory representation of the social status of conspecifics combined with modulatory
influence from own rank in the same area. The following section therefore reviews
the role of these two areas in social cognition in more detail, before discussing the

implications of rank-dependent modulatory input for this function.

1.8 Functional features of the MPOA and VMH

The VMH is primarily a glutamatergic area (Lo et al., 2019), while the MPOA is
approximately 80% GABAergic (Moffitt et al., 2018). The two nodes are recipro-
cally connected and drive social behaviours in a subpopulation-specific manner as
demonstrated by manipulation experiments, while simultaneously exhibiting robust
responses to social olfactory cues locked to chemoinvestigation episodes (Ammari
et al., 2023; Remedios et al., 2017; Wu et al., 2014; Kohl et al., 2018; Karigo et al.,

2021; Lin et al., 2011). Neuronal subpopulations with distinct functional features

Tube test induced Cfos expression

fru Rank-1
[ Rank-4

Cfos positive (%)

Alv. ENTI BLA cACC PIR ORB PL COA IL MDT AUD MPOAVMH LS MEA CA2 CP PVT ACBRSPV NDB PAG LH DMH MCC

Figure 1.3: Differences in c-Fos expression between dominant (rank-1) and subordi-
nate (rank-4) mice following the tube test. cACC: caudal anterior cingulate
cortex. MDT: mediodorsal thalamus. MPOA: medial preoptic area. VMH:
ventromedial hypothalamus. LH: lateral hypothalamus. Brain areas in red in-
dicate statistically significant differences in c-Fos expression between dominant
and subordinate mice. Linear mixed effects model with Tukey post hoc test, *
p < 0.05. Adapted from Nelson et al. (2019).
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in terms of sensory sensitivity and driving behaviour also have distinct projection
patterns (Kohl et al., 2018; Wang et al., 2019), thus a single area can yield a wide
repertoire of social behavioural responses.

Many examples of the state-dependence of innate social behaviours involve
these two areas. In males, the VMH has been shown to encode a semi-stable de-
fensive state (Kennedy et al., 2020) in its dorsomedial subdivision and an aggres-
sive state (Lin et al., 2011; Nair et al., 2023) in its ventrolateral subdivision. It
also encodes a sexually motivated state in both sexes (Ishii et al., 2017; Nomoto
and Lima, 2015; Yang et al., 2013). Conversely, the MPOA encodes a hormone-
dependent parental motivational state in females (Kohl et al., 2018; Ammari et al.,
2023), while in males it is involved in sexual motivation through a dopaminergic
signalling mechanism (Dominguez and Hull, 2005). Additionally, hormonal modu-
lation of neurotensin-expressing MPOA cells was shown to regulate social approach
(McHenry et al., 2017). These areas therefore contain both sensory and behaviour-
tuned subpopulations susceptible to modulation by internal states. The prevailing
model of their function in social cognition is therefore one of behavioural decision-
making, where relevant sensory features about the conspecific are extracted (e.g.,
sex, age, familiarity) and integrated with the motivational state (e.g., sexual recep-

tivity or aggressive state), in order to choose the best behavioural response.

1.9 Hypotheses

Evidence of rank-dependent modulatory input to the MPOA and VMH led to four
main hypotheses. Firstly, the confluence of dominance-related modulatory input
and olfactory sensory input in the hypothalamus suggests that the MPOA and VMH
could serve as integration nodes for information about own and conspecific rank.
Secondly, own dominance rank may be modulating the sensory representations in
these areas, thus affecting the way conspecifics are perceived. Indeed, the poor
social network and isolation reported by low-status individuals suggest that their
inability or unwillingness to socially engage with others may be derived from a

skewed perception of others as inherently threatening instead of rewarding. Thirdly,
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due to the combined involvement of the MPOA and VMH in a wide repertoire of
social behaviours and their causal role in the execution of these behaviours through
projections to the PAG, their modulation by dominance status could be one mech-
anism for achieving a uniquely dominant or subordinate behavioural phenotype.
While the direct mPFC-PAG projection proposed by Franklin (2017) provides a
mechanism for the mPFC to affect behaviour more directly, it is specific to escap-
ing an aggressive conspecific that has chronically attacked the defeated mouse. This
is an unlikely scenario in most hierarchies since their purpose is to dispense with
constant in-group conflict. In contrast, the hypothalamic modulation mechanism is
more general in the number of behaviour types that can be affected. Additionally,
the numerous subcortical projections of the mPFC could allow rank to modulate
behaviour at multiple stages of social cognition in parallel. Finally, I propose that
rank-dependent modulatory input in the hypothalamus is achieved through direct

synaptic input from the mPFC.

1.10 Thesis overview

To test these hypotheses I first establish the validity of the behavioural dominance
assay and document the rank-dependent behavioural differences in Chapter 3. 1
also investigate the sensory modality used to detect the rank of conspecifics through
a series of sensory deprivation experiments. In Chapter 4, I proceed with cellu-
lar resolution miniscope recordings from the MPOA and VMH during free social
behaviour in dominant and subordinate mice and demonstrate the rank-dependent
modulation of social perception in these areas. I also correlate functional differ-
ences in neuronal excitability and tuning to behavioural differences between ranks.
Chapter 5 investigates the information encoding properties of both hypothalamic
areas. Specifically, I focus on decoding of own and opponent rank variables from
neural activity, as well as the prediction of competitive performance from neural
activity. Finally, I perform anatomical and manipulation studies to investigate the

circuit basis of the proposed model (Chapter 6).



Chapter 2

Methods

2.1 Animals

All animals used in this project were from a C57BL/6J background obtained from
The Francis Crick Institute Biological Research Facility. Male pups with the same
date of birth were weaned directly into cages of four without subsequent addition
or removal of animals to prevent disruption of the hierarchy. Mice remained group-
housed for all experiments on a 12h:12h day/light cycle. All experiments were
performed in mice between 8 and 52 weeks of age during the dark phase. Mice
were shaved either on the left or right flank, above the tail, or upper back to easily
distinguish them in top-down recordings. Food and water were available ad libitum

except during water restriction protocols.

2.2 Behavioural profiling

2.2.1 Tube test

As described by Fan et al. (2019) the tube test was performed in a 30 cm long
transparent plastic tube with an inside diameter of 30 mm. For mice with implants,
tubes with a 10 mm gap along the length of the tube were used to accommodate
the implant tether. The tether gap was widened at both tube ends to prevent mice

from getting stuck while exiting the tube. Used tubes were cleaned with bleach
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and 70% ethanol to remove olfactory stimuli after every test. Before testing, each
mouse was trained for 2 days to enter the tube and pass through it alone 10 times.
In testing sessions, mice were tube tested in a round-robin design, namely, every
mouse against all of its cagemates. The order of the pairs was randomised for each
session, including the side of the tube on which each mouse was inserted. Hier-
archies were considered stable when the dominant and subordinate mice exhibited

consistent tube test outcomes for at least 3 consecutive days.

2.2.2 Elo rating

Given that all mouse pairs were tested in a round-robin design, it was not necessary
to consider data sparsity or under sampling of a particular animal, hence the Elo
rating was chosen as the scoring system that converts binary tube test outcomes
to continuous scores and by extension hierarchical rankings (Elo, 2008). In the
Elo rating system, all animals begin with the same number of points (here 1000),
which they win or lose from each other through tube tests. The score of mouse A is

updated after a tube test based on the following update rule:
R, =R.+K(E;—S,)

Where R, and R/, are the existing and updated scores of mouse A respectively, K (set
to 100) is the scaling factor determining the maximum number of points transferred
from loser to winner in a single match, E, is the expected match outcome and S,
is the actual outcome. S, is either 0 or 1 indicating a loss or win for mouse A,
while E, is a real number between 0 and 1. The expected outcome of the match is a
probability measure determined based on the existing score difference between the

two mice:
1

Ea= 1+ 10((Ro—Ra)/400)

Where R, and R, are the current Elo scores of mice A and B respectively. This
system results in more points being transferred when the match outcome is unlikely,
namely, when the winner has a lower score than the loser. When the expected and

actual outcomes are identical, no points are transferred.
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2.2.3 Hierarchy stability metrics

While the Elo rating allows the mice to be ranked based on tube test outcomes,
it does not indicate whether they are always winning and losing against the same
opponents, which is crucial for evaluating the stability of the hierarchy. For this, the
following measures were used: The consistency index measures the proportion of
opponent pairs that had the same tube test outcome as in the previous testing session.
It therefore ranges from 1 when all tests in the round robin had the same outcome as
the previous session and 0 when all tests are inconsistent with the previous session.
The stability index was adapted from work by Neuman et al. 2011 as a measure
of rank changes per individual over a rolling 2-day window. Formally, it is the
sum of absolute rank changes (C) between two consecutive testing days d and d + 1
weighted by the standard Elo rating of the highest-ranking animal involved in a rank

change (w) and divided by the total number of animals in the hierarchy (N):

(Ca+Cyyr) *w
N

S =

The standard Elo score scales the score of an animal to the interval [0, 1] where 0
and 1 are the lowest and highest scores of any animal in the hierarchy respectively.
This weighting captures the finding that rank changes at the top of the hierarchy are
much more disruptive to the overall stability of the group compared to rank changes
among lower-ranked members. Finally, transitivity is a binary metric with a value of
1 when the hierarchy is linear and does not have loops suchas A > B,B > C,C > A,

and O otherwise.

2.2.4 Water competition assay

Mice with stable tube test hierarchies and known Elo scores were habituated to
drinking water delivery via bottle for 1 week. A custom bottle collar was designed,
which only allowed one mouse at a time to drink from the bottle. After the habitu-
ation, the bottle was removed and the mice were water-deprived for 12 hours. Food
remained available ad libitum. After 12 hours of water restriction, the water bottle

was reintroduced and the behaviour was recorded for 10 minutes. For each mouse,
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I quantified the total time spent drinking in seconds, and the latency until the first
drinking episode from the introduction of the water bottle. Additionally, pushing
success was defined as the proportion of successful attempts to push another mouse
away from the drinking spout and occupy it, while resisting push success was de-
fined as the proportion of pushing attempts by other mice that were successfully

resisted so that the spout occupant did not change.

2.2.5 Winner effect modelling

A winner effect entails that winning a tube test increases the probability of winning
the next test. This would increase the likelihood of consecutive wins (and consec-
utive losses) compared to outcome switches. The expected proportion of consecu-
tive outcomes and outcome switches in a linear hierarchy without a winner effect
was simulated empirically. Consecutive outcomes in a round-robin design with any
number of players are twice as frequent as outcome switches, irrespective of the
number of animals in a hierarchy. This was used as the null distribution indicating
the absence of a winner effect, against which the actual frequency of consecutive

outcomes was tested using a Chi-square goodness-of-fit test.

2.2.6 Resident-Intruder test

Mice found to be dominant or subordinate in the tube test were individually tested
for aggressive behaviour in the home cage while the cagemates and enrichment
objects were removed. The resident mouse was habituated in the recording chamber
for 10 minutes, followed by an introduction of a middle-ranked unfamiliar intruder
mouse from another cage. The mice were allowed to freely interact for 10 minutes

before the removal of the intruder.

2.2.7 Sexual behaviour assay

Testing of sexual behaviour was performed as the resident-intruder test with a fe-
male intruder. However, due to difficulties in observing robust sexual behaviour
- perhaps because the males were virgins - a few variations of sexual receptivity
priming before the assay were trialled: Firstly, the swapping of soiled bedding be-

tween the male and female cages for one or more days before the test reportedly
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increases sexual receptivity known as the Whitten effect (Whitten, 1956). Since
that approach was unsuccessful in enhancing sexual behaviour, hormonal priming
of ovariectomised females as reported by Inoue et al. (2019) was trialled next.
This involves the subcutaneous injection of 10ug 17-8 estradiol benzoate (Sigma-
Aldrich) in 100 ul sesame oil (Sigma-Aldrich) 2 days before the assay, Sug 17-8
estradiol benzoate in 50ul sesame oil 1 day before the assay, and 50ug progesterone

benzoate (Sigma-Aldrich) in 50ul sesame oil on the day of the assay.

2.2.8 Social preference test

Social preference testing was performed in a 3-chamber design, where the tested
mouse occupies the middle chamber (1*w 40*23 cm) flanked by two smaller cham-
bers (I*w 10*23 cm), one containing an inanimate object and the other containing
a middle-ranked unfamiliar conspecific on the other (Figure 2.1). The walls were
made of transparent plastic, however, a mesh gate (1*h 100*50 mm) between the
main chamber and the two stimulus chambers allowed the passage of olfactory
stimuli. The recorded mouse was placed in the middle chamber and allowed to
explore without the stimuli present for 10 min. Afterwards, both the object and the
conspecific were simultaneously placed in the smaller side chambers for 10 min-
utes. The chamber was cleaned with 70% ethanol between tests to remove olfactory
stimuli while the locations of the object and conspecific were alternated to prevent
the accumulation of social odorants on one side of the testing chamber. The floor
of the chamber was white to allow automated location tracking of the black mouse
using image thresholding in the Ethovision software (Noldus). Scm zones around
the gates with the object and the conspecific stimulus were defined in addition to a
neutral zone in the middle of the chamber. The percentage of total assay time spent

in these zones was calculated.

2.2.9 Behavioural Analysis

All behaviour was recorded using a top-down infrared high-speed camera (Basler
Ace GigE, acA 1300-60gmNIR). Behavioural recordings were manually annotated
using the BORIS software (Friard and Gamba, 2016), specifically the first contact
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and episodes of chemoinvestigatory sniffing, anogenital sniffing, grooming, attack,
and sexual mounting. The first two categories were merged into a single chemoin-
vestigation behaviour. In the case of tube tests, the entire test period was annotated
along with the first contact and episodes of pushing, resisting and retreating. Be-
haviour duration was defined as the percentage of time spent performing a particular
behaviour. Behaviour length was defined as the mean behavioural bout duration in
seconds. Behavioural frequency was calculated as bouts per minute. Behavioural
metrics for resident-intruder assays were quantified in a 90-second window after the
introduction of the conspecific (i.e., excluding the 1-minute baseline period). This
is because mice have the strongest motivation to interact with the intruder just after
first contact, but they become habituated later in the assay and return to baseline
behaviour of mostly exploring the cage. Figure 2.2 shows the duration of chemoin-
vestigation of female intruders evaluated over several time windows from intruder
introduction. Engagement with the intruder drops towards the end of the assay in
both dominants and subordinates, which diminishes rank-dependent behavioural in
social engagement observed just after intruder introduction. 90 seconds is a time
window where mice exhibit peak rank-dependent differences in behaviour. This
habituation factor is not relevant in the tube test, hence tube test behaviours were

evaluated over the entire test period.
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Figure 2.1: Diagram of the three-chamber social-preference assay.
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Figure 2.2: Rank-dependent differences in chemoinvestigatory behaviour over differ-

ent time windows from intruder introduction. Error shading represents £
SEM.

2.3 General surgical procedures

Mice were administered preoperative analgesia (0.15 ml Carprofen in 200 ml drink-
ing water) one day before surgery and for 2 days following the surgery. Anaesthe-
sia was induced using 4% isoflurane and maintained at 1.5% isoflurane in oxygen-
enriched air. The head was fixed using a stereotaxic frame (Model 940, Kopf Instru-
ments). Meloxicam (10 mg/kg body weight) and Buprenorphine (0.1 mg/kg body
weight) were administered by subcutaneous injection after induction and prior to the
procedure. The relevant skin area was disinfected with chlorhexidine and surgery
was performed aseptically. Body temperature was maintained at 37°C using a rectal
temperature probe and heat pad (Harvard Apparatus). Eyes were protected using an
ophthalmic ointment (Viscotears, Alcon). The skin was closed using Vicryl sutures

(Ethicon). Mice were recovered in a heated recovery chamber until mobile.
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2.4 Sensory deprivation

2.4.1 Castration

Both testes were aseptically removed via the scrotal approach in groups of males
with determined hierarchies (Guilmette et al., 2015). All males in a cage were
castrated on the same day and group-housed immediately after recovery. Castration
surgeries were performed by Sophie Wood (The Francis Crick Institute Biological

Research Facility).

2.4.2 Olfactory ablation

The olfactory epithelium was ablated using intraperitoneal injection of 100 mg me-
thimazole (Cambridge Bioscience Ltd.) per kilogram of body weight (Haglin et al.,
2021). Methimazole was prepared fresh on the day of injection as a 10 mg/ml solu-
tion in sterile water for injection. Hierarchy generalisation was tested 24 hours after
injection. Methimazole injection at this dosage often causes some temporary weak-
ness and lack of activity for the animal which could interfere with normal tube test
behaviour. A subcutaneous injection of meloxicam (10 mg/kg body weight) and
buprenorphine (0.1 mg/kg body weight) as analgesia an hour before behavioural
testing successfully abolished any adverse effects of methimazole on behaviour.
Vomeronasal input was ablated through a bilateral stereotaxic injection of 130
nl of N-methyl-D-aspartate (Cambridge Bioscience Ltd.) into the accessory olfac-
tory bulb (AOB) adapted from the procedure reported by Erskine et al. (2019) (Er-
skine et al., 2019) for total olfactory bulb ablation. AOB injection coordinates: AP
3.1, ML 1.00, DV 1.75. NMDA was prepared as a 10 mg/ml solution in 1% PBS.
Mice were recovered for 3 days after surgery before behavioural testing. For com-
bined vomeronasal and olfactory ablation the NMDA injection was performed first,
followed by intraperitoneal methimazole injection after the 3-day surgery recovery

period and subcutaneous analgesia an hour before testing.
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2.4.3 Nose H&E staining

Mice were sacrificed by pentobarbital overdose (100 mg/kg body weight) and per-
fused with formalin. The heads were stored in formalin for 12h at room tempera-
ture. The heads were dissected keeping only the bony nasal cavity. The tissue was
washed with PBS 3 times and kept in 10% EDTA (in PBS) at 4°C for decalcification,
followed by 3 more PBS washes. Samples were dehydrated, embedded in paraffin
wax and cut into 2—4 um thick transverse sections using a Leica CM 1950 cryostat
and stained with Haematoxylin-Eosin following the standard protocol (Feldman and

Wolfe, 2014). H&E histology was performed by Paula Rodriguez Villamayor.

2.4.4 Nissl staining

Mice were sacrificed by pentobarbital overdose (100 mg/kg body weight) followed
by transcardiac perfusion with 4% paraformaldehyde (PFA) in PBS. Brains were
dissected from the skull and kept in 4% PFA overnight. PFA was removed and the
brains were washed with fresh PBS 3 times before slicing at 60um thickness using
a vibratome. Olfactory bulb vibratome slices were washed in 1% PBS with 0.1%
Triton-X (Sigma-Aldrich) for 5 minutes, followed by two washes in 1% PBS for
5 minutes each. Slices were protected from light from this step onward. Neuro-
trace Nissl stain (Thermo Fisher N21482, 1:100 dilution in PBS) was applied for
10 minutes, followed by two more PBS washes for 5 minutes each. All steps were
performed at room temperature. Slices were mounted on Superfrost slides (Thermo
Fisher Scientific) using the Vectashield mounting medium with DAPI (Vector Lab-
oratories Inc.). Slices were imaged using the Vectra Polaris (Akoya Biosciences)

slide scanner and Zeiss LSM 710 confocal microscope.

2.5 Calcium imaging

2.5.1 Surgery

A stereotaxic craniotomy was performed. Mice were injected with 300 nl of AAV1-
Syn-jGCaMP7s-WPRE (Addgene 104487) using a glass pipette. Injection coordi-
nates: MPOA (AP 0, ML 0.5, DV 5.05), VMH (AP -1.5, ML 0.78, DV -5.8), MeA
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(AP -1.6, ML 2.25, DV 4.95). The gradient index (GRIN) lens (600um diame-
ter, 7.3mm length) with attached baseplate (Inscopix Inc.) was implanted 0.2mm
ventrally from the injection site. The implant was cemented in place using UV den-
tal cement (RelyX Unicem, 3M) followed by Superbond dental cement (Prestige

Dental). The skin was sutured tightly around the implant.

2.5.2 Assays

The recorded mouse was habituated in its home cage with the cagemates and enrich-
ment removed for 20 minutes after mounting of the miniscope. A 1-minute baseline
recording was acquired before the introduction of any stimuli, for the subsequent
calculation of the change in fluorescence relative to baseline. Home cage interac-
tion with an unfamiliar male and female intruder was recorded for 10 minutes. The
male intruder was a confirmed rank 2 mouse (just below the dominant). The female
intruders were freely cycling and were therefore in a random estrus state on the day
of the recording. Following the male and female intruder assays, at least three tube
tests against the same unfamiliar intruder were recorded using an adapted tube that
accommodates miniscope tethering. The baseline for tube tests was also recorded in
the home cage. The recorded mouse was returned to the home cage between every
tube test. The entry side of the tube was alternated for each test.

For the opponent rank decoding dataset, an adaptation of the above assays was
used. In the resident-intruder paradigm, 3 cages of 4 mice with known hierarchies
were introduced sequentially into the recorded resident’s home cage. This resulted
in four rank labels for the opponent rank decoder. The order of intruder presentation
was randomised to avoid decoding based on signal decay over time. Intruders were
in the resident’s cage for 90 seconds, followed by a 60-second rest period between
intruders. After the first round of presentations (12 intruders) was completed, there
was a 20-minute break, followed by the second round of presentations. In the tube
test version of this paradigm, the two mice determined the duration of interaction
and were separated after every test - the recorded mouse was returned to the home

cage. The same 20-minute rest period between presentation rounds was used.
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For the anaesthetised presentation paradigm, urine was collected from the in-
truders by scruffing them over a grate with a petri dish positioned below. This pre-
vents the urine from being immediately absorbed into the animal’s fur. The urine
was stored at -20°C if not used immediately. The recorded mouse was injected in-
traperitoneally with 100 mg/kg body weight ketamine and 10 mg/kg body weight
xylazine. The righting and pedal reflexes were used to confirm unconsciousness and
recording began 15 minutes after injection. A urine sample for each intruder was
presented sequentially by dipping a disposable applicator brush into the urine and
presenting it to the recorded mouse’s nose without touching the nose for 3 seconds.
A fresh brush was used for each urine sample. Following completion of the assay,

mice were monitored until full recovery from anaesthesia.

2.5.3 Imaging

Implanted mice were imaged 8 weeks after surgery at the earliest to allow satisfac-
tory calcium indicator expression as well as clearance of any inflammatory response
around the lens, which reduces image quality. Calcium recordings were acquired
using the nVista system (Inscopix Inc.) and the associated acquisition software at 20
Hz using 475nm LED light. The power was individually adjusted between 0.1 and
0.3 mW / mm? based on the calcium indicator expression in each animal to obtain
a good dynamic range without saturation. Miniscope acquisition was synchronised
with behavioural video recording using a custom workflow in the Bonsai Software

(Neurogears).

2.5.4 Histology

Mice were sacrificed by pentobarbital overdose (100 mg/kg body weight) followed
by transcardiac perfusion with 4% PFA in PBS. Brains were dissected from the
skull and kept in 4% PFA overnight. PFA was removed and the brains were washed
with fresh PBS 3 times before slicing at 60uum thickness using a vibratome. Slices
were air-dried onto SuperFrost Plus adhesion slides (Thermo Fisher Scientific) and
mounted using the Vectashield mounting medium with DAPI (Vector Laboratories

Inc.). Slides were imaged using the Vectra Polaris (Akoya Biosciences) slide scan-
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ner. Histological imaging was used to determine whether the lens was implanted in
the desired area, as well as to confirm there were no obvious signs of cell death in

the imaged area based on cell morphology and the presence of cellular debris.

2.5.5 Calcium recording preprocessing

The signal from calcium recordings was preprocessed using the Inscopix Data Pro-
cessing Software (Inscopix Inc.). Recordings were spatially and temporally down-
sampled to half the original resolution and to 10 Hz. Rapid noise signal and slow
drift in signal (e.g. due to bleaching) were removed using a spatial bandpass filter
with a lower threshold of 0.005 oscillations per pixel and an upper threshold of 0.5
oscillations per pixel. Motion correction was performed followed by signal normal-

isation to mean fluorescence during the baseline period (Fy): % =L ;OF 2. PCA-ICA

based automated cell detection was performed, followed by manual curation of the

resulting cell-set.

2.5.6 Evoked activity analysis

Manual behavioural annotations were used to extract PSTHs (peristimulus time his-
tograms) surrounding a behavioural event. Each PSTH was comprised of a 2-second
baseline period before the start of the behavioural event and a 2-second response
period following behaviour initiation. Magnitude differences between neural re-
sponses in dominants and subordinates were tested using the z-scored response sec-
tion of the PSTH. Z-scoring of the PSTH activity samples (x) was performed by
using only the baseline phase to compute the mean (1) and standard deviation (o)
of the fluorescence signal and then scaling the entire PSTH: z = %. To obtain a
single-value estimate of the response amplitude for each cell, the absolute area un-
der the curve (AUC) of the response phase of the PSTH was calculated. Amplitude
AUCs were Poisson distributed, so a log transform was applied to normalise the
distribution. Tuning to a behavioural event was determined for each cell through
an independent t-test between the baseline and response sections of the PSTH sur-

rounding that behavioural event (without prior z-scoring). Statistical significance

at the 5% level indicated a tuned cell, whereas the sign of the t statistic indicated
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whether it was positively or negatively tuned. The t statistic was also used as a con-
tinuous tuning index. The first contact with a social stimulus resulted in the most
robust and highest amplitude neural responses, followed by rapid desensitisation
during subsequent chemoinvestigations. The first contact responses were therefore
used for tuning and response amplitude analyses, as well as the decoding of intruder

rank.

2.6 Modelling

Logistic regression classifiers, support vector machine classifiers, principal compo-
nent analysis, partial least squares, as well as all cross-validation and scoring pro-
cedures were implemented using the Scikit-learn Python package. The implemen-
tation details for representational similarity analysis, canonical correlation analysis
and autoencoders are detailed below. Activity recordings were standardised before
any machine learning model training. Standarisation removes signal magnitude dif-
ferences between features (cells), by subtracting the mean feature signal and scaling
to unit variance: z = (x — 1)/o, where u is the mean signal and o is the standard

deviation.

2.6.1 Representational similarity analysis

RSA was implemented using the RSAtoolbox Python package reported by Nili et
al. (2014). For each recorded mouse, PSTHs evoked by chemoinvestigation of
male and female intruders were extracted. The baseline phase of the PSTH was
discarded, while the response phases were stacked into a single M x N x O matrix,
where M were conditions (i.e. male intruder, female intruder), N were cells and
O were timepoints. This matrix was used to initialise the RSAtoolbox Temporal-
Dataset class. The time dimension was converted into additional samples of the
existing conditions (e.g. female intruder representation at time t, t+1, ... t+n) using
the convert_to_dataset method. The dissimilarity matrices between conditions were
then calculated using the Euclidean distance metric. The average Euclidean dis-
tance across time points was reported as the representational dissimilarity between

male and female encodings for each mouse.
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2.6.2 Logistic classifier
A logistic classifier is a generalized linear model with a logistic (sigmoidal) linker
function, which is used to predict a binary dependent variable, such as discreet

classes. The linear part of the model is equivalent to multiple linear regression:

Y = Bo+BiXi+ BoXo + ... + BuXn

Where Y is the dependent variable, X are observations for n regressors and 3 are
the estimated parameters which linearly scale the contribution of each regressor.
This gives continuous values for ¥ € R, which is transformed using the sigmoidal

function to obtain an estimate of the probability of a class between 0 and 1:

The Scikit-learn implementation of the logistic classifier fits a separate logistic
model for each of the data classes and uses the class with the highest probability
as the model prediction for a given observation. A predictive weight f is fit for
each neuron in the behavioural decoders reported in Chapter 5. The weights of the
tube test outcome decoder in particular were used as an estimate of whether (and
how strongly) a neuron is associated with winning compared to losing in the tube
test. These estimates were correlated with each neuron’s tuning preference to social

stimuli.

2.6.3 Ordinal logistic classifier

Given ordinal labels j = 1,2,3,...J, the ordinal adaptation of the logistic classifier

estimates the cumulative probability that the prediction Y is j or lower:

1

PY <jIX)= 1+ e O (BB Xat - +BXe)
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In addition to feature loadings 3, the set of thresholds 6; for each label j is
also estimated. The probability of a specific label j is estimated as the difference in

cumulative probabilities for label j and the ordinal category below it, j — 1:

P(Y = jIX) = P(Y < j|X) — P(Y < j—1[X)

The label with the highest estimated probability is selected as the model prediction.

2.6.4 Competitive behaviour prediction

Logistic classifiers were used for predicting the tube test context, winning/losing
and push/retreat/resist behaviours. For tube test context prediction, activity data
from the entire recording was used, whereas for prediction of tube test winning and
push/retreat/resist behaviours the recordings were first segmented to discard the in-
tervening home cage sections, followed by concatenation of these segments into a
single continuous activity recording. Activity data was standardised before entry
into the model. The model was implemented using /2 regularisation with regulari-
sation parameter C = 1.0. The mean performance was evaluated using 5-fold cross-
validation using a stratified K-fold data splitting procedure. Since activity samples
close in time are similar and therefore cannot be considered completely indepen-
dent, sample shuffling before splitting was not performed to avoid data leakage

between the training and testing datasets.

2.6.5 Canonical correlation analysis

For two datasets X,Y with unequal dimensionalities, CCA linearly projects both
datasets into a common coordinate space (Hotelling, 1936). For each dimension
J of this common space, there is a pair of canonical weight vectors a;,b;, which
linearly project the original datasets into the latent space. The projections of the
two datasets are known as canonical components u; = (a;,X) and v; = (b;,Y) for
canonical dimension j. CCA optimises the common space so that the canonical

components are maximally correlated:

(uj,vj)

p;j = max
/ uj |l vl
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The concept can be extended to an arbitrary number of datasets. The CCA model
was implemented using the Python package PyRCCA reported by Bilenko & Gal-
lant (2016) (Bilenko and Gallant, 2016). Fitting was performed on activity evoked
by the chemoinvestigation of a female intruder. A PSTH with a 2-second win-
dow before and after the first episode of chemoinvestigation was extracted for each
recorded mouse. CCA can simultaneously function as a dimensionality reduction
method, since the common latent space of two datasets is limited by the dataset with
the lowest number of features, in this case, cells. The smallest recording contained
7 cells, which was therefore set as the desired number of CCA components. PyR-
CCA implements a regularised form of CCA, where an /2 penalty is applied to the
canonical weights. The optimal regularisation parameter was cross-validated such
that the cross-animal Pearson correlations were maximised in the testing fold. The
optimal regularisation parameter was C = 5, which was used for all reported CCA

models.

2.6.6 Intruder rank classifier

Calcium recordings were first segmented to extract the 2-second PSTH from the
first contact with each intruder. These first contact episodes were concatenated
into a single dataset and standardised. The dimensionality reduction method was
applied to the dataset with the best 3 latent components retained. For the supervised
dimensionality reduction method (i.e., partial least squares), the intruder ranks were
used as the supervising sample labels. The reduced dataset was used to evaluate
the opponent rank classification performance of a logistic regression model using
12-fold cross-validation and either a stratified K-fold or leave-one-group-out data
splitting procedure. /2 regularisation with the regularisation parameter set to C =
1.0 was applied to the fitting of the logistic model.

The autoencoder was a custom implementation using the Keras Python pack-
age. It was comprised of symmetrical encoder and decoder blocks, separated by
a 3-neuron bottleneck layer. Both blocks had input and output layers with dimen-
sionality equivalent to the number of cells in the dataset and 4 hidden layers. The

dimensionality of the hidden layers was linearly interpolated between the sizes of



2.6. Modelling 52

the input and bottleneck layers. All layers except the input and output layers had
ReLU activations. The loss was the mean squared error between the input and out-
put layer activations. Autoencoders were trained over 20 epochs of training using a
batch size of 32 samples. Following training, the activations of the bottleneck layer
were extracted for each of the dataset samples to obtain an activity signal reduced

to 3 dimensions.

2.6.7 Model evaluation

2.6.7.1 Weighted F1 score

Since the number of samples from different classes was uneven for most datasets
(e.g. a mouse does not spend the exact same amount of time winning and losing
tube tests), the weighted F1 score was used to avoid overestimating the perfor-

mance of a model which always simply predicts the most frequent class. The F1
2xP*R
P+R

- True positives
(P = L _
rue positives+False positives

score ranges (F'1 = ) between 0 and 1 and includes the precision of the model

True positives )

) as well as recall (R = True positives+False negatives

Precision measures the accuracy of the positive predictions, whereas recall mea-
sures the ability of the model to predict all positive instances of a class. The
weighted F1 calculates the F1 score for each of the classes i and weights it by the
frequency of each class (w) before obtaining the mean F1 score across all classes:
F1yeightea = % The weighted F1 performance of the models was statistically
compared to the performance of the same model trained on shuffled class labels.

The mean shuffled performance was estimated by performing 100 permutations of

the target labels.
2.6.7.2 Ordinal mean absolute error

The ordinal mean absolute error evaluates the mean absolute difference between the

true and predicted values of a target ordinal variable Y for samples i:

i H(Ytruei - Ypredi)H
i=1 N



2.7. Viral tracing 53

2.7 Viral tracing

Mice underwent stereotaxic craniotomy and were injected with 100 nl of AAV2-
CB7-CI-eGFP-WPRE-rBG (AddGene 105542) unilaterally in either the dorsome-
dial prefrontal cortex (AP 2.43, ML 0.52, DV 1.27) or caudal anterior cingulate
cortex (AP 0.65, ML 0.17, DV 0.95). 2 weeks after surgery was allowed for satis-
factory viral expression. Mice were subsequently sacrificed by pentobarbital over-
dose (100 mg/kg body weight) followed by transcardiac perfusion with 4% PFA
in PBS. Brains were dissected from the skull and kept in 4% PFA overnight. PFA
was removed and the brains were washed with fresh PBS 3 times before slicing at
60um thickness using a vibratome. Slices were air-dried onto SuperFrost Plus adhe-
sion slides (Thermo Fisher Scientific) and mounted using the Vectashield mounting
medium with DAPI (Vector Laboratories Inc.). Slides were imaged using the Zeiss
Axioscan slide scanner (PL and cACC injections) or the Vectra Polaris (Akoya Bio-

sciences) slide scanner (ILA injections).

2.8 Optogenetics

All mice from cages with known hierarchies underwent craniotomy with bilateral
stereotaxic injection of 125 nl of AAV5-hSyn-hChR2(H134R)-EYFP (Addgene
26973) into the infralimbic area (AP 1.7, ML 0.4, DV 2) and implantation of a dual
fibre-optic cannula (Doric) into the MPOA (AP 1.7, ML 0.4, DV -4.9) or VMH (AP
-1.5, ML 0.5, DV -5.6). Mice were habituated in the home cage for 10 minutes after
tethering of the implant to the patchcord with all cagemates and enrichment objects
removed. Each mouse individually underwent tube tests against all of its cagemates
with and without optostimulation. The patchcord was tethered to the mouse in both
conditions. The stimulated mouse was returned to its home cage after every tube
test. The stimulation protocol was based on work by (Padilla-Coreano et al., 2021),
namely, patterned stimulation at 100 Hz with a duty cycle of 0.9 at 10 mW (5 mW
per fibre). The actual light power coming through the implant was measured before
the experiment. The order of the light on and off conditions was alternated for each

mouse.
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2.9 Statistics

Statistical analysis and plotting were performed using GraphPad Prism (GraphPad
Software) and custom Python scripts. Wherever multiple data were derived from the
same animal, for example, multiple cells from the same recording, a mixed effect
GLM was used to control for the correlations between data derived from the same
source. In all instances of mixed effects GLMs in the thesis, the animal ID was used
as the random effects variable. References to a controlled variable mean that a vari-
able was included in a linear model (including special cases such as ANOVAs) as a
regressor in addition to the variable of interest. Thus any effect found for the vari-
able interest cannot be attributed to the controlled variable. This was used to control
for any differences between the MPOA and VMH when evaluating the behavioural
decoders in Chapter 5 and optogenetic effects in Chapter 6. Significance labels indi-

cate p > 0.05:n.5.,p <0.05: %, p < 0.01 : %%, p < 0.001 : xxx, p < 0.0001 : * % *x.



Chapter 3

Behavioural characterisation of

mouse social hierarchies

3.1 Introduction

This chapter validates that stable and linear hierarchies can be determined as de-
scribed in the literature and that the behavioural differences between ranks reported
elsewhere can be replicated using our animals and experimental setups. I also ex-
tend previous work by investigating the ability of mice to generalise their rank from
their usual social group to interactions with completely unfamiliar mice and inves-
tigate the sensory modality used to detect the rank of unfamiliar opponents.
Several behavioural tests to determine rodent social hierarchies have been de-
veloped. Early tests relied on the examination of dyadic interactions in the home
cage or open field setting, with a particular focus on aggressive and defensive be-
haviours to determine the winner and loser in each pair (Machida et al., 1981).
These approaches implicitly assume that aggressiveness reliably correlates with hi-
erarchical status in rodents, however, recent studies have found no such relationship
(Zhou et al., 2017; Nelson et al., 2019). Presumably, the purpose of the hierarchy is

to dispense with the need for constant in-group conflict.
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More recent approaches have therefore focused on competition for scarce re-
sources, such as the hot spot test. In these assays a reward such as a warm spot on the
floor of a cold enclosure can only be accessed by one mouse at a time, thus exposing
the hierarchy by measuring which animals have preferential access to that resource.
The entire group can be tested at once with these assays and recreates a naturalistic
problem which has evolutionarily been solved through hierarchies. Nevertheless,
these assays require significant behavioural annotation which is inconvenient in re-
search settings and can result in ambiguous hierarchy inference depending on the
behavioural metric that is chosen. For example, one mouse may be the dominant
based on the latency until warm spot occupancy, but another may be the dominant
based on the duration of the warm spot occupancy.

The tube test provides an alternative to these naturalistic assays by providing
a binary win-lose outcome through dyadic interactions. As described by Fan et al.
(2019) two mice are inserted into the opposite ends of a tube that is too narrow for
an adult mouse to turn around. They are therefore forced to walk forward into the
tube where they meet the other mouse. In turn, the more dominant mouse pushes
its opponent out of the tube. By testing every pair of mice in a group using a round-
robin design, a binary winner outcome is obtained for each pair. These outcomes
can then be converted into continuous dominance scores for each mouse using scor-
ing systems such as the Elo rating (Elo, 2008) used for ranking chess players. While
this test might be less naturalistic, it dispenses with behavioural annotation, can be
performed quickly with simple materials, and provides an unambiguous hierarchy
as long as the test outcomes for the same mouse pairing are consistent. Furthermore,
hierarchies inferred using the tube test correlate well with those inferred from nat-
uralistic reward competition assays (Wang et al., 2011). The usefulness of the tube
test as a dominance readout is validated in this chapter for use in subsequent exper-

iments.
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While the tube test is a paradigm which forces a competitive confrontation be-
tween two animals in an effort to expose a binary hierarchical relationship, social
status also affects behaviour in more benign social interactions. There has been
a particular focus in the literature on aggression, sexual behaviour, and anxiety.
Many have found significant effects, however, there are studies claiming contra-
dictory findings in all of these categories (Varholick et al., 2021). This may be
because dominance-related behavioural differences have been shown to vary based
on group dynamics, especially hierarchical stability as well as the size of the group
(Williamson et al., 2017). These factors can lead to a reversal of the behavioural cor-
relates of dominance, for example, in stable hierarchies subordinates show higher
anxiety than dominants, but the reverse is true in unstable hierarchies (Williamson
et al., 2017). Some of these crucial factors may not be immediately obvious, hence
it was suitable to document the concrete behavioural differences that appear in our
mice and experimental environment, before proceeding with the investigation of the
neural basis of any such differences in the coming chapters. I focus in particular on
aggression towards unfamiliar males, chemoinvestigatory interest in females, and

affinity for social interaction.

3.2 Validation of the tube test assay

Three metrics were used to evaluate the quality of the hierarchies obtained using
the tube test: Stability entails that the ranking of the animals does not change over
time. Consistency ensures that mice are consistently winning and losing against
the same opponents, rather than behaving probabilistically, for example, winning
a third of the tests irrespective of the opponent’s identity. Finally, the transitivity
requirement is satisfied when the hierarchy is linear and there are no loops (e.g.,
A > B, B> C, hence A > C). The tube test paradigm successfully produced hierar-
chies with stable dominant and subordinate mice, although frequent rank changes
between middle-ranked mice were common. Hierarchies were considered stable
when the dominant and subordinate mice performed consistently in all tube tests

for at least 3 consecutive days. In addition, consistency, stability and transitivity
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metrics were computed for each testing day to aid the evaluation of the hierarchy’s
stability. The example Elo rating plot over several testing days and the average sta-
bility metrics across all cages (Figure 3.1) show the typical behavioural dynamics
in this test. Stability is initially low but increases and plateaus by testing day 5 on
average. Pushing, retreating, and resisting the opponent’s push are three commonly
annotated tube test behaviours (Figure 3.2). Pushing behaviours were significantly
different between mice from opposite ends of the hierarchy, with dominants push-
ing more frequently (¢(21) = 2.50, p = 0.0125) and spending more time doing so
(t(21) = 2.58, p = 0.00979).

3.2.1 Tube test hierarchies are not based on fixed differences in

behavioural phenotype
One concern is that consistent and transitive tube test outcomes could be achieved
based on trait behavioural differences between mice instead of differences in rank.
For example, "dominant” mice might simply have a stronger behavioural tendency

to push and will therefore consistently “win” against opponents who happen to be
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Figure 3.1: The tube test reveals stable social hierarchies in group-housed mice. (A)
Diagram of tube dimensions. (B) Example image from a recording of a tube
test. (C) Elo ratings for a representative example hierarchy over several testing
days. (D) Average hierarchy stability metrics across all cages over time. N =46
cages. Error shading represents 95% CI.
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Figure 3.2: Rank-dependent differences in pushing, retreating and resisting be-
haviours in the tube test. (A-C) Assay time spent pushing, resisting oppo-
nent’s push, and retreating across ranks. (D-F) Frequency of pushing, resisting
and retreating across ranks. Independent t-tests, N = 11 dominant mice, N = 10
subordinate mice. Error bars represent 95% CI.

less inclined to push and more inclined to retreat. This hypothesis rests on the
assumption that mice have a fixed propensity for pushing and retreating in the tube
test, rather than dynamically adapting their behaviour depending on the rank of
their opponent. To address this concern, the behavioural phenotype of the same
animal across winning and losing trials was quantified in Figure 3.3. This data
shows that mice push more in tube test trials that they win compared to losing trials
(Repeated measures ANOVA testing the effect of winning on behaviour duration
while controlling for within-animal effects: F(1,13) = 20.7, p = 0.000551), and
vice versa, retreat more in trials that they lose (F(1,13) = 54.3, p < 0.0001). No
difference was found for resisting (F(1,13) = 1.9, p = 0.190). This demonstrates
that the same mouse has a variable behavioural strategy in the tube test depending
on its opponent, rather than a fixed tendency to push as opposed to retreat.

The initial period of instability is interesting because it suggests that some
learning process is occurring during that time. Since mice were weaned together
and were in most cases cohoused as littermates since birth, there had been plenty of

time for hierarchies to form before the first tube test at week 8 of age at the earli-
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Figure 3.3: Mice have different behavioural strategies in winning and losing tube test
trials. The duration of behaviour as a percentage of the total tube test trial
duration is shown for pushing (left), resisting (middle) and retreating (right).
Data pairing indicates the same animal in winning and losing trials. Unpaired
data points indicate animals who won or lost all trials. Repeated measures
ANOVA, N=23 mice.

est. Indeed, others have reported the existence of stable hierarchies in mice before
weaning (Bicks et al., 2021). The expectation is therefore that by week 8 an estab-
lished hierarchy could be simply read out without a learning period. There are two
potential explanations for this behaviour: firstly, if hierarchies are formed through a
series of antagonistic encounters over resources, the laboratory environment with ad
libitum food and water may not provide ample enough opportunities for such con-
flict. In contrast, the tube test forces them into an encounter with a binary outcome
and could therefore trigger a hierarchy learning process in adulthood. Anecdotally,
spontaneous aggression in the home cage was frequently observed following a tube
testing session, which could mean that testing elicits new rounds of competition ei-
ther to establish a new hierarchy for which there was previously no purpose or to
renegotiate a previously settled social order. The second possibility relates to the
animals adapting to the experimental apparatus and the requirements of the test. For
example, there can be a reluctance of either mouse to push in early tests, hence the
outcome is achieved by one of the mice retreating without the winner ever doing
anything. Such a winner may not last in subsequent sessions when their opponents

become more accustomed to pushing.
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3.2.2 The winner effect

Despite these explanations of the learning period, the possibility that the mice are
learning something unrelated to the hierarchy had to be addressed. In particular,
some studies have reported the existence of winner effects, where a mouse that has
just won a conflict will be emboldened and continue to win the following encounter
(Fuxjager and Marler, 2010; Fuxjager et al., 2011). The order of the tube tests in
a round-robin was randomised to mitigate this possibility. Additionally, a winner
effect entails that winning is not dependent on the identity of the opponent, but
rather on the sequence in which they are presented, which is incompatible with the
high consistency index seen in my data. it would also mean a higher likelihood
of consecutive winning and losing. The expected frequency of outcomes as well
as outcome switches that theoretically result from a transitive hierarchy was mod-
elled and compared to the empirically observed distribution in Figure 3.4. While
the latter was signlOificantly different from the theoretical prediction (Chi-squared
x> =10.2,df =3, p = 0.004), the frequency of consecutive wins or losses was in
fact modestly lower than the expected distribution, hence no evidence of a winner

effect was found.

I Empirical distribution
I Expected distribution

*%*

1000

500

Frequency

Win to loss
Loss to win

Consecutive Win
Consecutive loss

Figure 3.4: The frequency of consecutive wins and losses is lower than expected and
therefore winner effects are not observed in the data. Chi-squared test, N =
3812 tube tests.
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Figure 3.5: Hierarchical stability metrics are not disturbed following surgery. Consis-
tency (left), stability (middle), and transitivity metrics (right) before and after
surgery was performed on at least one of the mice in the hierarchy. Paired t-
tests, N = 13 cages. Error bars represent 95% CI.

3.2.3 Resilience to surgical intervention

Since the dominant and subordinate mice underwent surgeries in most of the ex-
periments in the following chapters, it was necessary to verify that surgery did not
disrupt the established hierarchy. To that end, hierarchy stability metrics were quan-
tified for the five testing sessions before and after surgery for each cage undergo-
ing surgery in Figure 3.5. None of the three stability metrics were significantly
altered following surgery (consistency index: 7(12) = 1.21, p = 0.2438, stability in-
dex: ¢(12) = 0.31, p = 0.766, transitivity: #(12) = 1.08, p = 0.301, paired t-tests),

hence experimental intervention could occur without perturbation of the hierarchy.

3.2.4 Reward competition

Previous work has shown that hierarchies obtained by tube test correlate with other
more naturalistic assays of hierarchy, for example, the hot spot assay where mice
compete to occupy a warm spot in a cold assay chamber (Wang et al., 2011).
Competing for a resource is perhaps one of the most naturalistic social dominance
paradigms. In work by Padilla-Coreano et al. (2021) mice were trained to expect

reward in the form of sucrose water upon presentation of an auditory cue. How-
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Figure 3.6: Successfully pushing an opponent away from a resource is associated with
high tube test Elo score. Associations between tube test elo scores of each
mouse and its performance in the water competition assay in terms of drinking
duration, drink latency, success in pushing competitors away from the water
spout and success in resisting pushing attempts from others. Statistics indicate
results of linear regressions predicting Elo score from behavioural metrics of
reward competition success. N = 8 mice.

ever, the spout from which the reward could be obtained could only accommodate
one mouse at a time, thus incentivising competition. Mice were assayed in pairs
and the winner was determined based on reward spout occupancy, latency to spout
occupancy and how successful mice were in pushing their opponent away from
the spout. Cued reward presentation represents significant assay and training opti-
misation and since this was not the main focus of the project, I used a simplified
adaptation of this paradigm, where mice with a known tube test hierarchy were
water-deprived for 12 hours and subsequently presented with water through a spa-

tially constrained spout. The entire cage was assayed at the same time rather than



3.3. Generalisation of in-group hierarchies to interactions with strangers 64

pairs of animals and the same metric of reward competition as in the original study
were quantified. Figure 3.6 shows the results of linear regressions predicting be-
havioural measures of competitive success in this paradigm from the animal’s tube
test Elo rating. An animal’s pushing success showed a significant association with
its Elo score (p = 0.033), but the spout occupancy duration, latency and resisting
pushes from the opponent did not. These discrepancies may have resulted from
design alterations from the reported assay. The drive to quench thirst is perhaps
less persistent than obtaining a reward that is not tied to physiological needs. The
mice that access the water first may stop being thirsty and then allow lower-ranked
mice to drink as well. Over the course of the assay, this could attenuate differences
in spout occupancy. Additionally, since the presentation of the water is not cued,
latency is a less reliable metric, since mice further away from the spout may notice
that it is present later than the closer ones. The poor associations of the reward com-
petition metrics measured here with the tube test Elo rating therefore likely reflect
the design differences compared to the original experiment by Padilla-Coreano et

al. (2021).

3.3 Generalisation of in-group hierarchies to

interactions with strangers

One of the characteristics of human hierarchies is that past experience can be used
to rapidly infer the social status of strangers and one’s own status relative to a
stranger. The existence of robust hierarchies between familiar mice has been well
documented, however, it was unclear whether mice are capable of similar inference
about stranger conspecifics. Indeed, one study notes that the emergence of stable
hierarchies in the tube test relies on at least some degree of group-housing - tube
testing single-housed males fails to produce stable hierarchies on its own, but allow-
ing the same mice to also interact freely in a resident-intruder paradigm stabilises
the hierarchy in the tube test (Nelson et al., 2019). This suggests that familiarity
is crucial and that dominance is therefore tied to a specific social identity and past

interaction history with that individual. To test this idea more explicitly, in-group
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Figure 3.7: In-group dominance rank is robustly generalised to unfamiliar mice. (A)
The frequency of rank differences between winners and losers when tube test-
ing cohoused mice (in-group, N = 2589 tube tests) or unfamiliar mice from
separate cages (N = 30 tube tests). Mann-Whitney U-test. (B) Tube tests be-
tween unfamiliar mice (N = 16 tube tests) are longer in duration compared to
tests among cagemates (N = 45 tube tests). Mann-Whitney U-test. (C) Body
weight is unrelated to winning potential against unfamiliar opponents. Mann-
Whitney U-test, N = 16 tube tests.

hierarchies were determined as described using the tube test in two separate cages.
Mice of known in-group rank were then paired with an unfamiliar mouse from the
other cage. Figure 3.7 shows the winning probability in this experiment depending
on the rank difference between the winner and the loser mouse. Negative rank dif-
ference indicates that the lower-ranked animal had won and vice versa. In the case
of perfect generalisation, the winning probability where the rank difference is neg-
ative to any degree should be 0%, and 100% if it is positive. However, some errors
are present even in the in-group tube test paradigm and hence this error rate was
used as the control. The winning probabilities from the in-group tube test in Fig-
ure 3.7 show that errors are more common if the difference in ranks is smaller, i.e.
a dominant loss against a subordinate is extremely uncommon, but inconsistent test
outcomes between animals close in rank are more frequent. The distribution from
the generalisation experiment closely follows this pattern and a one-sided Mann-
Whitney U-test did not find the distribution of winner-loser rank differences in the
generalisation paradigm (N = 30 tests) to be significantly lower compared to the
in-group paradigm (N = 25809 tests) (U = 44225, p = 0.915). This means that mice

behave consistently with their in-group rank, even when the opponent is unfamil-
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iar and not a member of their usual hierarchy. Nonetheless, the average tube test
duration was somewhat longer in the generalisation paradigm compared to the in-
group paradigm, suggesting that while rank can be inferred from unfamiliar oppo-
nents, social familiarity helps in resolving the conflict quicker, perhaps because the
hierarchical relationship between the two mice is recognised more readily (Mann-
Whitney U-test U = 231, p = 0.0338, cagemate control: N = 45 tests, stranger
group: N = 16 tests). The olfactory signature of the unfamiliar opponent will be
unique and therefore not especially informative, implying that a more general sig-
nal of rank is necessary for generalisation to be successful. One intuition is that
mice can detect a physical attribute of the opponent that implies strength such as
size or weight, however, an analysis of the body weights of the tube test winners
and losers in the generalisation paradigm did not find an association between body
weight and winning potential (Mann-Whitney U-test U = 108, p = 0.499, N = 16
tests). The following section therefore focuses on identifying the sensory modality

that mice use to accurately detect the rank of even unfamiliar mice.

3.4 The sensory modality of murine social

dominance perception

Determining the sensory modality used to detect the rank of unfamiliar opponents
is crucial to forming circuit hypotheses about the encoding of opponent rank and
where this information interacts with own rank representations. As discussed in the
introduction, mice rely primarily on olfaction for social perception in general, while
studies specific to dominance reported that there are differences in the production
of some major urinary proteins (MUPs) such as darcin and MUP20 depending on
rank (Roberts et al., 2010; Lee et al., 2017; Guo et al., 2015). Specific brain areas
also show differential c-Fos responses to urine from mice of different ranks (Lee
et al., 2021; Veyrac et al., 2011). In some cases, the rank of a mouse can even be
increased through painting with dominant urine (Nelson et al., 2019). It is therefore

likely that mice are detecting the olfactory pheromonal cues contained in urine to
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infer the rank of an unfamiliar opponent. While this has been the general assumption
in the literature, no studies so far have explicitly tested the necessity or sufficiency
of specific sensory modalities for hierarchical behaviour.

To investigate this, a series of sensory deprivation experiments were conducted
and the error rate in the generalisation paradigm was measured to determine whether
specific modalities are necessary for opponent rank inference. The error rate from
the regular tube tests among cagemates was retained as the control error rate. Fig-
ure 3.8 shows the winning probabilities depending on the rank difference between
the winner and loser for these sensory interventions. I first excluded any role of
the visual system, by performing a standard tube test among unfamiliar mice under
infrared light, which is not visible to mice (Ma et al., 2019), in other words, in dark-
ness. This did not affect the ability of mice to correctly infer the rank of unfamiliar
opponents in the tube test (Mann-Whitney U-test U = 20047.5,p = 0.253, N = 22
darkness, N = 2766 control). Next, the initial strategy to disrupt pheromonal sig-
nalling was to castrate the mice, which is technically simpler than ablation of sen-
sory modalities. Both the production of pheromones (Penn et al., 2022) as well as
their perception (Schellino et al., 2016; Stowers and Liberles, 2016) is highly sex-
dependent and thus regulated by gonadal sex hormones, which additionally function
as pheromones themselves (Takdcs et al., 2017). Castration was expected to disrupt
male-specific pheromonal dominance signalling, however, this intervention also did
not affect generalisation performance (U = 8259.0,p = 0.492, N = 9 castration,
N = 2766 control).
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Figure 3.8: Simultaneous ablation of both volatile and nonvolatile olfaction impairs
rank recognition. (A-F) The effect of sensory deprivation interventions on
the distribution of winner-loser rank differences in the generalisation paradigm
(tube tests between unfamiliar mice) compared to the in-group paradigm (tube
tests between cohoused mice). The same intervention was applied to all mice
in a condition, except in panel F, where mice with combined main and acces-
sory olfactory ablation were tested against unfamiliar intact mice. The dotted
line indicates a distribution where tube test winners are random without regard
for the dominance rank of the two opponents. Statistics indicate the results of
Mann-Whitney U-tests between the distributions of winner-loser rank differ-
ences in the in-group (N = 2766 tube tests) and the intervention conditions.
N = 22 tube tests in darkness, N = 9 for castration, N = 32 for methimazole,
N = 25 for NMDA, N = 25 for methimazole+NMDA, and N = 35 for methi-
mazole+NMDA vs. intact mice. (G) The effect of sensory deprivation inter-
ventions on error rates (where the winner rank is lower ranked than the loser)
in the generalisation paradigm. Binomial tests with Holm-Sidak correction.

Since there is no definitive evidence that the production of dominance sig-
nalling molecules is specifically affected by gonadal hormones, I moved on to com-
plete lesioning of the volatile and non-volatile olfactory systems separately and in
combination. Volatile olfaction was abolished using methimazole injections, which
cause rapid and complete detachment of the olfactory epithelium (OE) and anosmia
(Haglin et al., 2021). In contrast, vomeronasal sensation was abolished through
stereotaxic injection of NMDA into the accessory olfactory bulb (AOB), which
causes excitotoxic neuronal death (Erskine et al., 2019). Confirmatory histology for
methimazole and NMDA injections is shown in Figure 3.10 and Figure 3.11 respec-
tively. Interestingly, neither the OE (U =43776.5, p = 0.584, N = 32 methimazole,
N = 2766 control) nor AOB ablation (U = 35679.0,p = 0.746, N = 25 NMDA,
N = 2766 control) resulted in impaired generalisation performance when used in
isolation. However, the combined abolition of both volatile and nonvolatile olfac-
tion did result in a significantly higher error rate (U = 25162,p = 0.016, N = 25
NMDA +methimazole, N = 2766 control). Additionally, a binomial test for this con-
dition showed that the tube test error rate is not significantly lower than 50%, which
indicates that outcomes are random and independent from the rank differences be-
tween opponents. Interestingly, when pairing a cage of mice that underwent the
combined OE and AOB ablation with an intact cage, the generalisation still occurs

(U =41140.0,p = 0.094, N = 35 intact vs. NMDA+methimazole, N = 2766 con-



3.5. Rank-dependent differences in social behaviour 70

*%* * %

N
o
W
o

n.s.

S 2 15 S
b c
5 S S 207
€20 g 10 g
5 S 3
© 'E = 10
G 101 % 57 5
3 o ° :>
0+ 01 04 e :
& Qo & & RS RS
fz}‘\o \\\o %\\o \Q}\o fz}‘\o \Q}\o
® Y & Y ® Y
®l 9\: Q)’ %\f @' %I
Q¢ $ Q¢ $ Q¢ $

Figure 3.9: Combined main and accessory olfactory system ablation results in less ac-
tive behaviour in the tube test. The mean behaviour duration (as a percentage
of the total trial duration) for pushing, resisting, and retreating in the tube test
before and after combined main and accessory olfactory system ablation. Re-
peated measures ANOVAs, N = 8 mice, pairing indicates the same animal.

trol). This suggests that the animal with intact sensation accurately detects the rank
of the anosmic opponent and perhaps behaviourally leads the encounter towards
the correct outcome. Additional behavioural analysis revealed mice that underwent
combined main and accessory olfactory ablation continue to exhibit the usual tube
test behaviours (Figure 3.9), however, they spend less time pushing and resisting
(repeated measures ANOVAS testing the effect of olfactory ablation on pushing du-
ration: F(1,7) =19.2,p = 0.0032, resisting duration: F(1,7) = 14.0,p = 0.0072
and retreat duration: F(1,7) = 5.3, p = 0.0547).

3.5 Rank-dependent differences in social behaviour

There is substantial variability in the reported behavioural differences between mice
of different ranks, often with contradictory findings (Varholick et al., 2021). While
instinctive social behaviour is expected to be relatively stereotyped, it is highly sen-
sitive to context, for example, group- or single-housing, whether the assay is per-
formed in the home cage or dedicated apparatus, stress, mouse strain and other

factors. It is important to establish which behaviours are different with our animals



3.5. Rank-dependent differences in social behaviour 71

Methimazole ¢
55T

500um

Figure 3.10: Confirmatory histology for olfactory epithelium ablation using methima-
zole. H&E stained nose sections from methimazole injected and control mice.
Yellow arrows show detached olfactory epithelium and the corresponding at-
tached areas in the control. Blue arrows show the vomeronasal organ which
is unaffected in both conditions. Nose histology was performed by Paula
Rodriguez-Villamayor.

and setups to guide the selection the selection of behaviours for functional record-
ings. Here I assayed some behaviours for which rank-dependent differences have

previously been reported.

3.5.1 Aggression

Male-to-male aggression was tested using a resident-intruder paradigm, where an
unfamiliar middle-ranked male (the intruder) is introduced into the home cage of
another male (the resident). Figure 3.12 shows the percentage of time spent at-
tacking the intruder (¢(5) = 0.32, p = 0.756), the mean length of the attack bouts
in seconds (#(5) = 0.19,p = 0.858), and the latency until the first attack bout
(¢(5) = 0.43, p = 0.683) none of which differed significantly between dominant and
subordinate cagemates (paired t-tests). This is consistent with more recent studies
in the field which also fail to find a hierarchical effect on aggression (Nelson et al.,
2019), while more detailed investigations into factors such as hierarchy size and
stability have shown that aggression differences are only present in unstable hi-

erarchies (Williamson et al., 2017). Furthermore, optostimulation of the dmPFC,
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Figure 3.11: NMDA injection into the accessory olfactory bulb results in localised cells
death. (A) 20x slide scanner images of the Nissl stained AOB sections. (B)

60x confocal images of the AOB with cellular morphology indicating cell
death in contrast with MOB cells from the same slice.
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Figure 3.12: Differences in dominance rank do not affect aggression in mice. Left:
Percentage of time spent attacking the male intruder among dominant and
subordinate residents. Middle: Length of attack bouts in seconds. Right:
Latency until first attack bout by the resident. Paired t-tests, N = 6 mice in
each group. Pairing is between the dominant and subordinate from the same
cage (cagemates).

which results in improved competitive success in the tube test did not simultane-
ously increase aggression (Zhou et al., 2017), demonstrating that the dominance

and competition circuits are separate from the aggression circuit.

3.5.2 Sexual behaviour

Previous studies have found that subordinates are less likely to mate with females,
even when they are isolated from their normal hierarchy (Kleshchev and Osadchuk,
2014) and that dominants sire more numerous offspring (D’ Amato, 1988), presum-
ably as a consequence of more frequent mating. Furthermore, females themselves
prefer to mate with dominant males, due to attraction to MUPs such as darcin (Nel-
son et al., 2015; Carr et al., 1982). Sexual behaviour was initially tested using the
same resident-intruder protocol but with a virgin female intruder for 10 minutes.
Since no sexual behaviour was observed within that period, the recording was ex-
tended to 90 minutes, but only a single male engaged in sexual behaviour during
that period. Sexually experienced females were used next, along with swapping of
bedding material between the male and female cages for 3 days before the assay
(the Whitten effect). The bedding carries urinary cues from the opposite sex and

increases sexual receptivity in mice (Whitten, 1966). Since that did not improve
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Figure 3.13: Dominants spend more time chemoinvestigating females. Left: Percent-
age of time spent chemoinvestigating the female intruder among dominant
(N = 12 mice) and subordinate mice (N = 10). Middle: The frequency of
chemoinvestigation bouts initiated by the resident. Right: The mean length
of chemoinvestigation bouts. Independent t-tests. Error bars represent 95%
CL

the frequency of sexual behaviour, a more invasive approach with hormonal prim-
ing of the sexual receptivity in females was piloted. Subcutaneous injections of
estradiol on days -2 and -1 before a sexual behaviour assay followed by a proges-
terone injection on the day of the assay have been shown to increase receptivity
(Inoue et al., 2019). This procedure did not improve the frequency of sexual be-
haviour initiation by the males either. In place of reliable sexual behaviour, the
behavioural metrics of chemoinvestigation as a proxy for sexual interest were quan-
tified in Figure 3.13 instead. The dominants spent a significantly longer proportion
of time chemoinvestigating the female intruder (#(20) = 3.2, p =0.00131), although
they did not do so more frequently (¢(20) = 0.66, p = 0.507) or with a longer bout
length (¢(20) = 1.5, p = 0.133). That said, both of the latter two metrics have a non-
significant trend towards higher frequency and bout length in dominants, which in

combination likely lead to significantly more time spent interacting with the female.

3.5.3 Social preference

Previous work in humans (Rosengren et al., 1998) and animals (Challis et al., 2013)
have suggested that low status and social defeat decrease sociability. This is likely
to avoid future conflict with more dominant individuals and indeed the hierarchi-

cal organisation of some species compels lower-ranked individuals to live on the
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Figure 3.14: Dominants spend more time interacting with a social stimulus. Assay time
spent in the 5 cm zone around the social (A) and object gates (B). (C) Assay
time spent in the neutral zone. (D) Average movement speed of the tested
mouse. Statistics are paired between the dominant and subordinate cagemates.
N=11 cages.

physical periphery of the community (Naud et al., 2016). Preference for social
over inanimate stimuli was tested using a three-chamber social preference test (Fig-
ure 3.14). In this paradigm, the tested mouse is placed into a central chamber
flanked by two smaller chambers separated by a mesh gate. One smaller cham-
ber contains a social stimulus (an unfamiliar middle-ranked male) and the other
an inanimate object (a roll of sellotape). The mesh gate ensures that the initia-
tive to interact falls entirely on the tested mouse and the stimulus animal therefore
cannot confound the measurements of sociability. The time spent in a 5 cm zone

around each gate was quantified, along with time spent in a neutral zone in the
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middle of the main chamber. In this paradigm, dominant mice spent more time in
the close vicinity of the social stimulus compared to their subordinate cagemates
(paired t-test, (10) = 2.76, p = 0.0203). Importantly, the exploration of the ob-
ject gate (Wilcoxon signed-rank test, W(10) = 25, p = 0.232), the neutral zone
(paired t-test, 7(10) = 0.078, p = 0.940), as well as the movement speed (paired
t-test, £(10) = 0.41, p = 0.689) were the same between these groups. This indicates
that these effects are not derived from differences in stress levels or overall ex-
ploratory drive. Interestingly, the mean level of sociability was strongly correlated
between cagemates, suggesting that the group dynamics within each cage have a

greater influence on individual motivation for social interaction than rank does.

3.6 Discussion

The aim of this chapter was to establish the characteristics of hierarchical behaviour
in laboratory mice, especially replicating assay validity and determining what dif-
ferences in social behaviour are observed with the specific mice and experimental
environment used here. The results confirm the validity of the tube test for ob-
taining stable hierarchies that are resilient to experimental interventions, especially
surgery. Importantly, these hierarchies rely on consistent tube test outcomes be-
tween the same pairs of mice, and not on a winner effect or a probabilistic winning

rate irrespective of the opponent.

3.6.1 Aggression

The lack of differences in aggression has been confirmed by several recent stud-
ies (Zhou et al., 2017; Nelson et al., 2019). Unfortunately, there has been fre-
quent conflation of dominance with aggression, high testosterone and low stress
in older studies (Machida et al., 1981) to the extent where these measurements were
used interchangeably. This is likely due to intuitions about animal behaviour that
generalise very poorly across species and even across different group organisation
within the same species. In mice alone, these variables appear in many combina-
tions depending on the stability and size of the hierarchy. For example, aggres-

sion and stress differences are not observed in stable hierarchies, whereas aggres-
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sion is high in subordinates and stress is high in dominants in unstable hierarchies
(Williamson et al., 2017). Testosterone is reliably correlated with aggression (Nel-
son and Trainor, 2007), but not dominance. Indeed, several studies report a rela-
tionship between dominance and prosocial behaviour (Scheggia et al., 2022), which
is certainly prominent in human high-rank individuals, where a dictatorial mainte-
nance of one’s status is generally a poor strategy outside specific environments like

prisons or formal positions of authority (Hawley, 1999).

3.6.2 Sexual behaviour

In the sexual behaviour assays, it was unfortunately very rare to observe any mount-
ing behaviour. Assay refinements involving the swapping of bedding between the
male and female cages (i.e. the Whitten effect (Whitten, 1966)) several days be-
fore the assay, cohabitation of the male and female in separate home cages but in
the same assay recording environment, as well as the use of sexually experienced
females, did not noticeably improve the frequency of sexual behaviour during be-
havioural recordings. A level of reluctance is expected for sexually inexperienced
males, especially ones that have not been single-housed. Single-housing for a week
is acommon method to increase territoriality in males and significantly increases the
territoriality and frequency of sexual behaviour (deCatanzaro and Gorzalka, 1979).
However, social isolation could have unpredictable effects on the social hierarchy
within the former group, especially since males cannot be group-housed again af-
ter isolation to reestablish the hierarchy, due to high levels of inter-male aggression
among formerly single-house males. Since the frequency of sexual behaviour was
insufficient for statistically robust analysis, the general propensity for interaction
with female intruders was analysed as a proxy measure of sexual motivation. This
showed that dominants spend more time chemoinvestigating the females in line
with higher reproductive success among dominants in other studies (Kleshchev and
Osadchuk, 2014; Nelson et al., 2015). In summary, there are rank-dependent ef-
fects on competitive tube test behaviours, sexual motivation towards females, and
social affinity towards males. The neural basis of these differences is explored in

the coming chapters.
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3.6.3 Rank inference

Finally, this chapter also investigated for the first time the ability of mice to gener-
alise their rank to interactions with stranger mice. Their ability to do so was strik-
ingly consistent and resilient to sensory deprivation, showcasing a substantial level
of redundancy in detecting conspecific rank cues. Previous work on MUPs that are
enriched in dominants such as darcin (Nelson et al., 2015; Guo et al., 2015; Luzyn-
ski et al., 2021) suggested that urinary signals could be used as universal dominance
cues that allow rank inference without personal familiarity with a specific individ-
ual. However, the authors did not test this possibility, since they were focused on
the ability of darcin to attract females. Another study reported c-Fos expression
differences in several brain areas in response to urine obtained from dominant and
subordinate donor males, including donors that were unfamiliar with the exposed
mice (Lee et al., 2021). This again suggested that some dominance cue is present
in the urine, however, no behavioural studies or manipulations were conducted by
the authors to determine whether MUPs are indeed the primary cues for detecting
rank and whether this information is sufficient to consistently recognise the rank of
unfamiliar opponents.

This work is the first direct evidence that mice can in fact generalise domi-
nance relationships using olfactory cues, while familiarity with the opponent still
helps to resolve competitive encounters quicker. This seems to be the case in other
species, for example, lizards who signal their dominance status through eyespots.
Manipulating the eyespot signal does not perturb existing hierarchical relationships
due to the redundancy afforded by identity recognition, but it does alter hierarchical
relationships with unfamiliar opponents where that redundancy is absent (Korzan
et al., 2007). The sensory deprivation experiments demonstrated that simultaneous
ablation of both the main and accessory olfactory systems through combined methi-
mazole and NMDA injection impairs the ability of mice to infer the dominance rank
of an unfamiliar opponent and renders the tube test error rate indistinguishable from
random behaviour. However, selective ablation of either olfactory pathway is insuf-

ficient to achieve this effect, meaning that the volatile and non-volatile modalities
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provide redundant information about conspecific rank. By extension, this implies
that there may be multiple olfactory dominance signals, some with volatile and
others with non-volatile chemical properties. An important caveat of these experi-
ments are the behavioural changes observed following the double olfactory ablation,
namely diminished pushing and resisting. These changes are likely attributable to
methimazole, which can cause signs of pain and reduced mobility for several days
after injection. These symptoms were the reasons for painkiller (buprenorphine and
meloxicam) injections hours before tube testing, which ensured that mice performed
the tube test as usual, although behaviour was still diminished when quantified in
detail. These behavioural effects could potentially confound the effects of sensory
deprivation on rank generalisation.

The identification of the sensory circuit necessary for conspecific rank detec-
tion serves as the foundation for determining the anatomical location where this in-
formation interacts with thalamocortical representations of own rank. As discussed
in the introduction, the MPOA and the VMH are two brain areas which receive both
volatile and non-volatile olfactory input via the medial amygdala, while also show-
ing evidence of modulation by own rank. They were therefore hypothesised as the
integration nodes for the two streams of information. The next chapter therefore in-
vestigates the own rank-dependent modulation of the hypothalamus in much more
detail compared to previous studies and identifies the exact functional features that
are affected by this internal state, while Chapter 5 explores the information encod-

ing properties of the MPOA and VMH to test the integration node hypothesis.



Chapter 4

Rank-dependent modulation of
neural excitability and tuning

properties

4.1 Introduction

The previous chapter found that rank-dependent behavioural differences are found
in competitive behaviours in the tube test, social approach to unfamiliar male con-
specifics and chemoinvestigatory interest in unfamiliar females. This thesis pro-
poses that rank-dependent behavioural differences do not arise in a social vacuum,
where, for example, dominant representations drive approach, sexual and compet-
itive behaviours irrespective of the social environment, but rather that own rank
representations interact and modulate the sensory perceptions of conspecifics. The
MPOA and VMH have documented pheromonal sensitivity and therefore respond to
conspecific cues (Dulac and Wagner, 2006; Stowers and Liberles, 2016) while also
exhibiting differential c-Fos activation depending on own dominance status (Nel-
son et al., 2019). They were therefore selected as the candidate areas where rank-
dependent modulation of social perception occurs. To investigate this hypothesis,

mice with known dominant or subordinate status were implanted with endoscopic
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lenses in either the MPOA or VMH for subsequent in vivo imaging of cellular-
resolution neuronal activity during social interaction (Ghosh et al., 2011). This was
followed by analysis of rank-dependent changes in evoked signal properties in re-

sponse to male and female unfamiliar conspecifics as well as tube test behaviours.

4.2 Experimental pipeline

Figure 4.1 shows the experimental pipeline from implantation to imaging, histology,
and signal analysis. Cage hierarchies were determined using the tube test. Once the
hierarchy stability criteria described in Chapter 3 had been reached, the dominant
and subordinate were stereotaxically injected with an AAV encoding the GCaMP7s
fluorescent calcium indicator and implanted with a GRIN lens above the virus injec-
tion site in the MPOA or VMH in the same surgery session. Due to the substantial
depth of the implantation, good signal quality was obtained around 6-8 weeks after
surgery, with the typical field of view (FOV) yielding between 20 and 50 cells and
up to 80 cells. The mouse was tethered to the miniscope in their home cage and
recorded during free interaction with an unfamiliar middle-ranked male, an unfa-
miliar female, and several tube tests with an unfamiliar middle-ranked male. The
free interaction recordings captured the sensory responses to both male and female
stimuli during chemoinvestigation of the intruder, while the tube tests captured ac-
tivity related to competitive behaviours, namely, pushing, resisting, and retreating.
Following the recordings, the mice were perfused and the correct positioning of the
GRIN lens in either the MPOA or VMH was verified histologically. Frequent rea-
sons for the exclusion of an implanted animal were poor signal quality, mistargeted
implantation, or change in social status. In total, recordings from 18 mice were
accepted, 5 dominant and 5 subordinate animals implanted in the MPOA, as well
as 5 dominant animals and 3 subordinate mice implanted in the VMH. The total
cell yield across all accepted mice was 774 cells. Signal drift (e.g. from bleaching)
and movement artefacts were removed from the recordings in the preprocessing

steps and the cell regions of interest (ROIs) were detected automatically using the
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PCA-ICA algorithm, followed by manual curation of the cell set. Behavioural an-
notations were used to extract the evoked calcium activity surrounding a stimulus

or behavioural event (peristimulus time histograms or PSTHs).

4.3 Response amplitude

Previous work has shown that internal states can modulate the amplitude or gain of
evoked responses in the hypothalamus to specific social cues (Nomoto and Lima,
2015). In this section, I investigated whether dominance rank as an internal state has
a similar effect on evoked response amplitudes. As discussed in the introduction,
the hypothalamus exhibits neuronal tuning to both sensory and behavioural triggers
(Ammari et al., 2023; Karigo et al., 2021) and dominance rank could modulate
responses to either category of triggers. The following analysis therefore extracted
evoked responses to several cues, namely, chemoinvestigation of male and female
unfamiliar intruders as well as pushing, resisting, and retreating behaviours in the
tube test. The example recording in Figure 4.1 shows that the responses during the
first contact with a new conspecific are the most robust, with significant attenuation
of signal as the interaction continues. The following analyses therefore use PSTHs
evoked by the the first instance of a social cue. Rank-dependent differences in the
amplitude of first responses evoked by these cues are shown in Figure 4.2.

A summary response amplitude for each cell was defined as the absolute area
under the curve (AUC) and a mixed effects linear model was used to test the effects
of rank (indicated by significance labels) and brain area on the mean response am-
plitude, while controlling for correlations between cells from the same mouse (see
Table 4.1 for detailed statistics). The amplitude of responses was generally higher
during chemoinvestigation compared to tube test behaviours, while cell responses
in dominants were generally higher amplitude than cells sourced from subordinates.
Interestingly, the MPOA showed very weak population-wide responses to tube test
behaviours with little difference in the response phase of the PSTH compared to the
baseline phase, whereas VMH exhibited population-wide positive tuning to push-

ing and negative tuning to resisting. The modulatory effect of rank was significant
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Figure 4.1: GRIN lens in vivo recording experimental pipeline. (A) Experimental de-
sign diagram. (B) Example FOV after preprocessing and cell detection. ROIs
indicate the automatically detected and manually curated set of neurons (C-
D) Example histology of the implantation sites. (E) Representative calcium
recording during interaction with a female intruder with behavioural ethogram.
The signal from each cell is interpolated to values between 0 and 1 for visu-
alisation purposes. (F) Example raw activity traces from individual neurons
from the recording in E. (G) Z-scored calcium activity surrounding a chemoin-
vestigation episode, with neurons sorted by tuning type (positive, negative and
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Figure 4.2: Dominance is associated with higher amplitude hypothalamic responses to
female conspecifics. Z-scored PSTH diagrams during chemoinvestigation and
tube test behaviours separated by social rank and brain area. The area under the
curve of the response phase of the PSTH was used as a single-value estimate
of the amplitude for each cell. Statistics indicate an effect of rank on response
amplitude in a mixed-effects general linear model controlling for the effect of
time and the source brain area of each cell (N = 774 cells, N = 18 mice, N =5
mice for dom - MPOA, sub - MPOA, dom - VMH, and N = 3 mice for sub -
VMH). Error shading represents 95% CI.

only during chemoinvestigation of females, but not during chemoinvestigation of
male intruders or tube test behaviours. Brain area did not have a significant effect
on response amplitude in any of the conditions. These data suggest that dominance
increases evoked response gain when interacting with females in the same direction

in both the VMH and MPOA.

4.4 Neuronal tuning

Previous work has shown that neural tuning properties in the hypothalamus can
change due to internal states related to social experience (i.e., sexual experience)
(Remedios et al., 2017). To investigate a similar mechanism of modulation by rank,

the proportion of cells tuned to each of the social cues discussed so far was deter-



4.4. Neuronal tuning

85

Table 4.1: Statistics for the mixed effects linear model predicting neural response am-
plitude from dominance rank and controlling for brain area.

\ Rank \ Brain area

Behaviour df - residuals | df - model | statistic p statistic p
Male chemoinv. 767 3 0.74 0.462 1.19 0.235
Female chemoinv. 770 3 2.49 0.0128 094 | 0.346
Push 770 3 0.85 0.398 1.00 | 0.315
Resist 770 3 0.94 0.348 0.59 | 0.556
Retreat 770 3 0.61 0.541 0.50 |0.618

Table 4.2: ANOVA statistics for the interaction between the effect of rank and tun-
ing valence on the proportion of tuned neurons, while controlling for brain

area.

Rank \ Brain area

Behaviour df - residuals | df - model | statistic p statistic | p
Male chemoinv. 47 6 0.74 0.482 <0.01 | 1.0
Female chemoinv. 47 6 10.22 | 0.000206 | < 0.01 | 1.0
Push 47 6 0.72 0.491 <0.01 | 1.0
Resist 47 6 1.08 0.349 <0.01 [ 1.0
Retreat 47 6 < 0.01 0.991 <0.01 | 1.0

mined in dominant and subordinate mice. A neuron was considered tuned to a cue
based on a significant t-test between the baseline and response phases of the evoked
PSTH. The sign of the t-statistic was used to determine the valence of the tuning,
namely positive or negative with respect to the cue. The same neuron can therefore
have multiple tunings depending on the stimulus. The percentage of cells with each
tuning type for a given stimulus was then calculated for each mouse. Figure 4.3
shows the difference between the mean proportion of each tuning type in dominants
and subordinates. A three-way ANOVA was used to test for an interaction between
rank and tuning type when predicting the percentage of tuned neurons while control-
ling for the effect of brain area on tuning (See Table 4.2). A significant interaction
between these terms was again found for tuning to female intruders, indicating that
the ratio of positive to negative neurons moves in opposite directions depending
on rank. Concretely, dominants have roughly 45% more positively tuned neurons
in the VMH and 18% more in the MPOA compared to subordinates, suggesting a

greater sensitivity to female social cues.
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Figure 4.3: Dominants have more cells positively tuned and fewer cells negatively
tuned to female conspecifics. (A-E) Differences in the mean proportion of
neurons with positive, negative and neutral tuning between dominants and sub-
ordinates. Differences are shown across both the VMH and MPOA. Tuning is
analysed for responses to chemoinvestigation of a male and female as well as
pushing, resisting and retreating in the tube test. Statistics indicate a three-way
ANOVA interaction effect between rank and tuning valence in predicting the
proportion of tuned neurons in a recording (N = 18 mice). (F) The proportions
of neurons of each tuning type in dominants and subordinates and in the VMH
and MPOA during chemoinvestigation of a female intruder.
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4.5 Behavioural correlates of modulation

In Chapter 3, I discussed that dominants have a higher behavioural interest in fe-
males and spend more time chemoinvestigating them. Given the evidence of hy-
pothalamic gain and tuning modulation presented so far, I investigate whether these
functional differences are also related to differences in behavioural phenotype, es-
pecially with regard to sexual behaviour. To that end, the mean evoked response
amplitude (F(1,16) = 3.48, p = 0.003) and proportion of neurons positively tuned
to the female intruder (F(1,16) =2.46, p = 0.0259) was used to predict each male’s
duration of chemoinvestigatory interaction with that female (Figure 4.4). Both of
these neural activity features significantly predicted the male social interest in the fe-
male, again without differences across brain areas, however, this relationship seems
more robust in the VMH. Additionally, one of the VMH-implanted mice also exhib-
ited sexual mounting of females and attack of male intruders during the recording.
If hypothalamic amplitude and tuning modulation can result in a more robust ap-
proach to females, perhaps it can also improve the progression to sexual behaviour.
Comparison of the response amplitudes in this mouse compared to controls shows
that engaging in sexual behaviour (#(279) = 3.37, p = 0.0008), but not aggressive
attack (¢(279) = 5.4,p = 0.591), is associated with a higher response amplitude
during the initial chemoinvestigation episode. These results are consistent with a
lack of rank-dependent differences in aggressive behaviour or modulation of male
intruder representations. Together these findings indicate that the rank-dependent
differences in hypothalamic function can predict a sexual behavioural phenotype

associated with dominance.

4.6 Representational Similarity Analysis

Both analyses of response amplitudes and tuning proportions suggest that female
stimuli are more salient or rewarding compared to information about other males.
This perhaps indicates a segregated representational space for female and male stim-
uli in the hypothalamus that would be necessary for distinct sex-specific behavioural

responses, e.g., aggression towards male intruders and sexual behaviour towards fe-
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Figure 4.4: Higher response gain and tuning to female conspecifics in dominants pre-

dict chemoinvestigatory engagement and initiation of sexual behaviour.
(A) Response amplitudes during the initial chemoinvestigation episode of a
male intruder in mice that attacked the male intruder compared to non-attacking
controls (attackers: N = 43 cells, 1 mouse, non-attackers: N = 280 cells, 7
mice). (B) Response amplitude during initial chemoinvestigation episode of a
female intruder in mice that mounted the female compared to non-mounting
controls. Data points indicate individual cells (mounters: N = 43 cells, 1
mouse, non-mounters: N = 280 cells, 7 mice). Both mounting and attack be-
haviours only occurred in the VMH cohort of recordings and hence only cells
from this area are shown. Statistics indicate the results of mixed effects GLMs.
(C-D) Linear regressions predicting the duration of female intruder chemoin-
vestigation based on the mean response amplitude (C) and the proportion of
cells positively tuned to that behaviour (D). Data points indicate mice (N = 18
mice). Error bars in panels A and B represent 95% CI.
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male intruders. Indeed, other work has shown such segregation in terms of tuning
in the VMH, focusing in particular on the role of sexual experience in increasing
the proportion of VMH neurons exclusively tuned to one sex or the other but not
both (Remedios et al., 2017). Nonetheless, some segregated tuning was still present
in sexually naive males, supported by the results in this chapter and the ability of
virgin males to distinguish the sexes and lead to opposite-sex sexual interest. The
finding that low rank diminishes both response amplitudes and tuning to females
therefore offers the hypothesis that male and female representations may be less
segregated in subordinates, contributing to their lower sexual interest.

In this section the similarity of male and female intruder representations in
the hypothalamus is analysed using two metrics: firstly, the proportion of neurons
with mixed tuning for both sexes as opposed to selective tuning for one of the sexes
(Figure 4.5) and secondly, the Euclidean distance between high-dimensional rep-
resentations of the two sexes quantified using representational similarity analysis
(RSA). Only mice where interaction with intruders of both sexes was recorded in
the same session was used for these analyses, since finding cell correspondences
across separate recording sessions can be unreliable. Mixed and sex-selective tun-
ing was calculated as a proportion of the total number of tuned cells (excluding
cells untuned to either male of female cues). Additionally, the cells in mixed tun-
ing were separated into those that respond congruently to both male and female
cues (e.g., excited by both sexes) or inversely (e.g., excited by males and inhibited
by females). In both rank groups, the cells tuned to both sexes form the major-
ity of the population compared to the cells tuned exclusively to only one of the
sexes (Figure 4.5A). Proportions of mixed-tuned cells with congruent and inverse
response patterns is very similar across ranks and therefore unlikely to drive a pref-
erence for female behavioural engagement. Contrary to the hypothesis, rank did
not significantly affect the proportion of cells with mixed tuning (independent t-
test: 7(11) =2.09,p = 0.0605). Nonetheless, there was a non-significant trend
towards more mixed tuning in dominants and more selective tuning in subordinates.

It is perhaps this trend which allowed a higher proportion of neurons with mixed
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tuning to predict stronger behavioural engagement with female conspecifics (Fig-
ure 4.5B, linear regression: p = 0.028). In terms of Euclidean distance between
representations obtained using RSA, a two-way ANOVA found more segregation in
the VMH compared to the MPOA (F(1,8) = 6.77, p = 0.032), consistent with the
differences in amplitude in Figure 4.2. However, within each area, rank does not af-
fect the representational segregation of the sexes (F(1,8) = 0.00006, p = 0.99). In
line with this finding, the Euclidean distance between representations of both sexes
does not predict behavioural engagement with female conspecifics (linear regres-
sion: p = 0.22). In summary, based on two metrics there is no statistically robust
evidence that dominance makes the representations of male and females more dis-
tinct in the hypothalamus. While a relationship between the proportion of cells with
mixed tuning and behavioural engagement with females was found, this metric is
insufficently associated with rank and could be a general feature of functional vari-

ability in the hypothalamus which does not arise from rank-dependent modulation.

4.7 Discussion

This chapter demonstrated an association between hgih dominance rank and en-
hanced hypothalamic tuning and excitability in response to female stimuli. Changes
in both functional metrics predicted the male’s chemoinvestigatory interest to-
wards females as well as progression towards sexual behaviour. This suggests
that the functional modulation of these areas my contribute to the rank-dependent
behavioural differences investigated in Chapter 3. However, it also indicates an
unexpected level of stimulus specificity, since it was initially hypothesised that
widespread modulation of social stimuli would be observed. This could indicate
that different social behaviours are modulated in anatomically segregated brain ar-
eas or that modulation of the sensory representation is specific to interactions with

female conspecifics.
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4.7.1 Limitations

There are two potential limitations of this analysis. Firstly, differences in re-
sponses to females may have been derived from the behavioural differences between
ranks, where dominants could investigate the female more thoroughly and provide
more sensory input to the brain. In vivo recordings of social behaviours certainly
present unique challenges for robust separation of sensory-evoked responses from
behaviour-associated activity. However, head-fixed recordings entail substantial
ecological validity challenges when attempting to present social stimuli in a pas-
sive way, e.g., by presenting anaesthetised conspecifics or odorants such as urine.
The freely-behaving paradigm was therefore preferred because it allows animals to
explore others in a naturalistic way, while the sensory milieu of the conspecific is
not limited through anaesthesia or by isolating a single sensory aspect chosen by
the experimenter.

On the other hand, the strong responses associated with conspecific chemoin-
vestigation were not observed during free exploration of the home cage or inani-
mate objects such as food pellets. This suggests that chemoinvestigation-evoked
responses largely reflect responsivity to social sensory stimulation rather than the
act of chemoinvestigation itself. I therefore speculate that the rank-dependent differ-
ences in chemoinvestigation-evoked activity suggests a modulation of the sensory
representation of social cues. In contrast, none of the tube test behaviour-evoked
activities were modulated by rank, suggesting that there is no such thing as domi-
nant or subordinate pushing or retreating. Once the behavioural decision is made, it
appears to be represented and executed similarly in both groups. Additionally, the
mean amplitude of the behaviour-evoked responses was substantially lower than
the chemoinvestigation responses in both areas, suggesting stronger responsivity to
sensory cues. I therefore propose that rank-dependent modulation of hypothalamic
function primarily affects sensory rather than behavioural representations, although

further experiments are needed to eliminate any behavioural contributions.
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The second limitation is that rank-dependent differences may have been de-
rived from the behaviour of the female intruders. Since estrus cycle states of the
females were not monitored, some females in estrus may have been more sexually
receptive than others and allowed more extensive chemoinvestigation by the female.
While estrus cycle differences are certainly present in the dataset, they could not
systematically vary depending on the dominance rank of the male resident. Estrus
related behavioural and consequently activity related differences would therefore
average out across the two dominance groups. A quantification of female intruder
behaviour could address any remaining qualms about systematic variation in their

behaviour.

4.7.2 The function of neuronal gain modulation

The example recording in Figure 4.1E shows that the amplitude of responses to
bouts of chemoinvestigation decays over time along with the propensity of the resi-
dent to interact with the intruder. This suggests that the response amplitude may be
conveying the salience or reward value of the conspecific, which declines as the resi-
dent becomes habituated to the intruder. In the context of rank, the higher amplitude
responses in the dominants imply that they find female conspecifics more salient or
rewarding, thus leading to a stronger motivation to interact with them behaviourally
compared to subordinates. The modulation of response gain has been reported es-
pecially in the attention field with respect to sensory systems. A vigilant state as-
sociated with locomotion in mice results in depolarisation of the resting membrane
potential in the V1 cortex, thus leading to increased spiking (Polack et al., 2013).
This effect seems to be mediated by vasoactive intestinal peptide (VIP)-positive
neurons in V1 as well as the auditory and barrel cortices in mice, whose activation
in vigilant states induces the disinhibition of excitatory neurons (Fu et al., 2014).
Work in V1 also showed that while there is a general increase in gain, there is also a
decrease in the variability of the resting potential which decreases the rate of spon-
taneous firing (Polack et al., 2013). In this way, firing becomes more tightly tuned
to a particular stimulus and the signal becomes less obscured by spontaneous firing.

A similar mechanism may be at play in modulating the responses to social cues
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in the hypothalamus. Indeed, work in the female VMH demonstrated an increased
amplitude of male-evoked responses in sexually receptive compared to unreceptive
females, along with an increase in positive tuning to male stimuli (Nomoto and
Lima, 2015). Additionally, in the female MPOA, hormone-mediated response gain
increases in neurotensin-expressing neurons led to increased interaction with male
social cues (McHenry et al., 2017). Social status could therefore modulate male
sexual motivation through an analogous mechanism.

The relationship between amplitude and interaction motivation was based on
the total signal across all recorded cells in a mouse, suggesting that responses across
the entire population may be integrated to determine the propensity to interact with
the female. This mechanism would explain the differences in tuning as well - the
higher proportion of positively tuned cells in dominants results in a higher am-
plitude of the summed responses across the population since the number of cells
with subtracting inhibitory responses is lower. Both the MPOA and the VMH con-
tain subpopulations, which trigger specific social behaviours in a projection-specific
manner. By making more of these cells positively tuned to a conspecific, it biases
the circuit towards producing a behavioural response and social engagement with
the conspecific rather than no response at all. However, there is likely to be some
selectivity in terms of subpopulations which experience increased excitability so
that there is a bias towards dominant behavioural responses. While the molecular
or functional identity of the cells was not available in my datasets, obtaining such
information following miniscope recordings is possible, albeit technically challeng-
ing. The cells from in vivo calcium recordings can be registered to subsequently
obtained single-cell RNA sequencing profiles (Xu et al., 2020). With this approach,
it could be determined if response gain increases are constrained to cell subtypes

which promote particular behavioural responses.



Chapter 5

Information encoding for

hierarchical behaviour

5.1 Introduction

The previous chapter demonstrated that the VMH and MPOA are modulated by own
dominance status. However, it remains to be seen whether these areas also repre-
sent the rank of the opponents as proposed in the information integration hypothesis.
C-Fos studies by Nelson et al. (2019) showed that the VMH and MPOA show dif-
ferential c-Fos expression in dominants compared to subordinates following several
tube tests. This finding suggests the involvement of the hypothalamus in compet-
itive behaviour in some capacity, however, it cannot reveal the exact variables that
are being encoded. These differences could relate specifically to the relative fre-
quency of tube test behaviours (i.e., pushing and retreating), it could also relate to
the frequency of winning tests, the modulatory effects seen in the previous chapter,
or representations of the opponent. This chapter therefore analyses the information
encoding properties of these two areas in an effort to test the hypothesis that the

hypothalamus integrates information about own and opponent dominance rank.
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5.2 Encoding of variables relevant to competitive
behaviour

5.2.1 Encoding of competitive context

A visual inspection of a recording containing a series of tube tests reveals tempo-
rally precise responses to the first contact with the opponent in the tube, but also
a more stable signal presenting as binary state switching between episodes of tube
testing and the intervening periods of free behaviour in the home cage (Figure 5.1).
Furthermore, a visualisation of the population activity using principal component
analysis (PCA) reveals distinct activity spaces inhabited during the tube test context
and free home cage behaviour. This suggests encoding of a variable related to envi-
ronmental context. Since these mice are very experienced with tube tests, they have
likely formed an association between the tube environment and impending compe-
tition against a conspecific. A logistic regression model was trained to test whether
this competitive context can be decoded from the population activity (Figure 5.1C).
A two-way ANOVA testing for differences in decoder performance compared to a
model trained on shuffled labels, while controlling for brain area was performed
(F(2,33) = 6.92,p = 0.003). The real performance was significantly better than
the shuffled data performance (F(1,33) = 13.7, p = 0.0008), while there were no
differences in performance across brain areas (F(1,33) = 0.1, p = 0.705), showing
that competitive context is encoded in both parts of the hypothalamus. Interestingly,
the state probability extracted from the decoder indicates that the competitive state
has a sharp onset when both mice enter the tube, and decays more slowly once
the encounter is over (Figure 5.1D). This may be because the opponent is usually
still in the vicinity and can sometimes attempt to reenter the tube and therefore still

represent some level of threat.



5.2. Encoding of variables relevant to competitive behaviour 97

Tube test | | H . | H - | N . | |
Fiést contact | 1 [ 1 11 1 1 1 1 1

0 1 2 3 4 5 6 7 8 9 10 11 12

Time (min)
B tube test C *%*%
® VMH
m o MPOA
—
3 0.8
N
—
[V}
O 25 -
©
© 0.6
K
Ry
2
-2.5 >
0.4 1
-5 0 5 10 Real Shuffled
PC1
D A — model prediction —— shuffled model ---- actual tube test
£1 :
3 1.
Solll
) 1 2 3

Time (min)

Figure 5.1: The tube test context has a unique representation in the hypothalamus.
(A): Example VMH recording of a series of tube tests shows visually apparent
state switching between testing episodes and intervening periods in the home
cage. (B) Visualisation of the recording in A in PCA space shows separation
between activity in the tube test context compared to the freely behaving home
cage context. (C) Performance of a logistic decoder predicting whether the
animal is in a tube test from hypothalamic activity. Two-way ANOVA: N = 18
mice, 10 MPOA, 8 VMH. (D) Decoder prediction of the tube test context from
activity in A.
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5.2.2 Encoding of tube test behaviours and winning

The competitive state appears independent of whether the tube test is actually won
or lost. However, neural populations can encode multiple variables along orthog-
onal dimensions of population activity (Bernardi et al., 2020). Previous work has
been able to decode tube test winning potential from the mPFC (Zhou et al., 2017;
Padilla-Coreano et al., 2021), however, it has not been investigated whether this in-
formation is also passed down to subcortical areas involved in behaviour selection
such as the hypothalamus. Indeed, labelling activity from winning and losing tube
test trials in PCA space indicates minimal overlap suggesting that a “winning” state
may also be encoded in addition to general competitive context (Figure 5.2A). To
test this hypothesis, the same logistic model was fit to predict tube test outcomes.
Only recordings that featured both winning and losing tube test trials could be used
for this analysis, which was the case for 9 of the 18 animals recorded in total. A
two-way ANOVA testing for performance differences between the decoder and a
shuffled data model, while controlling for brain area ( F(2,15) = 19.4, p < 0.0001),
found tube test outcome decoding performance significantly better than the shuf-
fled dataset (F(1,15) = 37.0,p < 0.0001) and no differences in performance be-
tween brain areas (F(1,15) = 1.8, p = 0.203, Figure 5.2C). Interestingly, an exam-
ple model prediction in Figure 5.2E shows that predictions of the tube test outcome
are accurate from the very beginning of the test, rather than becoming more reliable
as the end of the tube test approaches. This could indicate that the mouse detects the
rank of their opponent at first contact, determines their relative status, and foresees

the eventual outcome of the encounter.
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Figure 5.2: MPOA and VMH activity predicts tube test outcome, but not individual
bouts of competitive behaviours. (A-B) Projections of population activity
from the same animal into low dimensional space with respect to the two de-
coded variables. (C) Performance of the logistic decoder of tube test outcome
(winning) from population activity. Two-way ANOVA: N = 9 mice, 5 MPOA,
4 VMH. (D) Performance of the logistic decoder of push, resist, and retreat be-
haviours from population activity. Two-way ANOVA: N = 18 mice, 10 MPOA,
8 VMH. (E) Decoder prediction of winning probability from population activ-
ity. (F) Mean fluorescence signal during the tube tests across ranks and brain ar-
eas. Statistics indicate mixed effects GLMs with Holm-Sidak correction. N =9
mice, 5 MPOA, 4 VMH. (G) Mean fluorescence signal during tube tests sep-
arated based on winning. Statistics indicate mixed effects GLMs with Holm-
Sidak correction. N = 9 mice, 5 MPOA, 4 VMH. Error bars represent 95% CI.

Both areas therefore encode two variables with slow dynamics - competitive
context and winning state. While slow state encoding has been reported for the
VMH, the MPOA is proposed to have comparatively rapid dynamics, exhibiting
robust behaviour-evoked responses (Nair et al., 2023). Indeed, optogenetic manip-
ulation of both areas demonstrated precise temporal control of specific social be-
haviours, suggesting that rapid behaviour-evoked activity could co-habit with more
stable state variables. To investigate this second encoding role, the logistic de-
coder paradigm was used to predict individual behavioural episodes of pushing,
retreating, and resisting behaviours. The representations of these three behaviours
did not separate well in PCA space (Figure 5.2B) and the same ANOVA model
(F(2,33) =8.2,p = 0.0013) did not find decoder performance significantly above
chance (F(1,33) = 1.5, p = 0.157, Figure 5.2D).

The MPOA and VMH therefore encode a slow competitive state rather than
rapid behavioural changes in the tube test context. It also means that the winning
state is not simply inferred from the frequency of either pushing or retreating be-
haviours in winning compared to losing trials. This result does not agree with pre-
vious studies into temporal dynamics of the two brain areas for which I propose
several reasons: A technical source of this apparent discrepancy may be the rela-
tively slow dynamics of the GCaMP construct (with a calcium transient duration of
around 400 ms), compared to the very rapid nature of tube test behaviours. Pushing
and retreat bouts can last less than a second and mice rapidly switch between these

behaviours. In contrast, aggression and sexual behaviours in a freely behaving con-
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text produce long and consistent bouts of behaviour with temporal progression, for
example, from chemoinvestigation, to tail rattling, aggressive mounting, and finally
to direct attack. These more consistent behaviours may be easier to resolve with
the current calcium indicators. Furthermore, apparatus for tethered tube tests can
result in frequent touching of the miniscope against the edges of the tube during
behaviour, leading to motion artefacts. This deterioration of signal quality com-
pared to freely behaving assays could obscure potentially weaker responses locked
to behavioural bouts. Finally, these areas may simply employ a different encoding

strategy for competitive behaviour compared to sexual or aggressive behaviour.

5.2.3 Hypothalamic activation during tube tests explains

rank-dependent c-Fos differences in the VMH

Considering again the c-Fos differences reported by Nelson et al. 2019, these are
most easily explained by an encoding of the winning state. Both dominants and
subordinates enter the tube test, hence its encoding cannot produce distinct activa-
tions, while competitive behaviour frequency is different across ranks, but it is not
encoded in these areas. Winning is the only variable whose frequency varies across
ranks and is also encoded in the MPOA and VMH. Figure 5.2F shows the mean
fluorescence signal across ranks and brain areas during the tube test. The VMH in
subordinates is strongly inhibited compared to dominants in line with higher c-Fos
expression in dominants. The differences are again smaller in the MPOA but in con-
trast with the c-Fos finding, where subordinates show higher MPOA c-Fos expres-
sion. This could be because c-Fos more accurately reflects the number of positively
tuned cells, whereas the average fluorescence metric analysed here is affected by the
amplitude of responses which is higher in dominants. A breakdown of activation
signals based on the outcome of the tube test (Figure 5.2G) explains some of the
general differences in VMH activation across ranks. While the subordinate VMH is
inhibited irrespective of whether the mouse is winning or losing, there is a sign re-
versal in the dominant VMH, which is suppressed during losing and excited during
winning. Furthermore, there are significant differences in the average fluorescence

signal during winning and losing in the VMH of both ranks, which establishes a
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straightforward criterion for the tube test outcome decoder. The situation is less
clear in the MPOA, namely, subordinates exhibit MPOA activation during losing
and inhibition during winning. Since subordinates are usually losing tests, this is
consistent with high MPOA c-Fos activation in subordinates. There are no signif-
icant activation differences in the dominant MPOA. In this case, the decoder can
rely on amplitude-independent features, such as identifying distinct subpopulations
of neurons that are activated by winning compared to losing. Indeed, the distinct
PCA activity subspaces inhabited by these two outcomes in Figure 5.2A shows that
such features exist, since cell signals are standardised to a similar amplitude range

before PCA transformation.

5.2.4 Social tuning properties of winner neurons

The linear decoder of tube test outcome allows the identification of neurons associ-
ated with winning and losing neurons based on the sign of their predictive weight in
the model. A neuron’s activation predicts winning when its model weight is positive
and losing when it is negative. It was hypothesised that winner neurons may have
other roles in social contexts that are not strictly competitive. For example, by also
responding strongly to female stimuli they could constitute a single hypothalamic
population that promotes not only competitive performance but a larger repertoire
of dominant behaviours such as sexual interest in females. To interpret the role of
these neurons in social interactions beyond competition in the tube test, the rela-
tionship between their model weight and their tuning to social cues was analysed
in Figure 5.3. Tuning estimates were determined in the same manner as already
seen in Chapter 4. Unfortunately, no significant relationship was observed with tun-
ing to either female or male stimuli, or behaviours such as attack, sexual mounting
or grooming (Table 5.1). The data also corroborates that encoding of the winning
state does not rely on tuning to pushing, resisting, or retreating in the tube test. This
suggests that the winning state is encoded as a unique representation in the hypotha-
lamus that does not encompass other social states (e.g. sexual arousal) or specific

behavioural programmes.
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The

weight of neurons in the tube test outcome decoder is correlated against es-
timates of their tuning to social cues and tube test behaviours. Significance
symbols indicate the results of linear regressions with Holm-Sidak correction.
N =334 cells for tube test push, resist, retreat, male and female chemoinvesti-
gation. N = 43 cells for male attack and female mount. N = 97 cells for male
groom and N = 154 cells for female groom.

Table 5.1: Holm-Sidak corrected p-values for corresponding regression plots in Fig-

ure 5.3.
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5.3 Own and opponent rank encoding

So far rank has been treated as a variable that independently modulates social per-
ception, however, adaptive hierarchical behaviour dynamically depends on the sta-
tus of others as well. This is especially the case with middle-ranked animals, where
the behavioural decision in the same circumstances can vary drastically depending
on whether the opponent animal is just above or below one’s own rank. Presumably,
the brain must perform a subtraction between own and opponent rank and derive a
representation of relative rank, which is perhaps the more behaviourally relevant
variable. Studies so far have strongly focused on the encoding of own rank in the
prefrontal cortex, however, this circuitry does not propose an obvious way in which
own rank is integrated with representations of others. Extending the existing tha-
lamocortical circuit into the hypothalamus offers an opportunity for an integration
node, where the two information streams could meet. The following sections adopt
a robust machine learning approach to determine which of these two variables are
encoded in the VMH and the MPOA to test the model of the hypothalamus as an

information integration node.

5.3.1 Encoding of own rank

5.3.1.1 Background

Based on the rank-dependent response amplitude and tuning differences observed
in Chapter 4, it was hypothesised that this modulation of the representation of fe-
male social stimuli could be leveraged by a decoder to distinguish the own rank of
an animal from hypothalamic activity. However, this approach faces the challenge
that rank is stable within a recording session and activity samples for different ranks
must therefore come from different animals. There is no direct correspondence be-
tween the recorded neurons from two different animals, meaning that there is no
meaningful feature space for the decoder to use without first registering recordings
from multiple animals into a common activity space. This is a non-trivial task,
however, one approach used in the neural recording context is canonical correlation

analysis (CCA) (Hotelling, 1936). This method leverages the assumption that dif-
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ferent individuals use the same neural dynamics to produce a specific behaviour or
sensory encoding (Safaie et al., 2023; Gallego et al., 2020). Recording a brain area
produces a random sampling of the neurons, meaning that there is no direct cor-
respondence between recording channels across animals, however, the underlying
neural dynamic should still be recoverable in each random sample, provided that it
is large enough. This leads to the conclusion that there exists a latent space in which
neural activity from different animals is highly correlated. CCA optimises such a
common latent space by maximising the Pearson correlations between the activities
of two or more animals in that space (Figure 5.4). These correlation estimates also

provide a direct measure of the representational similarity across animals.

5.3.1.2 Method validation

While the feature spaces do not have to be the same for CCA, the datasets must be
temporally aligned. Since my recordings were freely behaving without a trial struc-
ture, the datasets were aligned based on the behavioural annotations of chemoin-
vestigation of male and female intruders. It has previously been reported that CCA
correlations across animals performing the same behaviour are higher than across
animals performing different behaviours consistent with the hypothesis of a sig-
nature neural dynamic for each behaviour (Safaie et al., 2023). This result was
replicated in Figure 5.5, where activity is significantly more correlated across mice
in the response portion of the behaviour evoked PSTH, when the animals are per-
forming the same behaviour, compared to the baseline portion where behaviour
is not synchronised across animals. A three-way ANOVA testing for differences in
CCA correlation between the baseline and response phases of the behaviour-evoked
signal while controlling for CCA mode and area (F(3,1017) = 38.0,p < 0.0001)
found a significant main effect of behavioural synchrony on cross-animal correla-
tions. (F(1,1017) =27.2,p < 0.0001). Additional post hoc analyses found this
to be the case in both the MPOA (p < 0.0001) and VMH (p < 0.0001, Tukey’s
correction). This serves as a confirmatory result for the validity of the method and
that activity alignment across animals using behaviour-evoked PSTHs is meaning-
ful. Only the response portions of the PSTHs were used from here onward for the

evaluation of rank encoding.
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Figure 5.4: Canonical correlation analysis allows the identification of correlated la-
tent variables across datasets with distinct feature spaces. (A) Two animals
performing the same behaviour employ the same latent dynamics to perform
the behaviour. While there is no direct correspondence between the neurons
recorded in each animal, identification of correlated latents that exist in both
animals allows alignment into a single common latent space. Adapted from
Safaie et al. (2023) (B) Schematic of the own rank decoding strategy, illustrat-
ing the co-registration of cell sets from distinct mice into a single latent space
using CCA, thus allowing the application of a linear classifier to decode the
dominance rank of a mouse based on activity. Created using BioRender.com
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5.3.1.3 Cross-animal correlations

The encoding of own rank was tested using two approaches using the CCA method:
Firstly, mice of the same rank (rank congruent) are expected to have more cor-
related representations of conspecifics compared to mice of opposite ranks (rank
incongruent). This was tested by co-registering the activity spaces of pairs of mice
that were either rank congruent or incongruent and comparing the mean represen-
tational correlation estimated by CCA in these two groups. The canonical cor-
relations between each pair of animals was 10-fold cross-validated. Figure 5.5
shows the representational correlations between rank congruent and incongruent
pairs of animals. A three-way ANOVA testing the effect of rank congruence on
representational correlations across mice while controlling for CCA mode and
brain area (F(3,507) = 52.8, p < 0.0001) did not find a main effect of congruence
(F(1,507) = —0.54,p = 0.588). Consequently, post hoc analyses for individual
brain areas were not conducted.

5.3.1.4 Own rank decoding from a common latent space

The second approach was to co-register all mice into a single activity space and
train a classifier to distinguish neural activity samples derived from dominant ver-
sus subordinate mice (Figure 5.4B). The activity trajectories associated with female
chemoinvestigation in dominant and subordinate males is visualised in Figure 5.6,
where the common CCA latent space has been further reduced in dimensionality
using PCA for visualisation purposes. Consistent with the correlational analysis,
the baseline activity inhabits a distinct part of the activity space, compared to the
evoked responses in males of either rank. A support vector machine (SVM) clas-
sifier was able to distinguish the baseline and response phases of the PSTHs with
high accuracy (permutation test: p = 0.0039 for both the VMH and MPOA, Holm-
Sidak corrected ). In contrast, there was a high overlap between the trajectories
coming from animals of opposite ranks; consequently, the SVM classifier was un-
able to decode the rank of a male based on evoked responses to female conspecifics

(permutation test: p = 1.0 for VMH, p = 0.586 for MPOA, Holm-Sidak corrected).
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Figure 5.5: Hypothalamic representational similarity across males of the same or op-
posite dominance ranks using canonical correlation analysis. (A-B) CCA
correlations across animals during behaviourally synchronised response phase
of the evoked response, compared to the non-synchronised baseline phase in
the MPOA (N = 45 animal pairs) and VMH (V = 28 animal pairs). Three-way
ANOVA (C-D) CCA correlations across mice of the same rank or opposite
ranks during chemoinvestigation of a female in the MPOA (N = 30 animal
pairs) and VMH (N = 26 animal pairs). Three-way ANOVA. Error shading

represents 95% CI.



MPOA

PC2

0.101

0.05+

0.00 1

-0.051

-0.101

5.3. Own and opponent rank encoding

I Baseline
Dom response
Sub response

000 005 0.10

PC1

~0.05

real shuffle
PSTH phase decoding

109

n.s.

real

shuffle
Own rank decoding

Figure 5.6:

0.0
PC1

*

real shuffle
PSTH phase decoding

F -

n.s.

r

real shuffle
Own rank decoding

Decoding of own dominance rank from evoked responses to female con-
specifics. (A&B) Visualisation of activity trajectories in response to female
conspecifics in common CCA latent space visualised using PCA. Grey trajecto-
ries indicate the baseline phases of the PSTHs, whereas the red and blue trajec-
tories show the dominant and subordinate response PSTHs phases respectively.
N =10 mice in MPOA group, N = 8 in VMH group. (C&D) Performance of an
SVM classifier distinguishing the baseline and response phases of the PTSH.
Permutation test, N = 10 mice in MPOA group, N = 8 in VMH group, 100
permutations. (E&F) Performance of an SVM classifier predicting own dom-
inance rank from responses to female conspecifics. Permutation test, N = 10

mice in MPOA group, N = 8 in VMH group, 100 permutations, Holm-Sidak
correction. Error bars represent 95% CI.
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Interestingly, neither of the two CCA approaches showed evidence of own rank
encoding in the hypothalamus in response to female social stimuli. The response
amplitude-related differences reported in Chapter 4 are removed through feature
standardisation before fitting the CCA model, hence any differences between ranks
in CCA space would have to rely on distinct activity dynamics independent from
signal amplitude. This is sufficient to preserve the temporal structure of the evoked
responses since baseline and response PSTH phases are clearly separable but in-
sufficient to decode own dominance rank. This leads to the conclusion that rank-
dependent modulation in the hypothalamus primarily involves differences in the
magnitude of responses to social stimuli, but not dynamical properties such as man-

ifold topology or temporal evolution of the response.

5.3.2 Encoding of opponent rank

5.3.2.1 Background

In Chapter 3, I presented evidence that olfactory input is necessary to detect rank in-
formation about conspecifics. Past work has demonstrated sensitivity of the amyg-
dalar and hypothalamic areas to pheromonal cues (Dhungel et al., 2011; Samuelsen
and Meredith, 2009; Meredith, 1998) since they receive both volatile and non-
volatile olfactory input (Dulac and Wagner, 2006), while work by Lee et al. (2021)
provides additional support for the MeA and the VMH in particular as encoders of
opponent rank. This study documented differential c-Fos expression in response to
the presentation of urine derived from dominant or subordinate mice that were either
familiar or unfamiliar to the subject mouse. Brain areas such as the premammillary
nucleus, which only respond differently to familiar urine cues therefore likely en-
code social identity rather than dominance signals generally and can be excluded
as candidates. The areas showing c-Fos differences in response to unfamiliar urine
were the MeA, both subdivisions of the VMH and the ventrolateral periaqueductal
grey (VIPAG), but not the MPOA. The vIPAG is involved in motor programme exe-
cution and might therefore reflect the differences in behavioural responses to urine
of different ranks, such as avoiding dominant territorial markings. Conversely, the
VMH and MeA have demonstrated sensory encoding functionality and therefore

make for suitable candidates for encoders of opponent rank.
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While this c-Fos study provides useful insights into potential candidates for op-
ponent rank encoding, the tool itself lacks the temporal precision to demonstrate the
encoding of any variable without follow-up functional recordings. Two papers with
such recordings in the mPFC (Padilla-Coreano et al., 2021; Kingsbury et al., 2019)
have indirectly investigated opponent rank encoding: The study by Padilla-Coreano
et al. (2021) claims to separate relative dominants from relative subordinates us-
ing mPFC activity during reward-oriented competitive behaviour. This suggests an
encoding of relative rank in the cortex, in other words, that both own and oppo-
nent rank variables are present there or are already integrated at an earlier node.
The decoder was trained on activity trajectories from different mice registered into
the same space using an adaptation of PCA, however, the way in which this was
achieved is unclear since PCA alone is insufficient for the co-registration of distinct
feature spaces. Even putting technical considerations aside, it is difficult to exclude
the possibility that this analysis simply relies on an encoding of own rank (since
that is very informative about relative rank in most encounters) or the encoding of
effortful tube test behaviours (i.e. pushing), the encoding of which has previously
been demonstrated in the mPFC (Zhou et al., 2017; Kingsbury et al., 2019). In the
study by Kingsbury et al. (2019), the authors find that the mPFC activities are corre-
lated across two mice competing in the tube test. They find that this partially results
from cells tuned to the behaviour of the opponent mouse, demonstrating that the
mPFC contains representations of opponent behaviour. A similar result was found
for the VMH, where mirror-like cells were found that respond to both own and op-
ponent aggression (Yang et al., 2023). However, none of these studies attempted to

explicitly decode the rank of the opponent, which is addressed here.
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5.3.2.2 Decoding strategy and generalisation requirements

A machine learning approach was adopted to train a classifier and predict the rank
of an opponent conspecific based on the sensory representation in the hypothalamus
of the recorded mouse. However, it is important to avoid the pitfall of allowing the
model to use social identity to distinguish the opponents rather than their rank. If
the hypothalamic representation of each conspecific is very high-dimensional and
unique (consistent with the encoding of social identity), then it is possible to decode
any arbitrary grouping of these conspecifics. In contrast, if the encoding is low-
dimensional it is only possible to separate the conspecifics along a few activity axes,
which are likely to correspond to more abstracted variables, such as conspecific
sex, age, or indeed dominance rank (Bernardi et al., 2020). To address this, it is
necessary to impose strict generalisability constraints on the decoder.

Figure 5.7A shows the paradigm used here: three male intruders of each rank
were sequentially presented in a resident-intruder assay, where the recorded mouse
was allowed to freely chemoinvestigate the intruders. The extracted population
representations of each intruder visualised in Figure 5.7C show distinct patterns
of neural activations for each intruder that resemble a combinatorial code. This
raises the possibility that the classifier can detect a combinatorial encoding of each
opponent, rather than amplitude-based encoding, where opponent rank correlates
with the amplitude of the response. The ideal low-dimensional encoding space in
this paradigm would allow the separation of intruders by rank, but different mice of
the same rank would have overlapping representations. Training only on data from
two of the intruders and testing on the taken-out third animal forces the decoder to
learn a general representation of conspecific rank that is not specific to the unique

identity signature of the two mice from the training data.
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Figure 5.7: Decoding of male intruder rank from hypothalamic activity. (A) Exper-
imental paradigm diagram showing the full set of unfamiliar intruders intro-
duced to the recorded mouse’s cage in a resident intruder paradigm. The pre-
sentation order was randomised. (B) Truncated example recording showing
evoked responses to initial chemoinvestigatory contact with each intruder. The
signal from each cell is interpolated to values between 0 and 1 for visualisa-
tion purposes. (C) Extracted first contact responses for each intruder sorted
by intruder rank (not in order of presentation). (D) Graphical comparison of
two cross-validation strategies. Leave-one-opponent-out entirely removes all
activity data pertaining to one of the intruders. This ensures that the model
must learn a general representation of rank, rather than relying on social iden-
tity. The same intruder is presented twice, and data from both presentations
is removed from training. (E) Example intruder representation trajectories in
PCA space show very good separation between intruders, but also poor over-
lap between multiple intruders of the same rank, suggesting that each intruder
is represented uniquely. (F) Logistic classifier performance using both cross-
validation strategies. Permitting reliance on social identity to infer rank using
the stratified K-fold strategy results in excellent performance, but the LOOO
strategy does not perform better than the shuffled model. N =9 mice, N =5
MPOA, N = 4 VMH. Paired t-tests with Holm-Sidak correction. Error bars
represent 95% CI.

This was achieved through a simple adjustment of the usual model cross-
validation procedure: by leaving out all activity samples pertaining to one of the
opponents in each of the cross-validation folds (leave-one-opponent-out or LOOO),
the classifier performance reflects whether a previously unseen opponent (rather
than individual activity sample) can be classified correctly in terms of rank. In
contrast, stratified K-fold (SKF) based cross-validation allows distinct activity sam-
ples representing the same intruder to be simultaneously in the training and testing
datasets (Figure 5.7D). Figure 5.7F shows the performance of the opponent rank
classifier using both data splitting approaches. SKF results in extremely good classi-
fier performance which indicates that neural representations of different opponents
are very well separable, however, it is unclear whether this is due to social iden-
tity encoding or rank encoding (paired t-tests: MPOA - #(9) = 31.2, p < 0.0001,
VMH - t(7) = 54.6,p < 0.0001, Holm-Sidak corrected). In contrast, performance
using LOOO is not significantly better than decoding from shuffled data (paired t-
tests: MPOA - ¢(9) = 0.9,p = 0.434, VMH - ¢(7) = 3.0, p = 0.112, Holm-Sidak
corrected) indicating that the left-out opponents do not have a general rank repre-
sentation in common with the training data intruders, in other words, every intruder

is represented uniquely.
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5.3.2.3 Assay refinements and dimensionality reduction

The difficulties in obtaining a generalisable encoding of opponent rank could result
from the significant sources of variability with the potential to obscure signals re-
lated to opponent rank in this paradigm. Notably, there is behavioural variability
in the way the recorded mouse investigates the opponent - their motivation to in-
vestigate falls somewhat throughout the assay, while anogenital chemoinvestigation
can elicit stronger responses than sniffing other parts of the conspecific. Mice also
rapidly switch between investigations of the home cage and of the intruder which
is likely reflected in the activity. Additionally, manual annotation of sniffing used
clear contact between the two mice as a criterion, however, olfactory cues could
already be detected earlier from a distance. There is of course some degree of be-
havioural annotation error in time - representations that are similar, but shifted in
time could lead to poorer decoding performance. Finally, there is clear decay in the
response amplitudes to new intruders as the assay progresses (see Figure 5.7B for
example). This is after bandpass spatial filtering of the recordings which should re-
move bleaching effects, suggesting that repeated presentation of intruders results in
habituation and decreased salience. This results in variable intruder representation
depending on when in the assay an intruder is presented.

To address some of these sources of variability, two adaptations of the origi-
nal assay were trialled (Figure 5.8). The first simply replaces the resident-intruder
paradigm with the tube test paradigm. It was expected that since the tube test forces
an antagonistic encounter with a binary outcome, the chances of the opponents be-
coming less salient over time are lower. Additionally, it should ensure more reliable
and unambiguous chemoinvestigatory contact, especially during pushing. The sec-
ond approach dispenses with behavioural confounds entirely by anaesthetising the
recorded animal and presenting urine belonging to opponents of different ranks.
This allows for experimenter-controlled presentation of the stimulus. In addition
to technical improvements, it is possible to analytically remove sources of noise or
non-target variables from the data using dimensionality reduction (DR) methods.

The hypothalamus encodes more than one variable - even if opponent rank encod-
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ing is present, there is concurrent encoding of competitive context and winning state
as discussed earlier in the chapter as well as other internal states such as aggression
and sexual receptivity. Even if the intruder representations are higher-dimensional
than ideal for the decoder, the data can be preprocessed to remove dimensions that
contain irrelevant information. To this end, PCA was used as an unsupervised lin-
ear DR method, a basic autoencoder (AE) as an unsupervised non-linear method,
and partial least squares (PLS) as a supervised linear method (Figure 5.8). In the
PCA approach, the 3 principal components explaining the most data variability
were retained for the decoder, while discarding the remaining components. The
autoencoder constrained that data representation to 3 bottleneck neurons, therefore
resulting in the same final dimensionality as PCA. PLS was used to find a single
latent dimension which regressed well against opponent rank. With all three meth-
ods, the lower-dimensional latent space was fit only on the training segment of the
cross-validation split, while the testing segment was projected to this latent space
using the neuron weightings obtained from the training fit. A three-way ANOVA
testing for effect of brain area, assay type and dimensionality reduction method on
opponent rank decoder performance (F(6,73) = 3.1, p = 0.00942) only found a
significant main effect for DR method (F(3,73) = 5.6, p = 0.0016), but not assay
type (F(2,73) = 0.8, p = 0.447) or brain area (F(1,73) = 0.2,p = 0.687). Post
hoc comparisons of DR methods did not find significantly different performance
compared to no dimensionality reduction at all after Tukey’s correction for multiple
comparisons.

Another consideration was that the logistic model treats the opponent rank as
a categorical variable, when it is in fact ordinal and does not recognise that rank
2 is closer to rank 1 compared to rank 4. Equally, model evaluation using the F1
score does not recognise that while a model classification of a rank 1 opponent as
rank 2 is incorrect, it is closer to the true label than a prediction of rank 4. While
the logistic decoder may fail to obtain better than chance classification performance
when predictions are evaluated in a binary manner - i.e., as correct or incorrect -

these predictions may still be closer to the true opponent rank than a random clas-
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sification. To address this, an ordinal logistic decoder was implemented. Unlike
the ordinary logistic decoder which fits a separate binary classifier for each rank la-
bel and chooses the one with the highest probability, the ordinal model fits a single
set of feature weights and a set of thresholds which separate the ordinal categories.
In addition, the performance of the ordinal model was evaluated using the ordinal
mean absolute error, which calculates the mean distance between the true and pre-
dicted classification. The performance of this model is shown in Figure 5.8D. A
three-way ANOVA testing for differences between the model performance and the
shuffled control with pairing between results from the same mouse did not find a
significant effect (F(1,8) = 0.03, p = 0.866). There were also no differences be-
tween brain areas (F(1,8) = 0.3, p = 0.577). Together, these results do not support
the hypothesis that the hypothalamus contains a generalisable representation of op-
ponent dominance rank.

5.3.2.4 Identity encoding

The conclusion that every intruder is represented uniquely is compatible with a so-
cial recognition function, where the area represents individual identities. An ad-
ditional anecdotal observation during these experiments was that recorded mice
became less interested in intruders that were all from the same cage. This be-
havioural effect was remedied by never presenting intruders from the same cage
one after another, but it nevertheless suggests that mice can detect not only indi-
vidual identities but also the group that a conspecific belongs to. In this section, I
analysed whether the individual identity of the intruders or the cage they belong to
can be decoded from the same data and the same leave-one-opponent-out general-
isation requirement (Figure 5.9). Interestingly, neither cage identity (paired t-tests:
MPOA - ¢(5) = 1.3,p = 0.542, VMH - 1(4) = 1.3, p = 0.542, Holm-Sidak cor-
rected) nor individual identity (paired t-tests: MPOA - ¢(5) =2.7,p=0.112, VMH
-1(1) = 1.3, p = 0.542, Holm-Sidak corrected) can be decoded significantly bet-
ter than the shuffled model. This suggests that hypothalamic representation of the
same intruder varies drastically between presentations and perhaps more accurately
reflects the instantaneous social interest in the conspecific rather than any features

related to their identity.
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Figure 5.8: Effects of assay refinements and dimensionality reduction on opponent

rank decoder performance. (A) Diagram of the decoder cross-validation pro-
cedure including learning of a lower-dimensional latent space from the training
folds and projection of the testing fold into the latent space using the resulting
neuron weights. (B) Performance differences between assay paradigms and
brain areas. Three-way ANOVA, N = 12 mice for the resident-intruder assay,
N = 8 mice for the tube test, and N = 3 mice for anaesthetised presentation. (C)
Performance differences between dimensionality reduction methods compared
to raw activity recordings. Three-way ANOVA, N = 12 mice. Significance la-
bels in B and C indicate ANOVA main effects of assay type and dimensionality
reduction method type in decoder performance respectively. (D) Performance
of the ordinal logistic model in decoding intruder rank in the resident-intruder
paradigm. Three-way ANOVA, N =9 mice. Error bars represent 95% CI.
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Figure 5.9: The hypothalamus does not encode social identity or cage identity of in-
truders. Performances of a logistic decoder classifying the cage identity or
individual identity of male intruders. The chance rates differ between the two
variables since the classifier can choose between 12 intruder identities, but only
3 cage identities, hence chance success is higher in the latter case. Paired t-tests
with Holm-Sidak correction. N = 6 MPOA mice for both decoded variables,
N =5 VMH mice for cage identity decoding and N =2 VMH mice for indi-
vidual identity decoding. Error bars represent 95% CI.

5.4 Discussion

To produce adaptive hierarchical behaviour, an animal must detect the sensory sig-
nature of conspecifics in the environment. It must then extract the rank of these
conspecifics, which is a more abstract variable invariant to the exact identity of the
conspecific. This information can then be combined with knowledge of one’s own
status to construct a representation of relative rank. In parallel, the environmental
circumstances are processed to determine whether the context is competitive (e.g.
food is scarce and the mouse is hungry). In a competitive context, relative rank and

perhaps other circumstances such as energy levels or previous injuries are used to
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assess the likelihood of winning, thus producing a winning or losing state to pro-
mote either antagonistic or defensive behaviour. The aim of this chapter was to
position the two hypothalamic nodes in this information hierarchy. Since neither
encoding of own or opponent rank was found for either area, but encodings of com-
petitive context and winning state were both robust, the hypothalamus is a more

downstream node than initially hypothesised.

5.4.1 Competitive context encoding

Encoding of context has been observed especially in studies involving training in
distinct and recognisable environments, for example, the colour of the assay box
signalling to the mouse to perform a particular behaviour or conveying the task
rules in the environment (Smith and Bulkin, 2014). Here there is also a degree
of spontaneous training to the tube test environment which signals an antagonistic
encounter with a conspecific. The behavioural response to a conspecific may vary
drastically depending on context. For example, if food is abundant the presence of
a conspecific near a food source may not be perceived as threatening and the two
animals may ignore each other or even engage in affiliative interactions. In contrast,
the same conspecific may be perceived as a threat when food is scarce and the con-
text is therefore competitive. The competitive state may facilitate the engagement of
more antagonistic behaviours such as aggression, non-aggressive demonstrations of
strength, for example, tail rattling in mice, or defensive behaviours such as escape
and freezing. Context in non-social paradigms has been shown to promote memory
in learning. For example, recall of two lists of items is better if each list was learned
and recalled in a separate environment (Smith and Bulkin, 2014). Encoding of the
competitive context may serve an analogous function in learning one’s own status.
The context of the tube (and other environments associated with past competition)
could allow easier recall of previous test experiences, whether they were won or lost
and against which opponents.

There are also some alternative explanations for why the tube test context can
be decoded. For example, the activity could reflect the unique sensory environment

of the tube (e.g., the haptic feedback of being spatially constrained) or the dis-
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tinct behavioural repertoire in the test. The latter scenario is less likely since I also
showed that the hypothalamus does not represent the behavioural features of the
tube test with sufficient fidelity for behavioural decoding. It could perhaps reflect
unrelated behaviours, such as self-grooming in the home cage, however, this could
not be tested since home cage behaviours were not recorded. The encoding of the
unique sensory environment is a more probable explanation, however, that is effec-
tively the same as the definition of environmental context. Nonetheless, it remains
to be seen whether the contextual encoding seen here is completely unique to the
tube test or whether it generalises to any competitive context. This can be tested by
recording activity in multiple competition assays, determining whether competitive
context can be decoded for all assays and if so, how much overlap there is between
the cells that predict it in different tests. Ideally, a context encoder trained on the

tube test would seamlessly generalise to activity in other assays.

5.4.2 Winning state encoding

The encoding of the winning state provides a straightforward explanation of the
rank-dependent differences seen in c-Fos studies (Nelson et al., 2019; Lee et al.,
2021). This is especially because both dominants and subordinates rapidly switch
between pushing and retreating behaviours. The associated c-Fos signatures would
be therefore present in both groups and less likely to result in a significant expres-
sion difference. In contrast, at the extremes of the hierarchy mice have a strong bias
towards winning or losing tests, thus resulting in a more consistent activation dif-
ference. Furthermore, the differences in mean fluorescence signal in winning and
losing trials in the VMH are consistent with the activation differences seen in the
c-Fos data. Encoding of winning performance has previously been reported for the
dmPFC (Zhou et al., 2017; Padilla-Coreano et al., 2021). Assuming that the thala-
mocortical dominance circuit is the primary encoder of own rank and the subcorti-
cal areas receive rank information as a modulatory input, the competition-relevant
information in the hypothalamus could have its source in the mPFC. In this sce-
nario, an animal’s competitive performance could be controlled through prefrontal
projections to the hypothalamus, as has been described for other subcortical areas

(Franklin et al., 2017).
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5.4.3 Limitations of own and opponent rank decoders

While several different approaches were taken to try to decode both own and oppo-
nent rank and the result is therefore convincing, there are some method limitations
to discuss. One potential reason why CCA failed to find a latent space in which
dominant and subordinate representations separate is that the method aims to find
ways in which datasets are similar rather than to identify differences between them.
Indeed, the high correlation between datasets along a latent serves as the very justi-
fication that it constitutes the same latent with the same dynamics in both datasets.
Additionally, CCA has a dimensionality reduction aspect, since the canonical com-
ponents can at most have the dimensionality of the original dataset with the small-
est feature set (number of cells). Canonical components are ordered by correlation,
meaning that the later components are more likely to contain the differences be-
tween the datasets. But since dimensionality was capped to 7 modes, these later
components potentially containing rank-dependent variability have been removed.
An intuitive explanation for the high-dimensionality of the opponent encod-
ings are behavioural afferent signals. It has been well documented that the majority
of brain areas, including those that do not have a motor or behaviour execution
function and including sensory brain areas, contain signals related to behaviour
(Steinmetz et al., 2019). This has also been the assumption here, hence the attempts
to reduce behavioural variability by using a more constrained assay - the tube test
- over free chemoinvestigation and dispensing with behavioural confounds entirely
through anaesthesia. The amount of representational variability remained very high
in awake tube test recordings, while there were no convincing evoked responses to
the urine presentations in the anaesthetised recordings. Perhaps the only approach
that addresses both issues is an awake head-fixed recording with a controlled stim-
ulus presentation, however, this is technically complex and would require some
modification to the lens implant to allow fixation. Conversely, the assay and ana-
lytical adaptations reported here allowed the easy reuse of the same mice and data

without custom apparatus.
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Perhaps better decoder performances would be achieved by setting a less am-
bitious goal of decoding only the relative rank of the opponent. Indeed, there was
an underlying assumption that relative rank representations must be derived by the
animal from representations of the absolute ranks of both itself and the opponent.
But making such estimates of absolute rank could be challenging for the mouse
and it could use some heuristic to arrive at the relative rank directly. That said, the
decoding of relative rank was not possible with this dataset, since the implanted
animals were either of the highest or lowest rank, meaning that all opponents were
either relatively lower or higher ranked than the recorded animal. Nevertheless, es-
tablishing whether a representation of absolute rank is even needed to understand

relative rank is an interesting avenue for future research.

5.4.4 Functional alternative to the integration node hypothesis

If the hypothalamus does not encode opponent rank or even social identity, what
about the conspecific does it actually encode? Certainly, the responses to the con-
specific are very robust at least in awake recordings so they must carry some kind of
information. There are two possible conclusions: either the encoding of opponents
is in fact very high-dimensional, variable and contaminated with behavioural and
internal state signals, or there is low-dimensional structure in these representations,
but for a variable that was not measured here. Novelty or salience are good can-
didates for such as variable. While all presented opponents were unfamiliar to the
recorded resident, there was a clear decline in signal amplitude towards the end of
the assay, suggesting perhaps a decline in novelty in the task of repeatedly chemoin-
vestigating intruders. As discussed in Chapter 4, variability in response amplitude
likely correlates with stimulus salience. But setting amplitude aside, why is the
combination of neurons activated by each intruder in Figure 5.7C always different?
This variability could be related to the other encoded variables, namely competitive
context and winning state. In Figure 5.3 it was investigated whether these variables
activate subpopulations of neurons which are also tuned to specific behavioural re-

sponses, namely, attack and sexual mounting. The MPOA and VMH drive such
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social behaviours in a projection-specific manner, hence a winning state could al-
ready prime a particular behavioural response. However, no such association was
found, although knowledge of the molecular identities of the cells would make this

analysis more reliable.



Chapter 6

The circuit basis of rank-dependent

modulation

6.1 Introduction

Chapter 4 demonstrated rank-dependent modulation of social perception, however,
the origin of this modulatory input and it’s circuit basis are unknown. The circuit
model illustrated in Figure 6.1 proposes the known thalamocortical circuit as the en-
coder of a semi-stable dominance state, which in turn projects to and modulates the
function of several subcortical areas involved in behavioural decision-making. Such
monosynaptic modulatory input from the mPFC has been demonstrated through ma-
nipulation studies for several subcortical areas. For example, mPFC projections to
the PAG (Franklin et al., 2017), NAc (Fetcho et al., 2023) and LH (Padilla-Coreano
et al.,, 2021). The PAG is associated with behavioural (motor) programme exe-
cution, whereas the NAc encodes social reward (Dolen et al., 2013), a more up-
stream function in both the anatomical and computational sense. This suggests that
mPFC projections carrying rank information modulate several computationally dis-
tinct nodes along the social pathway. It was therefore hypothesised that analogously
to other subcortical structures, the most likely source of the modulatory effects in

the MPOA and VMH may also be monosynaptic input from the mPFC. Less work
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Figure 6.1: Circuit diagram of the subcortical nodes associated with social behaviour
selection and the status-encoding thalamocortical circuit providing modu-
latory input.

has been done on cACC projections in the dominance context, however, this area
may possess similar downstream projections that functionally oppose or moderate
the mPFC inputs. This circuit model is tested in this chapter using a combination
of anterograde viral tracing experiments to determine the existence of cortical pro-
jections to the MPOA and VMH, combined with optogenetic manipulation of these

projections.

6.2 Viral tracing

The mPFC has several subdivisions along the dorsoventral axis: the rostral ACC
most dorsally, followed by the prelimbic area (PL) and the infralimbic area (ILA)
most ventrally. Recent work has mostly focused on the two dorsal areas (rACC
and PL) as the dominance encoding areas (referred to below as dorsomedial pre-
frontal cortex or dmPFC), hence these subdivisions were targeted in the tracing
experiments in Figure 6.2 in addition to the cACC. Shown are the most spatially
constrained and accurate injections which do not contain visible projections in the

hypothalamus. In addition, several other AAV serotypes and injection volumes were
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Figure 6.2: The dmPFC and cACC do not have notable projections to the hypothala-
mus. Epifluorescent miscroscopy of coronal brain slices injected with an AAV
carrying a fluorescent tracer (GFP).
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Figure 6.3: The infralimbic cortex sends significant projections to the MPOA and
VMH. Epifluorescent miscroscopy of coronal brain slices injected with an
AAV carrying a fluorescent tracer (GFP). Allen Mouse Brain Connectivity At-
las, experiment 157556400.

tested during the injection optimisation process resulting in more generous overall
labelling throughout the brain, however, hypothalamic labelling remained consis-
tently poor, especially in the VMH. Any weak labelling was considered insufficient
to expect reliable responses from optostimulation.

In addition to the dmPFC, the infralimbic subdivision of the mPFC also re-
ceives abundant input from the mediodorsal thalamus (Graham et al., 2021) and
shows increased c-Fos expression following an animal’s ascent to more dominant

status after removal of the previous dominant (Williamson et al., 2019). Impor-
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tantly, ILA has much more substantial direct projections to both the MPOA and
VMH, shown in tracing experiments from the Allen Connectivity Atlas (Experi-
ment 157556400, Figure 6.3) (Allen Institute for Brain Science). Chemogenetic
manipulation of ILA projections to the nucleus accumbens increases pushing be-
haviour in the tube test and social approach (Fetcho et al., 2023). Additionally,
dominant Syrian hamsters showed elevated c-Fos expression in both the ILA and
PL subdivision during acute social defeat compared to subordinates (Dulka et al.,
2018). ILA was therefore considered a more promising mPFC subdivision to pro-

vide rank-dependent modulatory input to the hypothalamus.

6.3 Optogenetic manipulation

Manipulation of the hierarchy has been almost entirely demonstrated in the tube
test context, which was also adopted here to leverage the verified stimulation pro-
tocols used in similar experimental designs. As shown in Figure 6.4A, mice of
known hierarchical status were bilaterally injected with channelrhodopsin 2 ex-
pressing AAV in the ILA and implanted with a dual fibre-optic probe in either the
MPOA or VMH. Panels 6.4B-F show representative injection and implant histology
with more convincing MPOA fibres compared to the dmPFC injections, although
VMH expression remained quite weak (panels C-D and E-F are from different an-
imals). The tethered mouse underwent tube tests against all of its cagemates and
the number of tube tests won in the light on and off conditions is shown in Fig-
ure 6.4G-H. Unfortunately, stimulation of ILA projections to either hypothalamic
area did not consistently affect the number of tube tests won (paired t-test; MPOA:
t(7)=—0.73,p = 0.481, VMH: #(7) = —0.23, p = 0.826). Additionally, there were
concerns that 10 mW stimulation may be causing damage to the tissues underneath
the fibre-optic implant. Hence, lower power levels were also piloted (Figure 6.41),
however, there were no differences in tube test winning depending on stimulation
power (two-way ANOVA testing the effect of stimulation power while controlling
for brain area being stimulated: F(1,16) = 0.3, p = 0.615). Again, there were no
differences between brain areas (F(1,16) = 0.008, p = 0.932).



6.3. Optogenetic manipulation 130

A AAV5-hSyn-hChR2(H134R)-EYFP

Bregma: 1.8

Bregma: 0 Bregma: -1.6

Bregma: -1.6

Bregma: 0

n.s.

()
-
o
S

H 100 - SH——————000

80 80 100

[o.]
o

60 1 60 1

(2]
o

40 40 1

% tube test wins
*
% tube test wins
N
o

% tube test wins

201 201

N
o

T T | T T 0
Light off Light on Light off Light on 20 54 90
MPOA VMH Laser power (mW)

Figure 6.4: Optogenetic activation of infralimbic projections to the MPOA or VMH
does not result in rank switching in the tube test. (A) Experimental design
diagram. (B-F) Histology of the injection site (ILA) (B), and implantation sites
in the MPOA (C-D) and VMH (E-F) respectively. (G-H) Percentage of tube
test wins against cagemate opponents in a round-robin design during optostim-
ulation of ILA projections to the MPOA and VMH respectively. Paired t-tests,
Holm-Sidak correction, N = 8 mice. (I) The effect of different stimulation
powers on winning. Two-way ANOVA, N = 8 mice for 2 and 9 mW, N =4
mice for 5.4 mW. Error bars represent 95% CI.
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6.4 Discussion

The results in this chapter did not support the circuit hypothesis that monosynaptic
prefrontal inputs to the hypothalamus cause the behavioural phenotype associated
with dominance. One reason could be that since rank-dependent excitability dif-
ferences were observed during free interaction with female conspecifics rather than
tube test behaviours, this projection may also be affecting sexual rather than com-
petitive behaviours. In this case, the tube test is unlikely to expose any stimulation-
dependent differences in behaviour. Another caveat is that optical stimulation may
not have reliably elicited opsin activation in ILA axon terminals, which was not
explicitly verified in slice preparations.

These limitations aside, the very modest anatomical and functional inputs to
the hypothalamus from the mPFC suggest two alternatives. Firstly, there may be in-
termediate nodes that convey the rank information to the hypothalamus via a multi-
synaptic connection. Secondly, modulation may be achieved via a diffusely secreted
neuromodulator. Serotonin and dopamine are particularly promising candidates for
this function. Dominance is associated with high serotonin levels (Raleigh, 1984;
Moskowitz et al., 2001). Mice that are susceptible to social defeat experience in-
hibition of serotonergic dorsal raphe nucleus neurons by local inhibitory interneu-
rons (Challis et al., 2013). This inhibition is achieved through mPFC inputs to the
GABA-ergic interneurons in the raphe, thus suppressing serotonin secretion and in
turn achieving widespread modulatory effects throughout the serotonin receptor-
expressing regions of the brain. Work has also been done on resilience to social
defeat and dopamine (DA). Mice that are resilient to social defeat have stronger
dopaminergic inputs from the mesolimbic dopamine neurons to the nucleus accum-
bens, where DA terminals are more active when approaching the aggressive conspe-
cific, compared to susceptible mice, which experience a dopamine peak at the onset
of fleeing and the offset of attack from the aggressor (Willmore et al., 2022). There
is additional evidence for dopaminergic involvement from the dominance field. A
study from Xing et al. (2022) identified a functional segregation of mPFC cells into
those expressing the D1 dopamine receptor which promote dominance and those

expressing the D2 receptor which promote subordinacy.



Chapter 7

Conclusions

7.1 Brief summary

The basic computational loop of the brain involves the transformation of sensory
inputs into progressively abstract representations of the environment. These repre-
sentations are combined with internal states, beliefs, and past experiences to form
a decision regarding the optimal behavioural response to the environment. Finally,
these decisions trigger the execution of specific motor programmes that result in be-
haviour. Description of complete pathways which link sensory inputs through some
cognitive representations of the environment to the behavioural output is therefore
the principal goal in circuit neuroscience. At varying levels of mechanistic detail,
such end-to-end circuit descriptions exist for several social behaviours (Chen and
Hong, 2018), however, the current understanding of the social dominance system is
limited to a description of own rank encoding as an internal state in the MDT-mPFC
and MDT-cACC pathways, along with a status learning mechanism involving the
plasticity of these projections. The aim of this thesis was to embed this thalamocor-
tical pathway into a wider circuit that allows access to sensory information about
conspecifics. The inclusion of two hypothalamic nodes involved in social cognition
was expected to provide a mechanism for rank to modulate the sensory representa-
tions of social cues and influence behavioural decisions, as well as a mechanism for

information about conspecific rank to interact with representations of own rank.
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The following main hypotheses were investigated:

1. Dominance rank modulates sensory representations of conspecifics in the hy-

pothalamus.
2. Modulation of social perception leads to distinct behavioural outcomes.

3. The hypothalamus serves as an integration node for representations of own

and conspecific rank.

4. Rank-dependent modulatory input arrives to the hypothalamus via monosy-

naptic mPFC projections

An analysis of evoked responses to social cues found an increased amplitude
of responses to female intruders in dominant males, as well as a higher proportion
of positively tuned cells. The response amplitude was also higher in males who
chose to mount the female. The direction of modulatory effects was the same in
both areas, although the magnitude of the differences was generally higher in the
VMH. Interestingly, no modulatory effects were found for representations of male
conspecifics or tube test competitive behaviours. This suggests a primarily sensory
modulatory influence limited to interactions with females. These findings support
the first two hypotheses by showing that hypothalamic excitability to females sys-
tematically varies with dominance rank which is associated with increased social
engagement with female conspecifics. That said, limitations regarding causality are
discussed in the coming sections.

Regarding the third hypothesis, I first tested the assumption that rank recogni-
tion relies on olfaction in mice and demonstrated the necessity of this modality, as
well as the sufficiency of either the volatile or non-volatile olfactory systems for this
function. This provided two sensory pathways that could potentially interact with
the thalamocortical dominance circuit. The hypothalamus is a region which receives
processed input from both the volatile and non-volatile olfactory pathways. It shows
differential c-Fos responses to urine cues from donors of different ranks, suggesting

sensitivity to the status of conspecifics, while also exhibiting modulation by own
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rank. The MPOA and VMH were therefore proposed as the integration nodes com-
bining own and conspecific rank information. An analysis of the encoding of both
variables showed that the MPOA and VMH do not robustly encode own nor con-
specific rank, therefore rejecting the integration node hypothesis. While the initial
model proposed that these two brain areas are firmly a part of the dominance circuit
in the sense of encoding hierarchy-relevant variables, this evidence suggests that
they might be more of a modulatory target of the dominance circuit, but not them-
selves involved in the encoding of rank. However, additional exploratory analysis
of the information content in these areas revealed a robust encoding of competitive
context as well as tube test winning. In the Chapter 5 discussion, I speculate that
these variables are downstream of relative rank encoding, which is in turn down-
stream of own and other rank information. This is consistent with a model of the
hypothalamus as a downstream modulation target of the dominance circuit.
Finally, I investigated the circuit basis of the modulatory input to the hypotha-
lamus. I proposed that modulation is achieved via direct synaptic input from the
mPFC. This model was based on other mPFC projections to the PAG and NAc,
which drive social avoidance mimicking social defeat and tube test pushing respec-
tively. I therefore hypothesised that the mPFC projects to multiple subcortical nodes
and modulates multiple processes in the social cognition pathway. Tracing studies
from the prelimbic subdivision of the mPFC did not show appreciable projections to
the hypothalamus, hence the more promising infralimbic subdivision was selected
for optogenetic manipulation. However, channelrhodopsin-mediated stimulation of
ILA projections to either the MPOA or VMH did not affect winning potential in
the tube test, therefore rejecting the monosynaptic mechanism of rank-dependent
modulation. The main findings of the thesis are summarised as a graphical abstract

in Figure 7.1.
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Figure 7.1: Graphical summary of main thesis findings. (A) Simultaneous but not indi-
vidual ablation of both volatile (olfactory epithelium) and non-volatile (acces-
sory olfactory bulb) olfaction impairs the ability of male mice to infer the rank
of strangers. (B) High dominance rank is associated with a larger proportion
of MPOA and VMH neurons that are positively tuned to female conspecifics.
The amplitude of female-evoked neural responses is also higher. (C) MPOA
and VMH activity during the tube test can be used to decode competitive en-
vironmental context and whether the mouse will win against its opponent. In
contrast, bouts of competitive tube test behaviours, namely pushing, resisting

and retreating, cannot be decoded from these two areas.
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7.2 Differences between the MPOA and VMH

Previous research on the roles of the VMH and MPOA in social behaviour creates
the perspective of two areas with opposing functions. Where the VMH is broadly
associated with either aggressive or defensive behaviour in generally antagonistic
social interactions, MPOA is associated with more affiliative behaviour, especially
parenting, sexual behaviour, and social approach. They also exhibit opposite sex
preferences in terms of neuronal tuning, which is achieved through distinct mod-
ulatory effects from the bed nucleus of the stria terminalis, an area upstream of
both the MPOA and VMH (Yang et al., 2022). While there are exceptions to this
model (e.g., the canonical role of the VMH in mating (Yang et al., 2013)), this
suggests that the two areas should likewise have an opposing function in the dom-
inance context. However, throughout this thesis the modulatory effects on both
areas as well as the information encoding properties were very similar between the
two areas, differing mostly in the larger modulatory effects in the VMH. Indeed,
in terms of evoked responses, they both exhibited a similar pattern of responding
to a broad range of social sensory cues, where the amplitude of the response cor-
relates with the novelty or salience of the stimulus. I believe this apparent absence
of functional differences between the areas arises from the focus in this thesis on
sensory representation, rather than tuning to stereotyped behaviours. I propose that
the modulation of sensory responses can be uniform across areas which control very
different or even mutually exclusive behaviours, since the behavioural outcome is
instead determined by the downstream connectivity of each area. In other words,
the population of cells whose sensory responses are enhanced by high social status
overlaps with several subpopulations with different downstream projections which
drive different behavioural responses. In this way, a homogeneous modulation of
sensory response across areas is compatible with their distinct and even opposing

roles in driving behaviour.
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7.3 Redundant modulation of the hypothalamus and
PAG

If the modulation of the hypothalamus is indeed causally linked to rank-dependent
differences in behaviour, this raises the question of redundancy between the mPFC-
PAG and hypothalamus-PAG mechanisms of affecting behavioural phenotype. The
Franklin et al. (2017) study determined that mPFC projections selectively target the
glutamatergic neurons in the dorsal and dorsolateral segments of the PAG, which
have been specifically implicated in defensive behaviours (Deng et al., 2016). While
the VMH exhibits a similar pattern of PAG innervation, the MPOA targets more lat-
eral and ventral subdivisions (Allen Connectivity Atlas experiments 277615922 and
120280191 respectively). Hypothalamic projections to the brainstem are involved
in a wider array of social behaviours and there is a degree of anatomical and sub-
population segregation of the mPFC and hypothalamic projections to the PAG. This
suggests a model where rank modulates several brain areas which affects different

aspects of social behaviour.

7.4 Behavioural causality

Conclusions about the behavioural function of the two hypothalamic nodes in this
thesis have relied on correlative measures between modulatory effects on tuning
and excitability and behavioural outcomes towards females. The gold standard of
behavioural causality are of course manipulation experiments, however, this was
complicated by the fact that optogenetic excitation of the VMH, for example, has
known behavioural effects (Lin et al., 2011; Yang et al., 2013; Yates, 2015). It
would therefore be difficult to claim that direct stimulation of the area mimics rank-
dependent modulation. Instead, the excitation of projections from neurons known
to carry rank-relevant information was considered the conceptually clearest way to
make that argument, since none of the nodes in the known thalamocortical circuit
project directly to the hypothalamus. However, having excluded all of the mPFC

subdivisions - which were the most likely candidates - in Chapter 6, finding the ac-



7.5. Future directions 138

tual source of the modulatory input may prove challenging. Nonetheless, in terms of
simply demonstrating the behavioural causality of the modulation, a more promis-
ing route may be to identify a subpopulation of hypothalamic cells that are mod-
ulated, thus allowing selective optogenetic manipulation directly in the hypothala-
mus with a more persuasive argument that the intervention mimics rank-dependent

modulation (see future directions).

7.5 Future directions

7.5.1 Subpopulation specific modulation

Previous chapters raised the possibility of subpopulation-specific modulation in the
hypothalamus. Given the large increase in response amplitudes and positive tuning
to females in dominant VMH, the subpopulations in this area that are associated
with male sexual behaviour are of particular interest. Progesterone receptor (PR™)
expressing cells in the VMH, which have been shown to drive both male sexual be-
haviour and aggression (Yang et al., 2013), are good candidates for such a subpopu-
lation. Dual colour miniscope recordings can be conducted, where non-conditional
GCaMP expression can be combined with a static label of PR™ cells, for exam-
ple, via Cre-dependent expression of mCherry in a progesterone-Cre mouse line. It
can then be compared whether the rank-dependent increases in response amplitude
are enriched among the PR-expressing population of VMH cells. A more agnos-
tic approach involves performing the same recordings as in this thesis, followed by
post hoc colocalisation of the recorded cells with histological markers for a wider
array of subpopulation biomarkers (Xu et al., 2020). The same approach can be
used to investigate whether encoding of the winning state is likewise subpopulation-
constrained. Identification of such a subpopulation would allow its direct manipu-
lation in the hypothalamus to simulate the functional changes associated with rank.
This could in turn confirm a causal relationship between the modulatory effects and

their behavioural correlates identified in this thesis.
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7.5.2 Source of the modulatory input

Given the negative result with respect to direct mPFC projections to the hypothala-
mus, the true source of modulatory input remains to be discovered. For the neuro-
chemical hypothesis, where either serotonin or dopamine modulates the hypothala-
mus via diffuse secretion, the two chemicals can be administered locally to the hy-
pothalamus through an implanted cannula. It can then be determined whether that
mimics the effect of dominance on sexual behaviour or competitive behaviour in
the tube test. In contrast, the identification of an upregulated synaptic input is more
laborious. One approach is to express channelrhodopsin in areas with known input
connectivity to the MPOA or VMH and analyse the strength of the light-evoked
excitatory post-synaptic currents (eEPSC) during optostimulation. Since the two
areas have a very large number of inputs between them, some reasonable criteria
to narrow them down to a more manageable set of candidates include (1) areas that
project to both the MPOA and VMH and (2) areas that have known involvement in
hierarchy. The expected outcome is an increase in the eEPSC amplitude, analogous

to increased input currents observed in the dominant MDT (Nelson et al., 2019).

7.5.3 Self vs. other encoding

The question of the encoding of self versus other likewise remains open. While this
thesis focused specifically on rank, this is a wider question about the encoding of
identity. Building on the discussion of the low-dimensional and abstract variables
in the hypothalamus indicative of a relatively downstream area, one reason why the
efforts to decode conspecific rank from this region failed may be that conspecific
representation has already been heavily processed into more abstract variables by
the time it reaches the hypothalamus. In other words, perhaps it is still possible
to decode opponent rank from the AOB, but this is a detailed sensory description
of the conspecific which is no longer detectable downstream. If rank is encoded
simply in the amount of an MUP like darcin in the urine, then this would be a very

simple sensory feature consistent with a very upstream encoding in the AOB.
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An alternative to the model investigated in this thesis is offered by the MOB
projection to the piriform cortex (PIR), which in turn projects to the MDT and
the orbitofrontal cortex (OFC), both components of the existing dominance circuit
(Tham et al., 2009). The OFC was identified as one of the two major sources of
excitatory input into the MDT which then leads to heightened MDT excitability
associated with dominance (Nelson et al., 2019). This pathway therefore offers
a model where conspecific information interacts with the own rank circuit more
directly, instead of anatomical segregation between the two streams joining at an
integration node. Indeed, representations of own rank cannot be learned in a social
vacuum but instead through a series of antagonistic encounters, or observation of
the interactions among other group members (Leimar, 2021). Self-perceived rank
is therefore a relative variable that exists in one’s social context. It requires not only
an awareness of how often one is winning in competitions against others but specif-
ically who one is winning against. Since rank learning is facilitated by plasticity in
the OFC-MDT-mPFC circuit, it makes sense for this circuit to receive information
about not only winning but also the identity of the opponent. Future research can
perform similar recordings to the one conducted in this thesis but instead in the PIR
and even downstream OFC and MDT regions. It would be especially interesting
to investigate whether there is any evolution in the information encoded along the
pathway, for example, from opponent rank to relative rank encoding. Importantly,
both the volatile and non-volatile pathways are sufficient and finding opponent rank
encoding in the non-volatile pathway is similarly likely, despite its absence in the

more downstream nodes of the pathway.

7.5.4 Circuit model

The dominance circuit now encompasses a multitude of brain areas and neurochem-
ical systems with frequent recurrent connections. The field has described several in-
dividual pathways linking one or two areas in a way that promotes a particular rank
phenotype, however, dominant behaviour alone may be an insufficient readout for
disentangling the individual contributions of each area. Optogenetic manipulation

of a behaviour can often implicate several distinct structures in a single behaviour,
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but this makes it unclear whether an individual area is affecting the execution of the
behaviour itself, perhaps a cognitive or emotional process, or the sensory percep-
tion of the environment. To propose a unified model of the dominance circuit, future
work should adopt a more comprehensive approach to determining the information
encoded in each circuit node. Efforts towards that goal have been made here by
attempting to anatomically disentangle the representations of slow winning states,
individual behavioural bouts, representations of own rank and opponent rank. How-
ever, in an ideal experiment, this approach entails simultaneous activity recordings
from multiple brain areas, which also allows analysis of the information flow be-
tween areas. Computational modelling has shown that brain areas encode public
variables that are passed onto downstream areas, but also private variables which
remain in the area and are not communicated downstream (Semedo et al., 2019).
Simultaneous recordings therefore allow not only information encoding analysis
for each individual area but also the determination of which variables are commu-
nicated to the next node. Such data would be extremely useful for investigating
the information hierarchy hypothesis discussed earlier in the thesis. While these
experiments are feasible today, they are nonetheless technically ambitious in freely

behaving contexts.

7.6 Conclusion

Both human and rodent work on social hierarchies suggests that low-status individ-
uals have a more negative perception of other group members. An assumption of
threat is applied indiscriminately, even to interactions with complete strangers based
on past negative experiences with familiar conspecifics. This negative perception
bias drives low social engagement, diminishes group belonging, and impairs the
ability to increase one’s rank by building rapport with others. Even if a low-ranking
individual is placed into a new and unfamiliar group without a preexisting hierar-
chical structure, the existing perceptual biases will drive the group members into
taking up hierarchical positions similar to those occupied in their previous com-

munity. The vicious cycle between low social status and social avoidance in turn
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has serious negative consequences for physical and mental health outcomes. This
work is the first to document rank-dependent differences in social perception at the
level of specific nodes in the social pathway that correlate with behavioural social
engagement. It therefore provides evidence of an important mechanism that may
drive social isolation in low-status individuals with the associated consequences for

health outcomes and maintenance of low status.
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