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Abstract

Investigating genetic and environmental regulation of neurodevelopment and social behavior
by
Matthew Davis
Doctor of Philosophy in Neuroscience
University of California, Berkeley

Professor Kaoru Saijo, Chair

Social behaviors are a fundamental part of mammalian life, and diverse species of mammals
have evolved diverse social behaviors. An ongoing challenge in the field of neuroscience is to
understand how genetic diversity gives rise to neural circuits that encode species specific social
behaviors. Diversity in genetically encoded developmental mechanisms may promote divergence
in neural circuits that encode specific social behaviors, but this hypothesis is difficult to test
given our lack of understanding of detailed social behaviors, the neural circuits that encode them,
and their developmental origins across genetically diverse organisms. Some major limiting
factors include an over-reliance on a single inbred strain of mouse and use of social assays that
limit the extent of interactions between animals as tools for understanding the neural encoding of
social behaviors. Lastly, it is largely unclear how environmental factors determined by the
specialized niches of diverse organisms interact with genetically encoded mechanisms to impact
the development of circuits that encode social behaviors. In this dissertation, I present three
studies that focus on 1) understanding social behavior at different timescales in genetically
distinct strains of mice, 2) a genetically encoded neurodevelopmental mechanism that may
contribute to social behaviors in mice and, 3) environmental regulation of brain development in
meadow voles, a species with seasonally regulated social behaviors. In all, we identify an
example of how recording free social behaviors at both sub-second and multi-day timescales is
critical for understanding how subtle genetic variation contributes to differences in multiple
subtypes of social investigations, including nose-to-nose and nose-to-rear contacts. We also
describe the lipid composition of the fetal brain, and identify a molecule, prostaglandin D2, that
is highly concentrated in the fetal brain and has strong potential to be released by macrophages to
impact neural development and social behaviors. Lastly we report that social housing conditions
and daylengths interact to shape the transcriptional profiles of single nuclei in the dorsal
hippocampus in meadow voles, with primary impacts of housing on genes important for the
function of oligodendrocytes, microglia, and astrocytes.
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Chapter 1

Introduction



1.1 Social behaviors are encoded by specific neural circuits

Social behaviors are a fundamental component of mammalian life and are critical for
survival. Basic social functions such as mating and parental care have evolved to be widespread
amongst mammalian species, and additional species-specific social functions have evolved to
promote survival and success in particular environmental and social niches (Clutton-Brock,
2021; Kappeler et al., 2013; Zeveloff & Boyce, 1980). Amongst rodents, genetic variability
within and between species is known to correlate with differences in sociality. For example,
some species of rodents, such as California mice and prairie voles, engage in bi-parental care,
whereas paternal behaviors are less common in house mice (Saltzman et al., 2017). Different
species of rodents also display different reproductive strategies. As an extreme example, naked
mole rats limit reproductive activity to a single female and several males within larger colonies
of reproductively suppressed individuals (Holmes & Goldman, 2021). In other rodent species
such as house mice, many males and females are reproductively active at once, and each male
typically tries to gain access to multiple reproductively active females (Holmes & Goldman,
2021). Within single species, genetic variability at specific gene loci or sets of genes impacts the
level or quality of specific social behaviors such as parental care, mating, and social recognition
(Robinson et al., 2008). Even subtle and semi-random genetic variation produced by inbreeding
amongst largely genetically similar strains of inbred mice promote differences in aggression,
ultrasonic vocalizations, and motivation to spend time investigating familiar vs novel individuals
(Calhoun, 1956; Faure et al., 2017; Miczek et al., 2001; S. Moy et al., 2007; S. S. Moy et al.,
2004).

To this point, it is still largely unclear how the brain encodes diverse social behaviors, and
how differences in neural circuitry within and between species may promote differences in the
types or quality of social behaviors expressed. It is becoming clear that specific subcomponents,
or syllables, of social behaviors are encoded by highly specific neural circuits (Y. Li & Dulac,
2018). One of the most complete examples of this comes from work describing neural circuitry
encoding specific parental behaviors in mice. While a large variety of neural circuits throughout
the brain likely contribute to parental behaviors, it is clear that the medial preoptic area (MPOA)
sends specific galanin positive projections to a variety of cortical and subcortical regions, each of
which encodes specific syllables of parental care. For example, MPOA projections to the
periaqueductal gray are thought to control the motor control of retrieving pups that have left the
nest, whereas projections to the VTA controls the motivation to retrieve pups. Blocking each of
these and other MPOA projections individually is sufficient to block specific syllables that
control the broad umbrella of parental behaviors (Kohl et al., 2018). While less complete
profiling of syllable specific circuits exists for most other social behaviors, aggressive behaviors
are also composed of syllables such as fighting, investigation, and mounting, which are thought
to be controlled by distinct neural circuits (Hashikawa et al., 2016). In mice, specific subregions
of the ventromedial hypothalamus promote fighting behaviors, and input from various other
cortical and subcortical regions gate fighting. Notably, a hippocampal projection to the lateral
septum relays to the ventromedial hypothalamus to disinhibit fighting (Leroy et al., 2018). By
the same token, other brain regions are thought to more generally serve as processing nodes for
multiple pieces of social information, and could facilitate broader elements of social decision
making. The medial prefrontal cortex is a hub for prosocial behaviors and aggression in multiple
species, and disrupting activity in this region can impact multiple social behaviors ranging from
aggression to prosocial investigation depending on the specific social context (Ko, 2017; Levy et
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al., 2019; Takahashi et al., 2014). Some studies have found evidence that specific subpopulations
of neurons in the prefrontal cortex may even encode different types of context specific social
information, such as sex of a conspecific (Kingsbury et al., 2020). This evidence suggests that
even regions that are thought to more broadly encode social behaviors may actually receive
specific projections from individual cell populations that control different social functions, but
we may just not understand these circuits fully yet (Huang et al., 2020; Phillips et al., 2019).
Given this, it is possible that genetic variability between or within species may promote the
formation of unique circuits that control specific syllables of behavior, or could cause
differentiation of conserved circuits to adjust the quality of specific behavioral syllables.

Though most species-specific social behaviors across diverse species are better
understood from a behavioral than neural perspective, it is clear that some species-specific social
behaviors are encoded in part by species-specific circuitry. For example, prairie voles possess an
oxytocinergic circuit projecting from the periventricular hypothalamus to the nucleus accumbens
that is thought to regulate pair bonding and social preferences (Ross et al., 2009). This circuit is
not observed in mice, which are thought to be less prosocial, and do not form pair bonds. While
it is not known exactly how genetic differences between mice and voles contribute to this
specific circuit, it is likely that a developmental process is involved because some mechanism
must be promoting the formation of this circuit in voles but not in mice. Ultimately,
species-specific neural circuits like this one may be formed via a combination of genetic and
environmental influences, however genetic mechanisms that regulate circuit development appear
to be promising candidates for promoting specific social behaviors between and within species
(Charvet & Striedter, 2011; Toth & Robinson, 2007). Evolutionary developmental theory posits
that genetic variability which impacts early life structures can promote major differences in
development which lead to large consequences for physiology and behavior later in life (Finlay
& Uchiyama, 2015). In a striking example, human specific genes which regulate developmental
processes are thought to be major contributors to the cortical expansion observed in humans over
other species of primates and mammals (Franchini, 2021). This cortical expansion likely
promotes suites of behavioral differences that impact a variety of social and non-social behaviors
in a species-specific manner.

Genes that regulate development and are conserved across species may also serve
common functions to regulate general classes of behaviors, and may promote growth and
development of unique circuits depending on the specific species and developmental context in
which they function. For example, a web of genes involved in neurodevelopment in humans,
which are highly correlated to the prevalence of differential social cognition observed in
individuals with neurodevelopmental disorders, also impact the development of some social
behaviors when disrupted in rodents (Ryan et al., 2019; Schubert et al., 2015). Genetic deletion
of multiple genes which are all implicated in autism spectrum disorders, all influence basic social
behaviors in mice. Given that social behaviors are so strikingly different in humans and rodents,
examples like these raise interesting questions about how subtle differences in conserved genetic
programs may influence species specific neural circuitry in a context dependent manner.

1.2 Evolutionarily conserved immune signaling pathways are critical for brain
development

Immune and endocrine pathways are critical for multiple functions in survival, tend to be
highly conserved across species, and many have alternate roles in development (Jarving et al.,
2004; Purcell et al., 2006; Schepanski et al., 2018; Verburg-van Kemenade et al., 2017). In



particular, immune molecules can act as morphogens to support the growth and division of
immune cells in response to pathogens and tend to be equipped with molecular properties that
make them highly effective at influencing development in other cell types (Pearce, 2010; Yi et
al., 2010). In the developing brain, multiple cytokines are known to take on alternate roles as
factors for neural growth and division (Stolp, 2013). These molecules can initiate diverse
signaling cascades depending on the cell type and context they are signaling in, which creates
potential for them to have multiple roles in neural development.

Brain development in mice occurs in several functional phases that occur on overlapping
timelines. In mice, the neural crest, filled with the initial neural progenitors derived from
pluripotent cells begins to form around embryonic day 8.5 (e 8.5; Mosser et al., 2017). These
cells subsequently divide and form the ganglionic eminences, which contain the neural
progenitor cells that divide into region specific subtypes of neurons (Bellion & Métin, 2005).
Neural progenitors continue to divide throughout embryonic development, and each individual
brain region exhibits a slightly different timeline of neural division. Generally cell division starts
to slow down in mid embryonic development as newly divided cells are actively migrating to
their target destinations in the brain. Neural migration continues until the end of embryonic
development and can occur even after birth, at which point the major developmental focus of
neurons becomes forming synaptic connections and wiring (Hatten, 1999). These processes
continue throughout life, and several postnatal waves of neural development are critical for
forming social behaviors. In particular, perinatal and pubertal influxes in steroid hormones
actively shape neuronal wiring and contribute to sex specific social behaviors in rodents(Lenz et
al., 2018; Paul et al., 2018; Yoest et al., 2023).

Interestingly, immune cells are present in the developing brain throughout all these
developmental processes, and begin to inhabit even the earliest niches of neuronal progenitors
around €9.5 in mice (Mosser et al., 2017). Microglia and border associated macrophages (BAMs)
arise from separate lineages of yolk-sac derived macrophages, which develop independently
from neural progenitor cells (Utz et al., 2020). Both cell types actively survey the neuronal
environment to impact development, but microglia localize to the brain parenchyma whereas
BAMs localize to the meninges (Utz et al., 2020) . In the prenatal brain, some of the critical
developmental functions of embryonic macrophages include phagocytosis of live and dead
neural progenitor cells, pruning synapses, and secreting growth factors that influence the
migration of neural cells (Brown & Neher, 2014; Mosser et al., 2017). Interestingly, embryonic
macrophages appear to take on multiple roles of interacting nonspecifically with surrounding
cells or interacting with specific cell types. During mid embryonic development, microglia form
specific interactions with striatal interneurons and are thought to promote development of
specific populations of dopamine receptor bearing neurons, which are important for later life
motor behaviors (Squarzoni et al., 2014). Microglia also form specific cell interactions with
interneurons in the cortical plate during mid embryonic development, where they impact the
migration of these inhibitory neurons (Hattori et al., 2020). Around and after birth, microglia
continue to be critical players in refining circuits by pruning synapses and clearing neuronal
debris during postnatal waves of cell death (Ashwell, 1990). Of note, microglia are highly
hormone responsive and are known to shape social behaviors in response to sex hormones during
several periods in development, including the postnatal and pubertal waves of sex hormones
(Lenz et al., 2013). Though it is not entirely clear whether microglia and BAMs perform similar
functions across species, the molecular programs of these cells are highly conserved across
species in adulthood, and have similar molecular programs even in humans (Geirsdottir et al.,



2019). A few studies have examined embryonic microglial properties in diverse species, and
have provided some evidence for potentially genetically determined species specific functions of
microglia. Late in embryonic development, microglia interact with specific Tbr2+ neurons in the
developing neocortex, and actively contribute to culling this population through phagocytosis of
live neurons (Cunningham et al., 2013). This process occurs differently in rats than in rhesus
macaques, as microglia of macaques are more actively culling this population of neural
progenitors (Cunningham et al., 2013). Macaques and humans also have a greater number of
microglia inhabiting early proliferative zones of the developing brain than rats or ferrets, another
model of expanded cortical development (Penna et al., 2021). However, limited evidence
suggests that animals with expanded cortices or prolonged gestation compared to mice and rats,
ferrets and fruit bats, suggest that microglia also take on different spatial distributions in these
developmental contexts (Martinez-Cerdefio et al., 2018; Mizuguchi et al., 2018). Together this
evidence raises a possibility that evolutionarily conserved immune signaling programs in
microglial may generally promote the development of circuits that encode social behaviors, and
may take on specific functions depending on the species, developmental timing, location in the
brain, and surrounding cell types. However, the specific molecular signaling pathways, and
genetic mechanisms that control microglial functions in development, even in mice, are still not
very well understood. Therefore basic research of microglial properties in any species is critical
for aiding hypotheses about how genetic programs within and between species may impact
microglial function and subsequent neuronal development and social behaviors. Here I present a
study addressing how a highly evolutionarily conserved hormonal mechanism may give rise to
the development of neural circuits in mice.

1.3 Research on neural encoding of social behaviors are largely limited to B6 mice

While understanding elements of brain development and social behavior in mice is
important, much more work is needed to profile both developmental functions and social
behaviors across a diverse range of species to better understand how species specific behaviors
are impacted by developmental function. As of a study published in 2015, over 80% of animal
studies in neuroscience utilized a single strain of inbred mouse, C57BL/6J (B6J) (Ellenbroek &
Youn, 2016). Though the genetic tools available in B6J have unquestionably facilitated massive
advances in our understanding of the brain, this focus on B6J overlooks some fundamental
problems with this model. Of note, the genome of inbred mice such as B6J has shrunk
dramatically over the course of inbreeding over the past century (Mouse Genome Sequencing
Consortium, 2002). While the genome of B6J is stable, it lacks elements of genetic diversity that
drive diverse social behaviors in wild organisms and contribute to our understanding of how
particular genes impact social behaviors (Salcedo et al., 2007; Zilkha et al., 2016). As an extreme
example, white throated sparrows exhibit a chromosomal inversion within species that drives
alternative mating strategies as well as differences in aggression and parental care (Maney et al.,
2020). Less extreme genetic variation, such as single nucleotide polymorphisms (SNPs), also
contribute to divergence in social behaviors within species. In prairie voles, SNPs in the oxytocin
receptor gene correspond to regional differences in oxytocin receptor expression and prosocial
behaviors (Ahern et al., 2021; King et al., 2016). Though diversity in mice has been largely
ignored in the field of neuroscience, the field of immunology has been more privy to using
diverse mouse models. Unsurprisingly, wild mice have dramatically different immune properties
which impacts the behavior of immune cells (Abolins et al., 2018). This follows with interesting



questions of whether unique immune properties across species may give rise to differential
development of social behaviors that are regulated by early life immune function.

B6J is just one of over 40 strains of inbred mice with major genetic differences that have
arisen from inbreeding and outbreeding to wild populations dating back to the early 1900s
(https://www.criver.com/eureka/history-black-6-mouse). The international mouse phenotyping
consortium has quantified behaviors as well as physiological metrics of these strains in detail,
and it is clear that there are major differences across a multitude of behaviors (Groza et al.,
2023). Of note, studies collected over the past century predating this modern phenotyping panel
have identified clear differences in social behaviors across different strains of mice. One study
from 2005 noted remarkable differences in locomotor behaviors such as activity in an open field
and performance on the rotarod task between 15 strains of inbred and outbred mice (Bothe at al.,
2005). B6J and DBAZ2 strains also differ in performance in the radial maze, a task designed to
assess spatial navigation, fear response, and multiple other behaviors (Calhoun, 1956; Faure et
al., 2017; S. S. Moy et al., 2004). It is unsurprising that 10 strains of inbred and outbred mice
exhibit differences in common assays used to assess social behavior in mice, the three chamber
social novelty and three chamber sociability tests (S. Moy et al., 2007). Despite these numerous
differences in behavior identified between the strains, it is still largely unclear how genetic
variation differentially influences neural development let alone adult neural function in these
strains. Limited work has identified neural divergence between these inbred strains, calling into
question the use of B6J as a reference point for studies investigating neural function in other
species, such as humans. Hippocampal oscillations, dopamine signaling, serotonin signaling in
the gut brain axis, gene expression in cortical and limbic regions, and other neural characteristics
have all been shown to differ across inbred and outbred strains (Jansen et al., 2009; Neal et al.,
2009; Puglisi-Allegra & Cabib, 1997).

Despite clear evidence that inbred strains differ in their expression of multiple social
behaviors and components of brain function, there have yet to be impactful links between the
two. In part this may be due to the limited resolution of the conventional behavioral assays used
to assess social behavior across strains. Given that these assays involve trapping a stimulus
animal under a wire cup, they prevent full interactions, and thus have limited power in describing
how specific syllables of social behavior controlled by specific brain regions may differ across
these strains. This is a necessary step for understanding potential developmental differences that
could give rise to adult differences in behavior via specific neural circuits.

Here I present a study that quantifies strain differences in social behavior on subsecond to
multi-day timescales using machine vision and learning algorithms that track posture and
detailed social behaviors. This study should lay the groundwork for future research to investigate
strain differences in neural function regulating specific social syllables, and provide a model for
investigating detailed differences in social behavior across a wider variety of strains and species
of mice.

1.4 Meadow voles are a natural model of gene - environment interactions in social
development

Though various strains of mice allow for a wide array of established methods for
profiling developmental processes and behavior, a primary goal of this dissertation work was to
bring modern genomic and behavioral techniques used frequently in mice into other genetically
diverse species with compelling social behaviors. Given that the genome of inbred mice is
largely homogenous within each strain, examining social behavior and its developmental origins



in wild derived animals offer additional opportunities to explore how the roles of naturally
occurring combinations of genes impact the circuit and behavioral development. Here I also
present results from a study that describes neural differences that correspond to a
developmentally and environmentally regulated pattern of prosociality in Meadow Voles. This
study used single nucleus RNA sequencing, which is apt for use in non-model organisms and
provides a broader unbiased understanding of how many genetic pathways can contribute to
neural function in individual cell types.

Multiple species of vole, particularly prairie voles (Microtus ochrogaster), have become
common model species for prosocial behaviors. Prairie voles form close prosocial relationships
with reproductive partners and peers, whom they prefer to spend time with over unfamiliar
individuals (Kenkel et al., 2021). Notably this preference to spend time with familiar peers is
opposite the trend observed in BI6J mice, which typically display a preference for spending time
with unfamiliar individuals in similar social choice assays (Beery & Shambaugh, 2021; Moy et
al., 2007). While the neural bases of close prosocial bonds are not entirely understood,
substantial progress has been made in these animals. Multiple neural systems appear to be
involved in pair bonding behaviors, and oxytocin signaling is one of the primary mechanisms
that supports this behavior (Inoue et al., 2022). Oxytocin receptor binding is more highly
expressed in brain regions involved in social reward in this species than other species of voles
that do not display pair bonding behavior and in mice (Freeman et al., 2020; Horie et al., 2020).

Although much work has been done to characterize this behavior in adulthood, it is still
fairly unclear how developmental processes give rise to pair bonding behaviors in adulthood.
Some evidence in prairie voles suggests that the serotonin system is critical for proper
development of circuits regulating pair bonding behaviors. Administration of fluoxetine,
selective serotonin reuptake inhibitor during the first postnatal week of life is sufficient to alter
oxytocin binding in multiple brain regions as well as pair-bonding (Lawrence et al., 2020). Other
work focused on environmental contributors to the development of pair bonding behavior has
suggested parental care is critical for normal development of pair bonding behaviors, similar to
the development of different social behaviors in other rodent species (Kohl et al., 2018; Prounis
& Ophir, 2019; Valera-Marin et al., 2021). Though these neuromodulators such as oxytocin and
serotonin are clearly involved in pair bonding behavior and its development, evidence is lacking
of how a broader range of potential genetic mechanisms could regulate this species specific
behavior.

A closely related species, meadow voles (Microtus pennsylvanicus), undergoes a natural
developmental process that impacts prosocial bonding, similar to that seen in prairie voles, and
serves as a model to understand how circuits encoding prosociality come online. Meadow voles
exhibit a seasonal difference in reproductive activity as well as prosociality (Beery & Zucker,
2010a; Kerbeshian et al., 1994; Lee et al., 2019). In the wintertime they are reproductively
quiescent and live in large social groups, whereas in the summertime they are mostly solitary and
aggressive (Madison et al., 1984). In the lab, it is possible to recreate prosocial and aggressive
phenotypes by shifting the light cycle during post-weaning development for about 40 days. Thus
photoperiodic differences in prosociality offer an opportunity to understand how the brain
encodes prosocial behaviors in this species. Though other species of voles, like prairie voles,
exhibit seasonal shifts in behavior, they generally exhibit similar bonding behaviors across the
seasons. This suggests that genetic factors that control the development of circuits encoding
prosociality are regulated by environmental factors in meadow voles. Here we provide limited
evidence of transcriptional contributors to seasonal differences in brain states in meadow voles,



to lay the groundwork for understanding which genetic components may be important markers
for seasonal differences in brain and prosocial behavior in this species.
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Chapter 2

Investigating the role of Prostaglandin D2 in brain development
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Introduction:

Neural development before birth in mice is regulated by a cascade of precisely timed
cellular events that arise from genetic programs (Figl; Chen et al., 2017). These developmental
programs often make use of molecular pathways that were first discovered for their functions in
adult biology. Well known examples include steroid hormone receptors, bone morphogenic
proteins, and transforming growth factor beta, which are now considered as morphogens and
transcriptional regulators that are critical for neural development (Krieglstein et al., 2002;
McCARTHY, 2008; Mehler et al., 1997; Moses et al., 2016; Sampath & Reddi, 2020; Whitfield
et al., 1999). Canonical innate immune pathways often regulate cell division, growth, and
migration in adult tissues, making them prime candidates for impacting brain development
(Zengeler & Lukens, 2021).

In the prenatal brain, brain resident macrophages (often classified as microglia),
contribute to the development of other brain cell types via intercellular signaling of classical
immune molecules (Sharma et al., 2021; Zengeler & Lukens, 2021). Given that macrophages are
present in the developing brain from the earliest stages of neurogenesis to adulthood (fig 1A),
and given that they are dispersed throughout most of the developing brian and meninges, they
have expansive potential to shape multiple cell types, developmental processes, brain regions,
and behaviors(Thion & Garel, 2017) . Importantly, microglia have been found in multiple
instances to impact the development of neural progenitors which are fated to encode social
behaviors later in life (Lenz et al., 2013; Missig et al., 2020; Smith et al., 2007; VanRyzin et al.,
2016).

One established mechanism by which microglia impact brain development and social
behaviors is by secretion of Prostaglandins (PGs) in the early postnatal brain of rats(Lenz et al.,
2013). PGs are fatty acid metabolites which canonicaly regulate inflammation in multiple types
of immune cells, such as T cells and B cells(Harris et al., 2002). There are tens of subtypes of
PGs that are formed by enzymatic digestion of dietary Polyunsaturated fatty acids (PUFAs),
including Arachidonic Acid (AA), Docosahexaenoic acid (DHA), Eicosapentaenoic acid (EPA),
and Linoleic acid (LA). Series 2 PGs, which are derived from metabolism of AA, are commonly
associated with inflammatory processes (Hata & Breyer, 2004; Ricciotti & FitzGerald, 2011).
Two rate limiting enzymes, Cyclooxygenase 1 and 2 (Cox-1 and Cox-2), are responsible for
metabolizing AA into PG precursors, which are further digested into a family of 5 bioactive
prostaglandins by PG-subtype specific synthesizing enzymes(Ricciotti & FitzGerald, 2011).
Each subtype of PGs has high affinity for its own class of G-protein coupled receptors, which
can have multiple functions depending on the cell type and biological context in which they are
expressed and activated (fig 1B)(Hata & Breyer, 2004; Ricciotti & FitzGerald, 2011; Q. Wang et
al., 2022).

Historical emphasis has been placed on one subtype of PG, PGE2, in the context of brain
development (Amateau & McCarthy, 2004). Of note, COX-1 and COX-2 are the primary targets
of non-steroidal anti-inflammatory drugs (NSAIDs, fig 1B), and studies of NSAIDs on brain
development have mostly focused on PGE2, while little work has been done on other PG
subtypes (Amateau & McCarthy, 2004; Balin et al., 2020; Rai-Bhogal et al., 2018; Wong et al.,
2016). This work is built on the landmark finding that PGE2 release by microglia in the POA
around the time of birth promotes dendritic outgrowth of neural progenitors in a sex dependent
manner, and is critical for the development of normal sexual behaviors in adult males (Lenz et
al., 2013). Other work suggests that PGE2 delivered to pregnant mice midway through or at the
end of embryonic brain development changes transcriptional patterns in the fetal brain,
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modifying expression of molecular pathways involved in cell growth and migration(Rai-Bhogal
et al., 2018). COX-2 knockout mice also exhibit behavioral differences from genetically
homogenous C57BL/6J (B6J) mice, and this difference has been hypothesized mediated by
disruption of PGE2 signaling in the fetal brain (Wong et al., 2019). COX-1 and 2 are rate
limiting enzymes for all PG subtypes, but it is unknown to what extent other PGs mediate the
effects of COX manipulation during development.

Despite the focus of prior studies on PGE2 in brain development, PGD?2 is considered the
primary PG in the adult brain, where it regulates activity of hypothalamic neurons that control
sleep (Urade & Hayaishi, 2011). A handful of recent studies have suggested that PGD?2 is
functionally relevant in neurodevelopment. About a week after birth, PGD2 secreted by
hypothalamic cells recruits astrocytes by inducing their migration, which results in cell-cell
interactions that are critical for the development of sex specific physiology in females
(Pellegrino et al., 2021). Before birth, synthesizing enzymes for PGD2 are induced in the fetal
brain of mice by maternal exposure to the anesthetic sevoflurane, which alters migration of
neural progenitors (Chai et al., 2019). Interestingly PGD?2 is an order of magnitude more
concentrated than other PGs in the adult brain (Wallace et al., 2022), but it is unclear whether
this pattern is conserved during neurodevelopment. Moreover, it is not known which of the many
bioactive PGs are present in the brain before birth, and what their relative concentrations are. As
a result it is still largely unclear which PGs may be good candidates for impacting brain
development before birth.

Here we use Liquid chromatography mass spectrometry to measure concentrations of
PGs in the brains of embryonic mice. As multiple studies (Lenz et al., 2013; Pellegrino et al.,
2021) have focused on PGs influence on circuit development after birth, we were curious to
know just how early in brain development PGs are present. Given that microglia are known
producers of PGs in the postnatal and adult brain (Lenz et al., 2013), we hypothesized that PGs
are also secreted by microglia prenatally. As a result we expected PGs would be present in the
brain from the earliest stages of microglial inhabitance in the brain parenchyma (Thion & Garel,
2017). We further hypothesized that PGD2 would be the predominant PG in the fetal brain given
its massive concentration in adult brains..

Although our hypothesis focused on PGs, we recognized that PGs are only one subset of
PUFA metabolites with potential to impact brain development. Closely related lipid species in
the eicosanoid family include leukotrienes and endocannabinoids, which also impact brain
development, but have not been quantified in the fetal brain (Berghuis et al., 2007; Bijlsma et al.,
2008). Here we create an open-source database of eicosanoid concentrations in the fetal brain to
support new hypotheses of lipid activity in the fetal brain.

Given PGD2’s clear role in promoting cell migration in the postnatal brain(Pellegrino et
al., 2021), and evidence of high expression of PGD2 synthesizing enzymes in microglia after
birth (Mohri et al., 2003), we hypothesize that PGD2 may be secreted from microglia and impact
neural migration via signaling with neuronal progenitors. In order to test which cells are capable
of receiving and producing PGD2 in the fetal brain, we used fluorescence activated cell sorting
of fetal brain macrophages paired with qPCR to quantify cell type specific patterns of expression
enzymes and receptors in the PGD2 pathway across the entirety of fetal brain development.
Lastly, we tested how loss of function of PGD2 signaling impacts cell type specific functions in
the fetal brain. We knocked out the primary PGD2 receptors, DP1 and DP2, and quantified cell
type specific transcriptomes in the entire fetal brain with single nucleus RNA seq.
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Results
Prostaglandin D2 is the most abundant prostaglandin in the fetal brain

To our knowledge, eicosanoid concentrations have not yet been quantified in the fetal
brain. In order to identify candidate eicosanoids that could be relevant for brain development, we
used LC/MS/MS on a panel of 41 eicosanoid species. Given that the relevant developmental
processes from brain development shift gradually throughout fetal growth (Fig 2.1A) and given
that eicosanoids generally affect multiple cellular developmental processes depending on cell
type and physiological context, we quantified eicosanoid concentrations at 3 time points
spanning fetal brain development in whole fetal brains (Fig 2.2A). We chose embryonic days
12.5, 15,5, and 18.5 (e12.5, e15.5 and e18.5) to sample at even windows across the major period
of neurogenesis in the fetal brain (Chen et al., 2017). Of our panel, 20 eicosanoids were
consistently detected across samples (Fig 2.2C; n > 5 per sex within an age group). We did not
detect sex differences in concentration of any of these consistently detected eicosanoids within
any age group (MANOVA F(10,21)=1.78, p=0.17) and therefore we combined sexes for all
subsequent analyses. We did, however, detect differences in concentration by age group
(F(42,20)=14.47, p<.00001). We measured concentrations of 3 polyunsaturated fatty acids
(PUFAs) which serve as major precursors to biologically active eicosanoid mediators of cellular
development and inflammation (Fig 2.2B). We found a strikingly high concentration of
Arachidonic Acid (AA), which increased with age (Fig 2.2B, Fig2.2D; F(2)=34.02, p=3.19*10%).
Docosahexaenoic acid (DHA) and Eicosapentaenoic acid (EPA), though less concentrated than
Arachidonic acid, were also present throughout development and increased in concentration with
age (Fig 2A, C-D; EPA: F(2)=77.05, p=4.12*10"'%, DHA: F(2)=26.17, p=3.91*107). These
results suggest that the fetal brain is most rich with PUFAs at embryonic day 18.5.

Of the metabolites of these PUFAs, we focused our attention on the COX products, given
their established role in neural development after birth in rodents (Lenz et al., 2013; Pellegrino et
al., 2021). Consistent with our hypothesis, we found that PGD2 was the most abundant COX
product in the fetal brain at all time points sampled, and its concentration differed by age with a
peak in concentration at €18.5 (Fig 2.3A-B; F(2)=6.70, p=.004). We found that PGE2, which has
classically been the focus of discussion about PGs in perinatal brian development (Amateau &
McCarthy, 2004), was 10-50 fold less concentrated than PGD2 in the fetal brain. PGE2
concentrations also increased with age (Fig 2.3C ;F(2)=16.82, p=1.5*10"), but we did not find a
sex difference in PGE2 concentrations at €18.5, despite its known role in sexual differentiation of
the postnatal hypothalamus around this age. Thromboxane B2 (TXA?2), a COX derivative known
to affect neurite outgrowth in vitro (D. Yan et al., 2017), was detected at slightly higher levels in
females than males in our sample at €12.5, though this result did not reach statistical significance
in our full model. This was followed by a sharp decrease to mostly undetectable levels at e15.5
and e18.5 (Figure 2F; Age: F(2)=22.88, p=1.0*10°). Conversely, PGF2 was undetectable in any
samples at e12.5 or e15.5, and was detected at low levels in both sexes at €18.5 (Age:
F(2)=38.13, p=1.03*10*). 13-HODE, which is formed partially by enzymatic activity of COX
(Fig 2.3D), is highly concentrated in the e12.5 fetal brain, but we had a low rate of detection at
both e15.5 and e18.5, suggesting a greater role for 13-HODE in early brain development (Figure
2G; Age: F(2)=14.21, p=5.4*10"). These results suggest that PGD2 is by far the most abundant
COX product in the fetal brain; the abundance of PGs generally increases over the course of fetal
brain development.

Other eicosanoids with potential relevance for neurodevelopment, including 7 and
14-HDHA (Liu et al., 2022) as well as 5-, 12-, 15 and 20-HETE (Madore et al., 2020) were
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present throughout fetal brain development, and had age dependent differences in concentration
(Fig 2.2C; 7-HDHA: F(2)=5.65, p=.0086 ; 14-HDHA: F(2)=8.44, p=.0013; 5-HETE: F(2)=5.53,
p=.0094; 12-HETE: F(2)=11.15, p=.00023; 15-HETE: F(2)=5.47, p=.01; 20-HETE: F(2)=12.87,
p=.0001). We were generally unable to detect an leukotrienes, lipoxins, maresins, or resolvins
across brain development, suggesting that these eicosanoids are either not present in the fetal
brain, or have more subtle region-dependent concentrations which are relevant for brain
development, but fall below our detection level in the whole brain. To summarize, we found that
PUFA concentrations increase with age while eicosanoid concentrations follow different patterns
of increase and decrease across ages. We found that PGD2 was the most concentrated eicosanoid
throughout fetal brain development and chose to focus on it for further investigation.

Fetal brain macrophages express prostaglandin d2 synthesizing enzymes more highly than
non-macrophages in open source scRNAseq datasets.

As PGD2 was expressed highly in the fetal brain, we wanted to learn more about
potential cell types involved in PGD?2 signaling. PGD2 is produced by a variety of cell types in
adult rodents, including macrophages and neurons. Notably, postnatal microglial cells express
high quantities of HPGDS, an enzyme that produces PGD2 from prostaglandin precursors (fig
1A) as well as both cyclooxygenase enzymes (Mohri et al., 2003). Therefore, we wanted to
understand more about specific patterns of enzymes for PGD2 production in the fetal brain. As a
first step, we identified cell type specific expression patterns of four rate limiting enzymes for
PGD?2 production, COX-1, COX-2, HPGDS, and LPGDS in publicly available databases of gene
expression in the fetal neocortex (Fig 2.4A-C; Loo et al., 2019). A single cell RNA seq database
from e14.5 fetal mouse brains(Loo et al., 2019) reported expression of rna species, Ptgs1
(COX-1), Hpgds (HPGDS) and Ptgds (L-PGDS). Ptgs2 (COX-2) was not detected in this dataset.
All three detected enzymes are expressed more highly in macrophage lineages (clusters labeled
as microglial and choroid plexus), than in neural populations. Interestingly the average
expression of Ptgsl (COX-1) was higher in microglial cells than “choroid plexus cells”,
suggesting that parenchymal microglia rather than border associated macrophages may be
producing COX-1 derived PGD?2.

An important technical consideration of this dataset (Loo et al., 2019) is that
macrophages make up a small proportion of fetal brain cells. Their study was not designed
specifically for high powered analysis of expression in these sparse macrophage populations.
Our lab has also collected a detailed database of scCRNA expression in ~40,000 Fluorescence
activated cell sorting (FACS) sorted e13.5 brain macrophages to allow for more detailed
quantification of gene expression in these populations. We re-analyzed our dataset to determine
expression levels of the four PGD2 producing enzymes in e13.5 brain macrophages (Fig
2.5A-F). Our dataset largely agreed with that of (Loo et al., 2019). We found high expression of
Ptgs1 (COX-1), Ptgds (L-PGDS), and Hpgds (HPGDS) in macrophages but not neural cells. Like
Loo et al., Ptgs2 (COX-2) was absent in our dataset. We also found that average expression of
Ptgs1 in microglia was significantly higher than that of border associated macrophages, similar
to the data collected by Loo et al, 2019. This evidence suggests that both microglia and border
associated macrophages possess the enzymatic machinery required to produce PGD2, but
microglia may have the capability to produce it at higher levels.
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Cell type specific qPCR suggests that non-macrophages express DP1 receptors more highly
than macrophages at e15.5 and e18.5.

Because macrophages have been reported to express high levels of PG synthesizing
enzymes in adult and fetal brains, but expression of the primary PGD2 receptors, DP1 and DP2,
was missing in these databases, we designed a RT-qPCR experiment designed for sensitive
quantification of expression of PGD2 synthesizing enzymes in embryonic macrophages and non
macrophages across the same 3 time points of brain development studied with LC/MS/MS. We
sorted CD45+ CD11b+ cells from embryonic brains with -FACS as a proxy for embryonic
macrophages (fig. 2.4). We quantified the expression of pzgdr (DP1) and ptzgdr2 (DP2) mRNA in
the double positive fraction and also the remaining cells, which we refer to as the
non-macrophage population (Fig 2.6A). These cells likely contain a mixture of neural and glial
cells. Though our sample size was too small at €18.5 to confidently run stats across all ages (n=3
brains), we quantified differences in expression across €12.5 and e15.5 samples. We did not
identify sex differences in any gene measured in the dataset, and grouped data by sex for
remaining analyses. Age and cell types as well as their interaction were both significant in the
full MANOVA model (Age: F(6,7)=14.35,p=.001; Cell type: F(6,7)=47.23, p=2.5*107,
Age*Cell Type: F(6,7)=10.25, p=.003 , Fig 2.4). Genes included in the full model include both
receptor types and four enzymes of interest (described in next section). Overall our power was
low to detect differences across ages because we pooled multiple brains from e12.5 litters,
resulting in n=3 representing the average of 8 brains per litter. DP1 expression was greater in the
neural fraction than in macrophages, but we did not identify an age by cell type interaction (Fig
2.6F; Cell type: F(2)=4.517, p=.055). Overall the expression for DP2 was variable across
samples because its expression neared our threshold for detection in qPCR, and we were unable
to detect differences by age or cell type (Fig 2.6G). These results suggest that both DP1 and DP2
are expressed in the fetal brain throughout development, but DP1 receptors may be more
consistently expressed at high levels in the fetal brain and preferentially expressed in neural
cells.

qPCR confirms higher expression of Ptgs1 and Hpgds in macrophages than
non-macrophages across the entirety of fetal brain development.

Given that open source seq databases only describe expression of enzymes for PGD2
production at limited timepoints, and given that some lack detection of key enzymes COX-1 and
L-PGDS, we decided to quantify expression of our four PGD2 enzymes of interest alongside DP
receptors with FACS and RT-qPCR. We were able to detect ptgs! (Cox-1), ptgs2 (Cox-2), ptgds
(L-PGDS) and hpgds (Hpgds) at all of three time points (Fig2.6B-E). We found higher
expression of Hpgds and Cox-1 in macrophages than in neural cells, as well as an age by cell
type interaction in Hpgds (Cox-1/cell type: F(2)=22.79, p=.0005 ; Hpgds/cell type: F(2)=107.54,
p=2.4*10"7; Hpgds/age*cell type:F(2)=12.22, p=.004. Lpgds varied highly in level of
expression but was expressed more highly in non-macrophages and differed by age and cell type
interaction (cell type: F(2)=16.96, p=.0014 ; age*cell type: F(2)=45.43, p=2.07*107. This
suggests that non-macrophages may be more involved in PGD2 signaling in early fetal
development as opposed to later. Together, all of these results suggest that both macrophages and
non-macrophages are equipped to receive and produce PGD2, but macrophages may be more
likely producers and non-macrophages more likely receivers around mid and late embryonic
brain development.
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DP1 receptor antagonism during pregnancy had no impact on gene expression in the fetal
brain.

After finding differences in expression of both receptors and enzymes in the PGD2
pathway in early vs mid/late development, we sought to validate a method for manipulating the
PGD2 system during specific windows of embryonic brain development to test its functional role
throughout embryonic brain development. We planned to administer small molecule antagonists
for DP1 and DP2 intraperitoneally to pregnant mice at each of our three time points. Here we
report the results of a pilot study inhibiting DP1 in utero with a specific antagonist Lariproprant.
We administered Lariproprant at e14.5 and harvested brains of €15.5 embryos 16 hours later for
qPCR. We administered two doses of Lariproprant: A low dose matched the recommended daily
dose in humans (2 mg/kg; n=5 brains from a single litter), and the high dose was four times this
low dose (12 mg/kg; n=10 brains from two litters). Each litter was matched with a vehicle
control group (DMSO high and low). We quantified the expression of 3 genes (Bcl2, Jun, Erbb4)
that are involved in cell differentiation and cell death which are regulated by PGD?2 signaling in
other tissue types (Moniot et al., 2014). Our initial results from DP1 antagonist treated litters
yielded variable results between litters, and lacked strong interpretability (Fig. 2.7A-C). Given
our results, we expect that Lariproprant may not impact transcription in the fetal brain.
Ultimately, experiments involving DP1 and DP2 targeting with antagonists lacked face validity,
but more work needs to be done to directly disrupt DP1 and DP2 signaling in utero.
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Discussion

Canonical immune signals are critical for brain development (Zengeler & Lukens, 2021),
and the diverse mechanisms of immune action on the developing brain are just starting to be
understood. In the past several decades, PGs have been recognized as a trophic factors that
modulate synaptogenesis and migration of neurons and glia in the postnatal rodent brain (Lenz et
al., 2013; Pellegrino et al., 2021). Here we unbiasedly quantified both PGs and other related
lipids with LC/MS/MS to test whether PGs or other lipids that may be critical for
neurodevelopment are present in the fetal brain. We expected that PGE2, previously identified to
have a role in early postnatal development, and PGD2, which is highly concentrated in the adult
brain would be present in the fetal brain as well. We show for the first time that PGs are present
in the mouse brain well before birth, even during the early days of cortical neurogenesis at e12.5.
We found that PGD2 is the most highly concentrated PG in the fetal brain, and that its
concentration is stable throughout our time course of prenatal brain development. We further
identified that microglial cells and other brain macrophages are predominately equipped with
enzymes to synthesize PGD2, while other neural and glial cell types express the DP receptors
necessary for integrating PGD2 signals. Together these findings lay the groundwork for a
foundational hypothesis of the role of microglial PGD2 signaling in embryonic brain
development, which we discuss below. Our findings support the growing pool of evidence that
microglia are poised to integrate environmental and genetically encoded signals during brain
development (Chuang et al., 2021; Matcovitch-Natan et al., 2016; Nichols et al., 2020). We
consider our results in light of evidence that maternal dietary lipids as well as pharmacological
inhibitors of lipid synthesis during pregnancy, such as Non-steroidal anti inflammatory drugs
(NSAIDs), including Ibuprofen and Acetaminophen, impact brain development and later life
social behaviors.

In addition to our main finding of PGD2 concentration in the fetal brain we provide a
descriptive analysis of the landscape of fetal brain eicosanoids acoss development. Our data
suggests that PGD?2 is 2-3 orders of magnitude more highly concentrated in the late embryonic
brain than PGE2, even though PGE2 is known to have an impactful effect on hypothalamic
spinogenesis with profound functional implications for sexual behaviors later in life (Lenz et al.,
2018). It is possible that the smaller concentration of PGE2 is associated with a tighter regional
specificity of release than PGD?2. This scaling of lipid concentration could provide important
clues about the distribution of PGD2 signals in the fetal brain, but more work needs to be done to
localize these PGD2 signaling components in the fetal brain. In addition, future work should
directly test the effects of PGD2 disruption on fetal brain development and social behavior later
in life. DP1 and DP2 knockout mice as well as Hpgds knockouts have been used by multiple
research groups and would be an effective tool for disrupting PGD2 signaling in the fetal brain
(Hata & Breyer, 2004; Oyesola et al., 2020; Taniguchi et al., 2007; Urade & Hayaishi, 2011).
Ideally, embryonic macrophages and neurons could be harvested for single nucleus RNA seq
during fetal development in DP1 and DP2 knockouts to assess the role of DP singling on the
development of diverse cell types. €15.5 would be an appropriate time point for this experiment,
given that brain cells are undergoing multiple major developmental functions, such as division,
migration, and wiring at this time. We expect that snRNAseq in these animals would reveal a
similar cell type distribution of PG signaling enzymes observed in our bioinformatic and
RT-gpcr studies. We expect, given high expression of DP receptors in neurons rather than
macrophages, that knocking out DP1 and DP2 would have a greater impact on neuronal
development, and may impact expression of genes involved in functional pathways for migration
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or other major developmental functions. This study would allow for identification of putative
progenitor populations that might be most impacted by fetal deletion of DP receptors, which
could be followed into adulthood based on their transcriptional type and location in the fetal
brain, providing opportunities to confirm the role of these populations in social behavior by
directly manipulating them in adult behaving animals. Given the high conservation of at least
some of the genetically encoded enzymes and receptors for PGD2 signaling across mammals
(Ahmad et al., 2019), we expect that this sort of experiment could lay the groundwork to
investigate whether PGD2 could have similar functions in other species, or contribute to species
specific shaping of neural architecture.

Aside from PGD?2, several other AA metabolites were highly concentrated in the fetal
brain. Of note, 13-HODE was concentrated at similar levels as PGD?2 at e12.5, and its
concentration decreased with age. 13-HODE has hardly been studied in the context of brain
development, but one recent study suggests that it influences axonal outgrowth in neuronal
cultures(Hennebelle et al., 2020). Given that neuronal migration out of the proliferative zones
into cortical and subcortical regions is occurring throughout €12.5 to €15.5 (Di Bella et al.,
2021), and given the large concentrations of 13-HODE that we found in the whole brain, it is
possible that it may serve as a migratory factor across multiple regions of the fetal brain during
early brain development. We also found high concentrations of 12-HETE at e12.5, which
decreased over our sampling of ages. Though less is known about the role of 12-HETE in
developing brain cells, one study recently found that maternal dietary restriction of n-3 PUFAs
during pregnancy resulted in reduced concentrations of 12-HETE in the the brains of offspring at
p21, an effect which mediated enhanced levels of microglial phagocytosis in this group via
regulation of complement proteins (Madore et al., 2020). This study primarily investigated the
neural impacts of n-3 dietary restriction, and did not address social behavior in these animals.
However they did find that their manipulation caused differences in spatial processing in the
Y-maze, suggesting at least that n-3 dietary restriction is sufficient to change behavior later in
life. Microglia are known to be actively phagocytosing live neural progenitor cells early in
development, and are thought to be able to control the fate of neural cells via this process (Brown
& Neher, 2014). Given our results that 12-HETE is highly concentrated at €12.5, it is possible
that this lipid might be responsible for early developmental phagocytic properties of microglia.

Madore et al. provide just one example in a growing pool of evidence that dietary
restrictions or supplementation of n-3 PUFAs during pregnancy can lead to altered neuronal
development and behavior later in life. PUFAs are the primary source of membrane
phospholipids that form fetal brain cells, and they cannot be generated by the body (Crawford et
al., 1976). As a result, all of the necessary PUFAs for cell formation must derive from the
maternal diet and transfer through the placenta. On the broadest scale, a doubling of membrane
phospholipids is necessary for each neural cell division, and cell size and gray matter density are
modulated by dietary DHA (Echeverria et al., 2017; Jackowski, 1996). Our results support prior
findings that levels of n-3 PUFAs, such as DHA, peak in the rat and human fetal brain towards
the end of pregnancy and continue to rise during early postnatal development (Green & Yavin,
1998; Martinez & Mougan, 1998). A bulk of evidence suggests that DHA may have functional
implications for circuit and behavioral development. Dietary supplementation of DHA in the
third trimester of pregnancy and the first years of life results in children with denser gray matter
and improved performance on cognitive tasks (Mulder et al., 2018; Ogundipe et al., 2018). In
rodents, DHA supplementation increases hippocampal synaptic density, suggesting potential
effects both on broad cytoarchitectonic features as well as microcircuit function. Though the
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behavioral impacts of DHA during development are less examined, one study showed a 40%
reduction in presence of autism amongst offspring of human mothers who supplemented with
Omega 3s in the second half of pregnancy (Huang et al., 2020). Given that autism spectrum
disorders are characterized by differences in social cognition, this suggests that maternal PUFAs
could impact social behaviors.

Importantly, it is not totally clear whether these neurological and behavioral changes are
due to biological activity of large chain PUFAs themselves or their numerous metabolites. We
hypothesize that the metabolites of these PUFAs, measured here, may be important mediators of
the impact of maternal PUFAs on circuit development and social behaviors in offspring. We
expect that each metabolite could have different roles in brain development depending on the
specific cell type in which it signals, and where in the fetal brain those cells are located. It is
clear that maternal diet impacts concentration of PUFA metabolites in brains of offspring
measured after birth (Madore et al., 2020; Rey et al., 2018), but it is still not clear how maternal
diet impacts PUFA metabolites directly in the fetal brain. We expect that our dataset describing
the landscape of n-3 PUFA metabolites during fetal brain development will serve as a key
resource for future work in this area. Given our findings of PGD2 concentration and function in
the fetal brain, we expect that PGD2 levels could be impacted by n-3 PUFA composition in
maternal diets, and it will be important for future work to determine whether restriction of
supplementation of n-3 PUFAs alters circuit and behavioral development via impacts on the
PGD2 system.

Although the relationship between maternal diet and PGD2 remains to be determined,
recent evidence suggests that the anesthetic sevoflurane alters neuronal migration in utero by
altering expression of HPGDS and subsequently PGD2 synthesis (Chai et al., 2019). Given that
PG production is inducible under inflammatory conditions (Yao & Narumiya, 2019), and given
the impacts of PGD2 on brain development identified here, it is possible that PGD2 could be a
major mechanism by which inflammatory perturbations during pregnancy could be detected and
relayed by microglia to alter brain development.

A handful of studies suggest that pharmacological compounds directly targeting n-3
PUFA enzymatic metabolism can alter the course of brain development and later life behaviors.
NSAIDs,which inhibit COX enzymes, have been known to be mutagenic for developing
embryos for decades, and are highly discouraged for use during pregnancy (Koren et al., 2006).
Multiple studies in rats have shown the maternal exposure to Ibuprofen or aspirin, COX1 and 2
dual inhibitors, are sufficient to prevent PGE2 signaling in the MPOA and prevent
masculinization of behavior (Amateau & McCarthy, 2004; Balin et al., 2020). Interestingly one
prominent impact of COX-1 and 2 inhibitors during pregnancy occurs via regulation of PGD2
synthesis in the testis, where endogenous PGD?2 is known to be critical for normal testis
development (Ben Maamar et al., 2017; Moniot et al., 2014). Given this work and our findings,
we expect that PGD2 could be disrupted by prenatal COX inhibitors in the brain. We see an
increase in expression of PGD2 synthesizing enzymes between e12.5 and e15.5, which overlaps
with PGD2s known effect on testis development (Moniot et al., 2014). We predict that this time
window could generally be important for coordinated waves of PGD2 regulation of
developmental events in mouse fetuses.

Given PGD2s clear role in controlling testis development, and evidence of PGE2s sex
dependent impacts on MPOA development, one might expect to find sex differences in the
expression of the PGD2 signaling system in the fetal brain. We were surprised to observe no sex
differences in PGD2 concentrations, or enzyme or receptor expression in the fetal brain. Given
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the large concentration of PGD2 we observed in both sexes, it is possible the PGD2 signaling
may be non-sexually differentiated in the fetal brain. Alternatively, enzymes and receptors for
producing and receiving PGD2 could be differentially localized amongst brain regions across
sexes, a hypothesis which should be directly tested by quantifying expression of these signaling
components in situ.

Perhaps more importantly, we hope to emphasize the highly complex network of COX
products that is present in the fetal brain. Here we detected around five COX mediated AA
metabolites in the fetal brain, a handful of which are highly concentrated (Figure 2, Table 1).
Though we mainly focus on discussion of AA metabolites here, both DHA and EPA, which we
detected high levels of in our dataset, are also metabolized by COX and LOX enzymes. We show
that COX derived DHA metabolites, 14- and 12- HDHA are concentrated highly at e12.5.
Because COX and LOX enzymes have multiple molecular targets, we advise caution in
interpreting results of studies that use COX inhibitors as a tool for disrupting prostaglandins or
any other particular lipid concentrations in the fetal brain. For example, animals with COX
knockout or inhibition in pregnancy display a range of cognitive differences from animals with
non-manipulated COX systems (Balin et al., 2020; Wong et al., 2019). These behaviors range
from altered working memory, to increased marble burying, and altered social interaction(Balin
et al., 2020). These findings are consistent with our results of a large landscape of COX products
in the fetal brain, which may control the development of multiple diverse circuits depending on
metabolite subtype. Future research should focus their attention on targeting individual COX
products detected here with specific genetic manipulations or small molecule antagonists during
pregnancy in order to develop a more specific understanding of how particular COX products
contribute to circuit development and individual behaviors.

Interestingly, maternal diet is proposed to be a potential driver of brain expansion in
carnivores and hominids (Cunnane & Crawford, 2014). Classic theories of brain evolution
suggest that caloric availability for mothers in their environmental niche could either constrain
brain size or facilitate brain growth over evolutionary time (Foley and Lee, 1991; Weisbecker et
al., 2015). Some evidence suggests that the presence of DHA in ancient hominid diets, mainly in
the form of omega-rich seafood, could have been one of the key factors contributing to brain
expansion in our evolutionary lineage (Broadhurst et al., 1998; Cunnane & Crawford, 2014).
This evidence aligns with the profound impacts of maternal dietary supplementation of omega 3s
on neuronal growth and brain size in offspring. Given that brain expansion in hominids is
thought to be one of the key drivers of social complexity amongst mammals (Dunbar, 2009), it is
interesting to speculate whether PUFAs in maternal diets might have been a key factor in the
evolution of sociality as well as a proximate driver of the development of circuits that encode
social behaviors. Future work should investigate whether highly social species have different
concentrations of PUFAs and their metabolites in the fetal brain. Perhaps PUFA metabolites,
such as PGD2, are well poised to take on species specific functions in regulating brain
development across lineages with different dietary fat compositions. Though these theories focus
on the role of PUFAs in the evolution of neuronal tissue, it is also interesting to speculate
whether PUFAs may have additional impacts on the ontology of species specific neural circuits
that encode social behaviors. Or, given the known functions of microglia to phagocytose live and
dead cortical progenitors to control the size of progenitor populations (Brown & Neher, 2014;
Cunningham et al., 2013), perhaps PUFA signaling might impact microglial regulation of
progenitor pools and have ultimate consequences for brain size across species.
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Methods:

Timed pregnancies

Two female C57BL/6J mice (Jackson Labs- Product #000664) between 6 and 12 weeks of age
were paired with a single male. Animals were housed in our breeding colony at UC Berkeley
(AUP-2023-01-16019). The presence of a sperm plug in the female vaginal opening was
visualized before 10AM the following morning. Plug positive females were separated into a
female-only cage with at least one other female until the day of experiment. Plug negative
females continued to pair with males on consecutive days until a plug was identified.

Brain harvest for Liquid Chromatography/Mass Spectrometry (LC-MS/MS)

Embryos were extracted from timed pregnant mice on embryonic days 12.5, 15.5, and 18.5.
Brains were removed from the skull and frozen immediately in crushed dry ice. Embryonic tails
were collected for DNA extraction and sex genotyping (described below). Brains were kept at

-80°C for up to 2 months before LC-MS/MS.

Liquid Chromatography/Mass Spectrometry (LC-MS/MS)

LC-MS/MS was performed on a panel of polyunsaturated fatty acids and eicosanoids, including:
arachidonic acid (AA), Docosahexaenoic acid (DHA), Eicosapentaenoic acid (EPA),
5-Hydroxyeicosatetraenoic acid (5S-HETE), 12-HETE, 15-HETE, 20-HETE, 5-oxo0-ETE,
4-hydroxy Docosahexaenoic Acid (4-HDHA), 7-HDHA,14-HDHA, 17-HDHA,
12-Hydroxyeicosapentaenoic acid (12-HEPE), 15-HEPE, 18-HEPE, 13-Hydroxyoctadecadienoic
acid (13-HODE), Prostaglandin E2 (PGE2), PGD2, PGF2a, 6-keto-PGF1a,
15-deoxy-PGJ2,Lipoxin A 4 (LXA4), LXB4, Leukotriene B4 (LTB4), 6-trans-LTB4,
20-hydroxy-LTB4, 20-carboxy-LTB4, LTB6, LTC4, LTD4, LTE4, Resolvin D1 (RvD1), RvD2,
RvD3, RvDS5, RvE1, Thromboxane B2 (TXB2), Neuroprotectin D1 (NPD1), Maresin-1, and
Maresin-2 using an established protocol (Livne-Bar et al., 2017). Data was analyzed using a
MANOVA model including sex and age as independent variables, and each of the 15 consistently
detected lipids as dependent variables. Consistent detection was defined as a lipid being present
detected in at least 5 of samples. Sex was removed from further analysis after failing to reach
significance in the full MANOVA model. Post-hoc ANOVAs were conducted for each lipid
using age as an independent variable with alpha=.01.

Sex genotyping

To extract genomic DNA, embryonic tails were placed in 100uL. 10M NaOH at 980C until tails
were no longer visible. The reaction was stopped with 25 pL of Tris-HCI, and DNA was stored
at 40C until further processing. PCR was conducted with primers targeting the Sry gene (IDT; F:
TTGTCTAGAGAGCATGGAGGGC, R: CCACTCCTCTGTGACACTTTAGC), using the
Kappa 2G hot start genotyping kit. Sry DNA was visualized on a 2% agarose gel using Kappa
Sybr Safe under UV light.

Cell dissociation for FACS

Embryos aged €12.5, 15.5, and 18.5 for FACS and qPCR were extracted and placed into ice cold
1xPBS. After embryonic tails were collected for sex PCR, whole fetal brains were removed from
the skull, minced with a feather blade scalpel, and triturated with a flame-polished Pasteur
pipette until pieces were approximately 1 mm in size or less. Samples were kept constantly on
ice or at 4°C during centrifugation and sorting. For e12.5 dissections, all brains were pooled from
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each litter within sex to increase cell numbers and starting material for downstream qPCR and
FACS. All brains from each embryo remained separate for e15.5 and e18.5 litters. Pooled or
unpooled brain samples were spun at 1000xg for 5 minutes and re-suspended in digestion buffer
(10mL 1xHBSS with Ca 2+ and Mg 2+ containing Liberase and 400 U of DNAse-I). Samples
were rotated at 37°C for 15 minutes, and triturated a final time. Next, the samples were strained
on ice once through a 100um cell strainer and washed with 4 mL of cold Wash Buffer 1
(1xHBSS without Ca 2+ and Mg 2+ containing 200 U of DNAsel and 10% FBS) into a 50 mL
conical tube. Cells were then strained once through a 70 um cell strainer into a fresh 50 mL
conical tube. 22 mL of ice-cold Wash Buffer 2 (1xHBSS without Ca 2+ and Mg 2+ containing
10% FBS) was spun down at 1200xg for 10 minutes. Before FACS, cells were strained a final
time through a 40 um cell strainer into FACS tubes.

Cell Sorting of embryonic macrophages

After cell dissociation, cells were stained with Fluorophore conjugated antibodies against CD11b
and CD45 ( Cd45.2-PE - 1:100; Invitrogen ref. no. 12-0454-83 and Cd11b-PE-Cy7 - 1:100;
eBioscience cat. no. 25-0112-81). Embryonic macrophages were isolated with fluorescence
activated cell sorting (FACS) by selecting CD11b+CD45+ cells. DAPI was added immediately
prior to sorting at a concentration of 1:100 to assess viability. The double negative fraction,
containing mostly neural progenitor cells and neurons, was also collected. Cells were sorted into
Trizol LS reagent (Invitrogen 10296028) for lysis and frozen at -800C for no more than two
weeks before RNA extraction.

Intraperitoneal injection of Lariproprant

Lariproprant (MK-052; Cayman— CAS #571170-77-9) was dissolved in PBS containing 10%
DMSO and administered at two doses (12 mg/kg and 2 mg/kg). Vehicle control contained 10%
DMSO in PBS only, and was matched for injection volume with treatment groups based on
animal weight. IP injections and cell harvest were balanced between groups such that each
experiment always included one treatment litter and one control litter. A single injection of
Lariproprant or vehicle was given to each pregnant female on the evening of e14.5 at
approximately 7:00pm. 14 hours later, embryos were dissected and brains were extracted into ice
cold 1xPBS. After embryonic tails were collected for sex PCR, whole fetal brains were extracted
into single cell suspensions as described above, lysed in Trizol LS (Invitrogen 10296028), and
stored at -80°C for up to 8 weeks before RNA extraction.

Quantitative reverse transcription PCR (RT-qPCR)

After cell storage in Trizol, total RNA was extracted from sorted or unsorted cells using the
Direc-Zol RNA mini-prep kit(Zymo #R2051). RNA was reverse transcribed into cDNA using
the Invitrogen superscript III kit (18080093). cDNA was amplified on 96 well plates for gPCR
using Kapa Sybr Safe fluorescent probe for 45 cycles. Primers were acquired through Integrative
DNA Technologies, with sequences as follows (cox-/- F:-CCAGAGTCATGAGTCGAAGGA,
R: CCTGGTTCTGGCACGGATAG; cox-2- F-TGAGTACGCAACGCTTCT,
R:CAGCCATTTCCTTCTCTCCTGT ; ptgds- F:CTCCTTCTGCCCAGTTTTCCT,
R:CGCCCCAGGAACTTGTCTT ; hpgds- F:GCACCTCGCCTTCTGAAAGA,
R:GTCTGCCCAGGTTACATAATTGC ; ptgdr- F:AACACCGTCTCACTGTAGGCTT,
R:CTGGTTTCCCAACTCATTTCTC ; ptgdr2- F:-TCACGACTCAACCCTGTGC,
R:AGCCTGCAGCCTCTCTGC ; jun- F-TGAAAGCTGTGTCCCCTGTC,
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R:ATCACAGCACATGCCACTTC ; bcl2- F:-GGTGAACTGGGGGAGGATTG,
R:GTTCCACAAAGGCATCCCAG ; erbb4- F:CGGGCCATTCCACTTTACCA,
R:GGGCTCTACCAGCTCTGTCT).
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Fig 2.1. Microglia may impact developing brain cells via signaling of arachidonic acid
metabolites. A) Summary of major biological events in embryonic brain development.
Macrophages are present in the fetal brain as early as proliferation begins (€9.5), and may
influence proliferation, migration, and wiring of neural progenitor cells via intercellular immune
signalling. B) Possible pathways of arachidonic acid metabolism in an embryonic macrophage.
Poly-unsaturared fatty acids (PUFAs) from dietary intake are circulated into the brain, where
they integrate into the phospholipid bilayer of cells. Phospholipase A2 (PLA2) induces release of
Arachidonic Acid from the cell membrane, which is metabolized in two major enzymatic
pathways that lead to Prostaglandin (PG) or Leukotriene (LT) production. Lipids are boxed in
green. Solid arrows represent enzymatic activity. Dotted arrows indicate ligand secretion and
binding to receptors. LTs and PGs are capable of both intracellular and intercellular secretion and
signalling. C) Graphical hypothesis of signaling routes of PGD2 in the embryonic brain.
Microglia may secrete PGD2, which binds to neural progenitors and other neural cell types to
impact the major developmental processes listed in A (represented by arrows). Abbreviations:
COX: Cyclooxegenase, LOX: Lipoxegnase, PLA2: Phospholipase A2, HETE:
Hydroxyeicosatetraenoic acid, HpETE: Hydroxyperoxyeicosatetraenoic acid, HODE:
Hydroxyoctadecadienoic acid, LT: Leukotriene.
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Fig 2.2. Prostaglandin D2 is the most abundant Cyclooxygenase product in the fetal brain.
A) Experimental design for liquid chromatography mass spectroscopy of eicosanoids in the fetal
brain. Brains were harvested at €12.5, e15.5, and €18.5. B) Summary heatmap of concentrations
of n-3 and n-5 polyunsaturated fatty acids (PUFAs) in the fetal brain across embryonic age and
sex; Color intensity=concentration. D) Heatmap of all consistently detected lipids (passed
threshold for detection in more than % of samples). C) Timeline of Arachidonic Acid
concentrations in male and female embryonic brains. (* = significant by age)
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Fig 2.3. Prostaglandin D2 is the most abundant Cyclooxygenase product in the fetal brain.
A) E) Identical data as in Figure 2.2, subsetted to display cyclooxygenase derived eicosanoids.
C-E) Timeline of Prostaglandin D2, Prostaglandin E2, and 13-HODE concentrations in male and
female embryonic brains across development. (* = significant by age)
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Fig 2.4. scRNAseq dataset from Loo et al. reveals that enzymes for PGD2 synthesis are
abundant in prenatal brain macrophages. A-C) scRNAseq Data from e¢13.5 embryonic mouse
brains(Loo et al., 2019). Cell type levels of expression of enzymes for PGD2 production, A.
Ptgs1 (COX-1), B. Ptgds (L-PGDS), and C. Hpgds (HPGDS) in €13.5 embryonic brains.
Proportion cells from brain macrophage clusters expressing all three enzymes is greater than that
of neural and non-macrophage glial clusters (Kruskal Wallace log2FC>0.5, bonferroni corrected
p<.05). Average expression of Ptgs1 is higher in microglia than in choroid plexus cells (Border
associated macrophages).
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Fig 2.5. scRNAseq dataset from Nichols and Chuang et al. reveal that PGD2 synthesis are
abundant in prenatal brain macrophages (part 2). A-F) ScCRNAseq data of FACS isolated
macrophages from e12.5 mouse brains (Nichols and Chuang et al., 2021). A-B) Cluster defined
cell type specific markers for border associated macrophages (Mrc1) and microglia (p2ry12).
C-F) Hpgds and Ptgs1 are more highly expressed in macrophage clusters than neural clusters
(Kruskal Wallace log2FC>0.5, bonferroni corrected p<.05). Proportion of microglial clusters
expressing Ptgs1 is greater than macrophage clusters (Kruskal Wallace log2FC>0.5, bonferroni
corrected p<.05).
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Fig 2.6. Non- macrophages in the mid to late embryonic brain highly express DP1
receptors, whereas macrophages highly express COX-1, COX-2, and HPGDS . A)
Experimental design for isolating macrophages from prenatal brains with Fluorescence activated
cell sorting (FACS) and quantifying gene expression with QPCR. Dissociated brain cells from 3
embryonic time points were sorted into CD11b+ CD45+ (macrophages) and the remaining
fraction (non-macrophages). B-F) mRNA expression of indicated genes plotted as average
difference in fold change in expression intensity between macrophages and non macrophage
populations. Error bars represent standard error of the mean (e12.5 n= 3 litters, 15.5 n= § brains,
18.5 n=3 brains; #p<.05 cell type; *=p<.05 age*cell type).
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Fig 2.7. Prenatal DP1 antagonist has no impact on markers of cell death and differentiation
in the fetal brain. A-C) Fold change in expression of genes indicated in the above panels vs
expression of Hprt. Each bar represents an averaged expression in n=5 brains (mixed sex) from a
single litter. No statistical analyses were performed on this data due to failure to meet
assumptions with small sample size. Error bars represent standard error from 3 technical
replicates in qPCR.
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Chapter 3

Investigating differences in social behaviors of inbred mice from sub-second to multi-day
timescales
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Introduction:

Collecting interpretable animal behavior data in a lab setting historically requires a
tradeoff between the amount of time spent scoring and interpreting behaviors and the richness of
behavioral repertoires that can be documented. In the field of systems neuroscience, which faces
the challenge of reconciling behavioral data with complex and under-sampled neural signals,
behavioral assays which are highly controlled, have simple scoring metrics, and allow for easy
repetition are generally favored over complex behavioral assays that encourage animals to elicit
behaviors within their natural repertoires (Chari et al., 2023; Kong et al., 2023; Krakauer et al.,
2017). This trend is particularly common in the field of social neuroscience because highly
dynamic interactions between multiple individuals add a layer of complexity that can influence
experimental results and interpretations (Zilkha et al., 2016). In rodents, some common ways of
limiting variability caused by dynamic interactions between individuals include restraining one
or more of the animals in a social interaction, presenting social sensory cues, such as odors,
instead of another individual, or allowing animals to interact only for a very short amount of time
(Buseck et al., 2021; Crawley, 2007; Ferguson et al., 2000; Koolhaas et al., 2013). Over time, the
definitions of multiple social behaviors in rodents, such as sociability, social memory, and
aggression, have become operationalized as particular patterns of performance in specific assays
that inherently compromise natural patterns of behavior for the sake of reproducibility and easy
correlations to brain states (Krakauer et al., 2017; Sullivan, 2009).

One of the most common social assays used in mice is the three chamber sociability
assay, which involves trapping one or more animals under wire cups and measuring how much
time a free roaming focal animal chooses to spend near trapped mice or empty cups (Crawley,
2007). While this style of assay somewhat effectively prevents stimulus animals from
influencing the behaviors of the focal animals, it ultimately prevents animals from engaging in
critical features of natural social interactions that are necessary for proper interpretation of the
emotional valence and intentions driving social investigations. When observed in their entirety,
social behaviors occur in sequences of stereotyped syllables which include at least four phases.
These include detecting another animal, approaching, investigating, and engaging in a
consummatory action appropriate for the particular context determined in the previous phases
(Hashikawa et al., 2016; Wei et al., 2021). Some examples of consummatory behaviors include
fighting, mating, or fleeing. Even within the class of investigatory behaviors, there are multiple
sub-syllables, including anogenital sniffing and nose to nose sniffing. While both actions allow
for detection of pheromonal cues, different pheromones may be present in the nose and rear that
drive context specific use of either syllable (Liberles, 2014). In rodents, some common
contextual variables that impact both phases of social behaviors include the sex, age, number of
animals involved, environmental context, and specific genetic backgrounds of inbred strains or
wild species involved (Adams, 1985; Ahlgren & Voikar, 2019; Brenes et al., 2016; Calhoun,
1956; Kingsbury et al., 2020; Y. Li & Dulac, 2018; Panksepp & Lahvis, 2007). As a most
striking example, male mice paired with either a male or a female will engage in similar
approach behaviors but follow with vastly different consummatory behaviors such as fighting or
mating depending on the context. Even within a pair of same-sex individuals, social investigation
could be followed by aggressive or neutral interactions depending on other features of the
environmental context such as the length of the interaction. These behavioral nuances are not
only important for the interpretation of the behavior itself, but also drive vastly different patterns
of neural activation and should inform which brain regions are targeted for hypothesis driven
neural investigation to begin with.
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Historically, many of these contextual variables have been overlooked by neuroscientists
even within controlled assays, such as the 3 chamber sociability assay mice, where the most
common format involves aged matched adult males of the C57Bl/6J (B6J) strain (Zilkha et al.,
2016). The insularity of these studies has led to a common presumption that the behavior of B6J
animals in this assay represents the norm for mice, despite a landmark study from 2007 showing
that male mice of different inbred and outbred strains exhibit marked differences in three
chamber assays (S. Moy et al., 2007). While B6J typically show a preference to investigate a
novel mouse over a familiar cagemate, even some strains with the most conserved genotypes,
such as DBA/2, show the opposite preference (S. Moy et al., 2007). This work supports studies
dating as early as the 1940’s, following the invention of these strains of mice in the pet trade,
show that strains such as DBA/2 and B6J exhibit differences in aggressive behaviors (Calhoun,
1956; Scott, 1942).

A common assay used to measure both investigatory and consummatory behaviors is the
reciprocal social interaction test, which involves a brief, free interaction between two
individuals. Variants of this assay which include different sexes, ages, and environments, are able
to capture a broader range of ethologically relevant behaviors such as fighting, mating, and
playing(Koolhaas et al., 2013; Panksepp & Lahvis, 2007; Ricceri et al., 2016). But these assays
still require a tradeoff between time required to score behaviors and the richness of behaviors
quantified. Typically the duration of these assays are limited to 10 to 30 minutes in order to focus
on a reproducible segment of behavior during the first introduction of two animals and to limit
the length of behavioral videos that must be scored. Though rich behavioral repertoires can be
scored in this brief period, relevant behavioral interactions across longer timescales are lost. For
example, dominance hierarchies in groups of male mice are typically established between two
days and multiple weeks (W. Lee et al., 2019; Williamson et al., 2016). Such studies that
quantify social behavior over multiple days are rare, often require sample scoring of short
periods of time spread out over multiple days, and even in the best cases require focus on a small
number of behaviors (W. Lee et al., 2019). Moreover, such long time-course behavioral studies
are not often paired with neural or physiological data, even amongst studies using the most
advanced techniques to date to record from the brains of multiple freely interacting animals
while automating behavioral scoring (Fustifiana et al., 2021).

The onset of machine vision and machine learning driven behavioral recording and
analysis in recent years has opened opportunities for vastly greater ease in scoring semi-natural
behaviors over long timescales. These systems typically combine machine learning driven
positional tracking, which identifies the movement of body parts of an animal over time, coupled
with computational modeling of behaviors(Pereira et al., 2020). In the past several years, some of
these positional tracking systems, including Deep Lab Cut and SLEAP have released capabilities
to track multiple animals at once (Lauer et al., 2022; Pereira et al., 2022). These algorithms
require many additional considerations to effectively track social positions relevant for full
repertoires of behavior, but they currently work well to track multiple individuals in dynamic
environments where both animals are moving with minimal obstructions. One major issue with
machine learning algorithms used to track multiple animals is that they have difficulty keeping
the identity of the two animals separate when they come together in close contact. As a result
identities are frequently swapped and create difficulties for successfully quantifying individual
behaviors in multi-animal contexts.

A recent technological advance that has helped to overcome some of these issues is the
Live Mouse Tracker system, which uses a combination of Radio frequency identification (RFID)
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and camera tracking to help limit identity swaps, and allow for the tracking of more than two
animals simultaneously (De Chaumont et al., 2019). The Live Mouse Tracker software also uses
a supervised behavioral classification system that allows for quantifying about 30 commonly
observed solo and social behaviors in groups of mice. Like other supervised classification
systems, behavioral instances of interest are hand chosen for an algorithm to parameterize for
future identification of unlabeled events at high volume (Nilsson et al., 2020). This allows for
longer durations of behavioral interactions or more experimental conditions to be used. While the
eventual goal of these sorts of systems is to record brain states during extended interactions, they
provide exciting opportunities to gain a more complete understanding of behaviors themselves
because they can detect sub-second behaviors that unfold over days of continual social
interactions. Though initial work conducted with the live mouse tracker showed that the system
is effective for quantifying differences in social behaviors between genetically modified and wild
type inbred mice over the course of hours, it is still barely understood how specific social
behaviors unfold over the course of days at a high level of tracking resolution (De Chaumont et
al., 2019).

Here I used the Live Mouse tracker system to record from groups of male B6J and DBA2
mice to determine whether strain differences in investigatory behavior in the three chamber assay
previously observed in these strains can be replicated using advanced tracking technology, and to
test whether specific syllables of investigatory behavior drive strain differences in behavior (S.
Moy et al., 2007). I recorded groups of two same-strain animals over a 90 minute period and
groups of three same strain animals over a 48 hour period to begin to understand how behavioral
complexity scales with group size and multiple timescales in these strains for the first time.
While my analysis focuses mainly on investigatory behaviors identified by the supervised
learning software included with the live mouse tracker, I also quantify additional social and
non-social behaviors between these strains.

Lastly, while supervised methods for behavioral classification are a major advance from
manual scoring, additional benefits may be gained from unsupervised approaches that have the
power to reveal behaviors that are relevant for the animals, but the observer does not have prior
knowledge or hypotheses about. While unsupervised classification has been successfully
implemented for a single freely moving animal, it has not gained traction for classification of
social behaviors (Wiltschko et al., 2015). Here I developed a novel unsupervised approach to
classifying social behaviors, and present null preliminary results applying this computational
pipeline to recordings from the live mouse tracker.
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Results

The Live Mouse Tracker successfully labels active social behaviors of B6J and DBA/2
Sexually mature, Unfamiliar B6J and DBA/2 males were recorded in trios for 48 hours periods
and later paired in dyads with a novel animal for two hours. All animals were exposed to the
arena in trios for the first time, followed by a second measure in dyads (Fig 3.1A). Both trios and
dyads had access to a transparent red plastic nest box, food, and water dishes, but the dishes were
filled with bedding only for the shorter duration experiments with dyads (Fig 3.1B-C). The live
mouse tracker scored active social behaviors occurring outside of the nestbox with high
accuracy, and both quality of tracking and as well as accuracy of behavioral scoring visibly
decreased in the nest box or when animals were positioned in the same location with minimal
movement for several minutes at a time (Fig 3.S1H). I subsetted data to focus on active social
contacts outside of the nest box for most behavioral events. Though animals spent most of their
time in the nestbox and this subsetting strategy was substantial, I was able to quantify tens of
thousands of social contacts per animal over the course of the 48 hour experiment and hundreds
of social contacts per animal over the two hour experiment (Fig 3.2B, Fig 3.6A). Animals were
generally active most during the initial hours of the experiment, which occurred 2-3 hours before
the beginning of the first dark phase, and during the dark phases of their light cycle (Fig 3.1F).
Behavioral events accurately scored by the live mouse tracker system ranged from 0.1 seconds to
15 seconds in duration (Fig 3.S1A-G).

DBAZ2 Trios spend more time in social contact than B6J trios

Given that DBA2 mice are known to be more aggressive than B6J animals, and given that
unfamiliar and sexually mature males tend to be aggressive towards one another we expected
that DBA2 animals may exhibit more social contacts. Across the entirety of 48 hour trio
experiments, DBA?2 trios spent significantly more time in social contact (t(11)=4.09, p=.002),
defined by moments when the detected bodies of multiple animals were physically touching (Fig
3.2A-3.2C). Interestingly, the number of social contacts did not differ significantly between the
strains. As a first pass analysis, we further quantified subtypes of social and non-social behaviors
including nose to nose, nose to rear, and side by side contacts as well as group size, and time
spent moving or stationary when alone across the entire experiment. We subsetted these
behaviors into two groups: solo behaviors and directional social behaviors where each animal
counted as a single sample, and non-directional social behaviors where joint interactions between
two animals counted as a single sample. Solo/Directional behaviors included moving while
alone, stopped while alone, and nose to rear contacts. Non-directional behaviors included side by
side contacts, nose to nose contacts and general contact in groups of two. Both models included
numbers and duration of events as dependent variables. We found an overall effect of genotype
on behavior for both Solo/Directional events (F(6,32) =9.30, p = 3.42*10°) and
Non-Directional events (F(6,32) = 9.80, p = 3.86*10°) and post-hoc tests identified that DBA2
animals spent significantly more time in groups of 2 over the course of the experiment (t (37) =
-4.83, p=2.43*107), which likely is driving the effect of higher duration of social contact seen
in this strain (Fig 3.2C-D). No other social behaviors differed between strains across the entire
experiment, but B6J animals spent more time moving alone (t (37) = 5.89, p = 9.05*107), and
had higher numbers of events moving alone (t (37) = 6.52, p = 1.25*107) or stopped alone (t (37)
=35.52,p=2.74*10°).
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DBAZ2 Trios spend more time in nose to rear investigations in the second dark phase

Given the long time course of our study, we wanted to better understand if specific behaviors
occurred in a time-dependent manner. As expected given our subsetting strategy, most of the
behaviors we quantified occurred during active periods at night, and we focus on these times for
our analysis. Given previous work showing that DBA2 animals engage in more social
investigation of novel animals in the three chamber sociability assay (S. Moy et al., 2007), we
expected that DBA2 animals would be more social during the start of the assay. For statistical
analysis we used repeated measures MANOVA with experiment hour and genotype as
independent variables. At the broadest level, we found significant interactions between genotype
and experimental hour for both solo/directional behaviors (F(48,1813)=3.13, p<.001) and
undirected social behaviors (F(48,1813)=2.75, p<.001). Though we present the hourly trends for
duration and number of events for all syllables measured (Fig 3.3 ,Fig 3.4, Fig 3.5, Fig 3.S2, Fig
3.S3, Fig 3.S4), we focused post-hoc analyses on the durations of nose to nose, nose to rear, and
side-by-side contacts to increase our power to detect effects over so many time points.
Interestingly, DBA2 animals began to express these specific syllables for longer durations than
B6J in the second dark phase of the experiment, but not at the beginning of the experiment (Fig
3.3). During the second dark phase DBA2 animals spent more time making nose to rear contacts
at 10PM, 11PM, and 12AM (10PM: t(37)= -3.84, p=.032; 11PM: t(37)=-3.80, p=.036; 12AM:
t(37)=-4.33, p=.008; Bonferroni corrected p values), nose to nose contacts at 12AM (t(37)=
-3.79, p=.036), and side to side contacts at 11PM and 1AM (11PM: t(37)=-3.74, p=.042; 1AM:
t(37)=-3.69, p=.049. Notably these significant values represent the peak times where DBA2
animals spend longer making these social contacts, but differences between the genotypes
gradually ramp up and down over the course of the second dark period. To our surprise, we did
not find any differences in nose to nose or nose to rear investigations during the first hour of the
experiment, or during the first dark phase (Fig 3.3A). We note that for each of these syllables, the
number of events generally follows similar patterns over time . As expected, this is true also for
duration spent in contact in groups of two, which should consist of multiple of the specific social
syllables we describe here and others (Fig 3.4). We also note that time spent moving alone
generally follows the same pattern as social contacts, and B6J animals exhibit a trend for more
solo activity during the second dark phase than DBA2, although we did not quantify this directly
with post-hoc statistical tests (Fig 3.5).

DBAZ2 dyads engage in longer durations of social contact than B6J dyads

Similar to experiments in trios, DBA2 dyads display longer durations in social contact but
similar numbers of social contacts than B6J animals across the entire duration of the two hour
experiment (t(13)=2.78; Fig 3.6A-D). We found an overall effect of genotype on
Solo/Unidirectional behaviors (F(4,294)= 71.8, p< 2.2*107'%), and post hoc tests revealed that
B6J animals also displayed more solo behaviors. This included more time spent moving alone
(t(3.46)=28 p=.002), a higher number of events classified as moving alone (t(3.06)=28 p=.005),
and a higher number of events characterized as being stopped alone (t(3.0)=28, p=.005) (Fig
6C-D). Non-directional social behaviors did not differ by genotype suggesting that no single
social syllable drove the effect of difference in social contact time across genotypes.

54



DBA2 and B6J dyads show similar trends in social behavior over time

Similar to experiments in trios, we chunked this experiment up into 10 minute blocks to assess
whether specific syllables differed during specific times in the experiment (Fig 3.7 and Fig 3.8).
Repeated measures MANOVA revealed a significant gene by experiment time interaction on
solo/undirected social behaviors (F(11,336)=2.55, p=.004), but not directed social behaviors
(F(11,156)=1.18, p=0.309; Fig 7). Post hoc tests to identify differences in social behavior across
genotypes over different times in the experiment revealed a significant interaction between
experiment minute and genotype on the number of nose to rear contacts from 30-40 minutes and
from 50-60 minutes as well as the total duration of these events from 50-60 minutes (Fig
3.8A-D; 30m number: t(28)=3.49, p=.002; 50m number: t(28)=2.82, p=.009; 50m duration:
t(28)=2.85 p=.008). In all cases, B6J animals express higher numbers and durations of nose-rear
contacts. Ultimately the social behavior of DBA2 and B6J dyads was largely similar across the
time course of the experiment with few remarkable differences in social syllables.

Unsupervised clustering did not produce reliable behavioral syllables

While the supervised analysis from the live mouse tracker package was able to identify multiple
subtypes of social contact and investigation, I attempted to classify dyadic social behaviors in
more detail using unsupervised clustering. Given previous work showing that social behaviors
occur in sequences of syllables, I chose to model small units of behavioral syllables over
sub-second to second long timescales that could potentially give rise to larger social sequences.
When manually scoring supervised events, it was clear that these events often took place within
sequences, which were composed of multiple types of investigation, chase, fleeing, and fighting.
We found that frequency and duration of different social behaviors scored by the live mouse
tracker within pairs of animals were generally more correlated to one another than to non social
behaviors, raising a possibility that multiple social syllables could be happening around the same
instances of social contact (Fig 3.S6A-H).

Given that functionally similar social behaviors can occur in different areas of the arena
and at different timescales, I chose to model space and time independent features of behavioral
syllables such as relative speeds, accelerations, distance and direction of the nose centroid and
rear of each animal in a pair. To allow for functionally similar syllables of different lengths, I
adapted a changepoint detection approach used as a preprocessing step for clustering motor
behaviors in mice. I used distance between two animals as input for changepoint detection to
attempt to segment for syllables that could be characterized by closeness in a pair (Fig 3.9A).
After collapsing these variables into a set of time series statistics, including autocorrelation
coefficients, means, and variation in the time series over different time windows in each syllable,
I dimensionally reduced the data with PCA and clustered using K-means. This approach yielded
several clusters that had little relevance for specific behavioral syllables (Fig 3.9B-G). No
identifiable pattern was observed during manual scoring. To identify whether specific clusters
may have unique signatures of motor features that were used as input to the model, I visualized
timewarped representations of each initial feature used for time series modeling over all syllables
within a cluster. Time warping revealed no consistent patterns in specific features that may be
relevant for defining clusters, suggesting that this modeling approach was inadequate to cluster
behavioral syllables.
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Discussion

Here we used postural tracking and machine learning based analysis software to classify
basic syllables of social behaviors in B6J and DBA2 mice. In our data we see behavioral
signatures that closely resemble previously observed differences in social investigation and
aggression between these strains(Calhoun, 1956; S. Moy et al., 2007), while describing the
behavior in more depth. We believe that this is one of the first examples of a study that describes
social behaviors at multiple timescales ranging from the sub seconds to days, and lays the
groundwork for more complex time series modeling to describe the relationship between social
behaviors at these timescales in more detail.

Our main finding is that DBA2 animals spend more time making nose to nose and nose to
rear investigations in the second dark phase during a period of 48 hours of continuous recording
in groups of three. Given previous findings that suggest that DBA2 animals spend more time in
social investigation than B6J in the three chamber sociability assay (S. Moy et al., 2007), which
lasts only 10s of minutes, we were surprised that we did not see more social investigations by
DBAZ2 early on in our recordings of trios or dyads. Given that our animals were most active
during the first hour of the experiment and given that our behavioral arena was over twice as
large and enriched as compared to a conventional three chamber assay, we suspect that animals
spent a lot of time investigating the environment during this time. This pattern of activity and
exploration is typical of mice who are introduced into a novel enriched environment (Kazlauckas
et al., 2011). We suspect that three highly active animals exploring the environment in similar
ways are likely to run into one another, which could explain the high rates of social contact
across both groups during this period of time. We noticed that a substantial portion of nose to
nose contacts in both genotypes came from joint exploration of the environment, where one
animal cued another animal to investigate a specific area in the arena. We have yet to quantify
the proportion of joint explorations in our data, but it is possible that a high rate of these events
in both genotypes occurs at the onset of the experiment when animals are generally exploring
their environment. To our knowledge, joint explorations have not been documented in other
studies, even ones that place freely moving animals into a new environment. It is however
known that specific hippocampal populations encode the trajectory of other animals(Omer et al.,
2018), raising a possibility that related populations of neurons may be involved in the joint
exploratory behaviors we observed. It will be interesting to quantify these events in detail and
perform follow up studies aimed at understanding if these events function to provide information
about the environment, another animal, or both, and whether specific neural populations encode
joint explorations vs other types of nose to nose contacts.

We did quantify that DBA2 trios spent more time in contact in groups of 2 in the first
dark period. We suggest that animals in our experimental context exhibit more behavioral
subtlety than in a traditional short duration social interactions between freely moving or trapped
animals, both in the content of their behavioral syllables but also the time course over which they
express particular syllables. Overall this finding highlights some potential complexity in
attempting to quantify social phenotypes over a short timespan, which may be more the result of
stress of changing environments and environmental exploration than intentional social
interactions. While the first moments of social interaction can undoubtedly be important, it is
possible that a broader array of hard-wired social syllables of natural behaviors unfold over a
longer timescale(Williamson et al., 2016). Notably, there has been an increasing trend in recent
years to measure behavior directly in the homecage, which could mitigate stress of
environmental relocation and help promote natural behaviors. Although similar systems as live
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mouse tracker exist for video tracking of a single animal, they are low-throughput and not yet
developed for tracking social behaviors of multiple animals (Grieco et al., 2021).

Male mice are frequently aggressive towards one another, and we expect that the social
investigations we observe are a function of aggression. The most advanced model of these
behaviors in aggressive contexts suggests that sequences of investigations occur at distinct times
from aggressive sequences that include tail rattling, fighting, and lunging(W. Lee et al., 2019).
Although we have not quantified it directly, we observe these behaviors directly adjacent to
aggressive consummatory behaviors such as fighting and mounting in our dataset. This dataset
could serve as an interesting tool to test this current model of aggressive sequences with more
consistent sampling of behaviors. Given that social hierarchies can take weeks to fully form in
mice, we are not surprised to see notable differences in these investigatory behaviors even 24
hours after the mice were introduced to one another (W. Lee et al., 2021). It is possible that the
increased social investigation we observed in DBA2 animals during the second dark phase may
be a sign that the animals are beginning to display more aggressive behaviors and begin to form
a hierarchy. This explanation could fit with prior evidence that DBA2 mice exhibit higher levels
of aggression than B6J mice(Calhoun, 1956). Future work should test this hypothesis directly by
quantifying natural aggressive behaviors in this specific data set and others.

Although I hoped to identify and quantify a broad range of aggressive behaviors with my
unsupervised classification strategy, this strategy did not yield the intended results. Despite the
inadequacy of my model, I frequently observed that social contacts quantified by the LMT were
surrounded by chases, fights, mounts, circling, biting, and other aggressive behaviors during
scoring and manual validation of LMT classified events. This suggests that the lack of
classification in my model was due to computational shortcomings rather than lack of these
behaviors in the data. One potential cause of the lack of specificity of my clustered syllables was
not subsetting enough of the data to focus on only social behaviors. My strategy subsetted the
data to moments where animals came within two body lengths of one another, in an attempt to
include moments of approach and fleeing as well as close social interactions which occur over a
range of distances between animals. However during manual scoring of the LMT events, it was
clear that the animals often pass by one another in minimally social events; possibly because the
dimensions of the enclosure are relatively small and they all frequently spend time near the food,
water, and along the edges of the arena (Fig 3.1D). Some of the missed tracking moments for
simple contacts, even from the supervised LMT analysis, occur when two animals are near one
another but not directly interacting. This suggests that an unsupervised model with no training
data may have equal or more difficulty in filtering through the noise of these events.

Though I have not yet manually quantified the aggressive behaviors that are present in
the data, I developed a behavioral scoring tool that allows me to watch the video of hundreds of
classified events every hour, and an important next step will be to manually note the proportion
of investigatory behaviors surrounded by specific aggressive behaviors using this powerful tool.
It is clear through extended observation of the behavioral videos that velocity and acceleration
information could be critical for defining changepoints for a range of aggressive behaviors. In
particular, fast approaches, fleeing, circling, and fighting, all of which precede or follow nose to
nose and nose to rear investigations, appear to involve momentary and rapid fluctuations in
velocity and acceleration. I hypothesize that neutral social investigations without these
consummatory aggressive events might be characterized by lower rates of velocity and
acceleration in the surrounding time series data. I am currently testing this hypothesis directly by
analyzing the time-course of velocity and acceleration around nose to nose and nose to rear
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investigations labeled by the live mouse tracker software, and subsetting high and low velocity
events to score for the proportion of aggressive behaviors in each case. If simple metrics of
velocity and acceleration, such as average values preceding and following social investigation,
are predictive of some aggressive events, I plan to use these high and low velocity behavioral
sequences as a tool for developing an unsupervised pipeline that is more effective at classifying
specific aggressive syllables given more refined data. I expect that subsetting the data around
moments of live mouse tracker- classified investigations may help filter additional noise.
Potentially a combination of distance and velocity is needed to adequately determine boundaries
between social behavioral syllables with changepoint detection, and using this approach during
windows around LMT identified events could allow for more effective input into an
unsupervised model. Generally speaking, this sort of semi-supervised approach may be the most
appropriate for classifying social behaviors at this point. Even relatively advanced neural
networks, such as variational autoencoders are not able to characterize social behaviors in
rodents based on positional tracking data to the level of detail that a human observer can (Bordes
et al., 2023; Yi et al., 2022). Either way, finding which unsupervised models have explanatory
power to generate parameters that adequately describe general features of social behaviors in
rodents and other species is an important next step in automating quantification of social
behaviors and identifying relevant behavioral features that human observers have not considered.

One of the most advanced unsupervised algorithms is MoSeq, which is able to classify
both motor syllables of a single mouse that occur over multiple durations, as well as the
assembly of these syllables into longer sequences of motor behaviors (Wiltschko et al., 2015).
MoSeq accomplishes this through a mixture of supervised and unsupervised model layers, which
ultimately classify a complex repertoire repertoire of over 70 possible motor behaviors with
minimal a priori labeling. Similar to MoSeq, I utilize changepoint detection in order to include
behavioral syllables of multiple lengths within a single classified type of syllable, which is an
obvious feature of animal behaviors. This approach also creates a challenge for most machine
learning models, which are not designed to handle time-series data of multiple lengths. It is
possible that my model fell short because I reduced the time dimension into parameters of time
series models to prevent this issue. Ultimately creating a more faithful replica of MoSeq, which
incorporates multi length sequences into multiple layers of their model, could be a more
impactful way of modeling social behaviors.

It is important to note some additional shortcomings of the supervised analysis with the
LMT software. Because tracking and scoring of behaviors was minimally effective in the nest
box and when animals were stationary for long periods of time, we were forced to subset
tracking instances to those in the open field during active periods. This potentially limited our
ability to detect interesting and relevant social interactions. For example, social grooming, or
barbering, can be a signature of aggression in established dominance hierarchies which occurs
during mostly stationary interactions (Long, 1972). A critical next step to accurately classifying
social behaviors in diverse situations will be to advance tracking technologies so that they can
maintain identities of multiple animals during times of close interaction and minimal movement
over long stretches. This innovation will be critical not only for tracking mice, but other species
of rodents such as voles, which huddle together for long periods as a primary mode of social
interaction.

After subsetting moments of poor tracking, the LMT scoring system has fairly good
accuracy, ranging from 80%-95% for the specific behaviors we presented here. However there
are still notable moments of tracking loss that make up a smaller portion of tracking errors that
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should be easily correctable. For example, reflections off the water bowl account for several
percent of the tracking errors for social events. I plan to continue to filter the events in this
dataset based on smaller criteria such as the location of the water bowl, in order to refine the
tracking efficiency and improve confidence in the results presented here. Despite some of these
errors, many missed tracking events frequently confused different types of social contact rather
than social and non-social events. This suggests overall that many of the missed tracked events
have some relevance for broad social behaviors.

Interestingly, though B6J and DBA?2 are highly genetically related, they still exhibit
sizable differences in behavior. Though the genetic basis for differences in behaviors has not
been identified in these strains, a logical follow-up to this work will be to connect genes to
physiology and behavior. Generally, we hope this research provides a point of pause for research
groups working with the predominantly used B6J. The operationalization of mouse social or
other behaviors as typical behaviors of B6J on standardized tasks should be concerning given
that behavior is strikingly different in animals with minute and arbitrary genetic variation.
Comparative work classifying genetic variation across mouse strains suggests that B6J and
DBAZ2 may differ by about 5000 SNPs and hundreds of InDels, found in this study between B6J
and closely related DBA/1J (Doran et al., 2016). By contrast the genomes of an average set of
humans is thought to vary by over 3 million SNPs and thousands of InDels, and the genomes of
wild mice are thought to be even more variable (Phifer-Rixey & Nachman, 2015; The 1000
Genomes Project Consortium et al., 2015). Although we didn’t use wild mice in this study, it is
possible that wild species would escalate to lethal aggression in an experimental design like this
one. In the field of neuroscience, had our choice of model genetic mouse been different, would
we consider a different set of baseline social behaviors to be the norm for mice? What can we
hope to claim about the function of neural circuits that encode specific behaviors, if the specific
behaviors we are studying are artifacts of a century of genetic modification from inbreeding and
circular experimental designs?
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Methods

Animals and Housing

All animals for this study were produced by our breeding colony at the University of California
Berkeley (AUP-2023-01-16019), and founder animals were acquired from Jackson Labs
(C57/Bl6J: #000664; DBA2/J:#000671). All animals were males between the ages of 8 and 12
weeks old. A total of 21 B6J animals and 18 DBA2 animals were used. Mice were housed in
groups of 3 to 4 after weaning until shifting their housing for the experiment. Two weeks before
the start of the experiment, each animal was given a suprascapular injection of a unique RFID
chip (Biomark APT12/ FDX-B), and immediately placed into housing with a female to initiate
full neural maturation associated with exposure to a female (Li & Dulac, 2018). 2-3 weeks after
this housing change, animals were introduced to the behavioral arena with non-sibling novel
animals for the experiment.

Behavioral recordings

Behavioral recordings were acquired using the live mouse tracker rig and software (De
Chaumont et al., 2019). The rig was set up to the exact specifications noted in their set-up
instructions (livemousetracker.org), except the arena walls measured 50cm in height. The
dimensions of the arena are 50cm by 50cm and all video recordings were taken using an Xbox
Kinect sensor V3 (Microsoft) with depth sensing capabilities. The arena was filled with standard
wood chip bedding, and did not include nestlet or other bedding materials because they interfere
with video tracking. Three novel animals were placed into the arena between 5 and 6 pm, at least
two hours before the beginning of the dark cycle at 8pm. The light cycle in the behavioral
recording room matched the animal housing room, which was 13L 11D. Trios were left in the
apparatus for 50-52 hours, during which time they were provided a bowl of food and water.
Before the experiment started I tested that food and water consistently lasted the animals 50-52
hours, and during the experiment, animals were recorded uninterrupted for food and water refills.
After the end of the 50 hour experiment, animals were removed from the live mouse tracker rig
to a standard mouse cage in their original housing room with the same group as used for the
experiment. All animals were kept in this new housing arrangement for one week before
re-entering the arena with one other novel animal.

Data cleaning for supervised classification and manual event scoring

All data processing and analysis was done in python. All data used from the live mouse tracker
system was subsetted at times when the instantaneous velocity of each animal was no more than
80 cm/s, as moments above this threshold were frequently characterized as tracking swaps and
inaccurate jumps. Behavioral events classified by LMT were generated using their default
parameters, scored manually for accuracy, and the parameters were adjusted to capture the most
true positive events. Nose-Nose, side-by-side contacts, move isolated and stop isolated were
subsetted to a minimum of 4 frames (recordings are 30 frames/sec) and a maximum of 210
frames. Nose to rear contacts were subsetted to a minimum of 7 frames and a maximum of 210
frames. Group2 and Group3 events were subsetted to a minimum of 4 frames and a maximum of
450 frames. Events that started in frames where the focal animal was located in the nest box were
removed due to frequent tracking errors in that area. Events where animals were classified as
being in groups of two for more than 15 seconds before the start of the event were also removed,
as animals in the same location in any portion of the arena for long periods would be frequently
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interpreted as a single animal. After adjusting parameters, one percent of total frames from each
event were randomly selected for manual scoring. Events were balanced across genotypes such
that an equal number was scored for both groups.

Data cleaning and feature generation for unsupervised classification

All data processing and analysis was done in python. Raw X, y, and z tracking of each of the
front, center, and rear nodes on each animal were extracted across the first 15 minutes of all
experiments at moments of less than 80cm/s instantaneous velocity. Missed tracking points
removed from velocity thresholding and missed events in the initial tracking were imputed as the
value from the last detected frame before the tracking loss. Next the tracking was subsetted to
moments where dyads of animals were detected within two body lengths of one another. These
time series were considered putative social behavioral sequences. Following subsetting, outliers
were removed from each coordinate time series using a hampel filter (package: hampel 1.0.2)
and the previous non-outlying data point was imputed in its place. The data was then smoothed
with a rolling window mean smoothing over a 5 frame window (detections recorded at 30 frames
per second). Following smoothing, features of behavioral interaction were computed for time
series analysis. The full set of features used included instantaneous velocity and acceleration of
each x, y, and z coordinate for each animal in a pair at each frame, relative velocities and
accelerations between each point of the animal, relative direction, instantaneous change in
relative direction at each frame distance of between each of the front center and rear body parts
of each animal, and rate of change of distance of these points at each frame. Relative direction
was defined as the absolute value of subtracted cardinal direction of each animal, where a value
of 0 represents that two animals are facing in the same direction, a value of 180 represents that
the animals are facing in opposite directions, and a value of 90 represents that the animals are
facing perpendicular directions on either the negative or positive axes.

Unsupervised classification

Smoothed traces of distance of center of mass for each segmented close interaction was inputted
into Pelt’s changepoint detection algorithm with a loss penalty of 3 and minumum size of 15
frames (package: ruptures). Segmented interactions represented putative behavioral syllables for
further time series analysis. Each syllable was parameterized using a series of basic time series
functions (package: TSfeatures). Computed time series features from TSfeatures included
autocorrelation coefficients (acf features), partial autocorrelation coefficients (pacf features),
holt parameters (holt params), number of crossing points, entropy, number of flat spots,
frequency, heterogeneity, hurst parameter, stability, spikiness, number of peaks, and number of
troughs (https://pypi.org/project/tsfeatures/). Time series parameters were then dimensionally
reduced using PCA and clustered using K-means (Package sklearn), with 6 PCs used as input to
the model. The number of clusters was set by visually inspecting inertia for each cluster.
Clustered behavioral syllables were projected onto a 2D space using UMAP for visualization
only (package: umap-learn).
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Fig 3.1. Experimental design and general patterns of activity of trios. A) Experimental
Design. Sexually mature unfamiliar males were recorded in same-genotype trios for 48 hours
followed by at least one week of inter experiment time in their normal home cage, and a 2 hour
behavioral recording with a new unfamiliar individual from a separate trio. B) Side view of the
live mouse tracker rig C) Screenshot of a frame of behavioral video including animal masks.
Note that each experiment contained the identical setup with a red plastic nest box in the top left
corner, a water cup in the center, and a food cup at the opposite corner D) Heatmap of average
activity of B6J and DBA2 trios the first hour of the experiment. E) Representative activity traces
of activity for three animals overlaid and each individual animal over the first 15 minutes of a
single experiment. F) Overlaid activity traces of the center of mass of three individuals from a
single 48 hour experiment, binned at 15 minute intervals. Activity of all animals is closely
related.
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Fig 3.2. DBA2 trios spend more time in social contact than B6J trios. A) Activity trace of the
distance between noses, centers of mass, and rears of two animals from a representative
experiment of trios (DistNoseMass=distance between nose of animal A and center of mass of
animal B, DistMassMass=distance between center of mass of animal A and center of mass of
animal B, DistNoseRear=distance between nose of animal A and rear of animal B). Underneath
displays a rug plot of social contacts quantified by the live mouse tracker supervised analysis
software time locked to the distance traces. B) Average duration of time spent in social contact
amongst trios per experimental group (B6J n=7 trios, DBA2 n=6 trios). C) Number of social
contacts per experimental group. D) Duration of individual syllables quantified by the live mouse
tracker software over the entire 48 hour experiment (for dyadic and solo events- B6J n=21,
DBA2 n=18; triadic events- B6J n=7, DBA2 n=6) E) Number of syllables expressed over the 48
hour experiment.

65



Seconds

Seconds

Seconds

Total Duration of nose to rear contacts outside the nest per animal

A Dark phase 1 Light phase 1

< &L < L& L&
& o o R 38 o 8 AT ot o O A S

300 .
200 ‘ ‘
: . ol d . w |
100 g2 BT o s Bt B S B ot o 1[5 7] 2 b |2 . .
Pt i kil ol b I Ty I PO D P PO PO P PO T T |
Light phase 2
S L S L L <
B R R A R R
300 * ook | ok
200 , {
100;]‘;'-[] L PP :
0 Bile e e ,%,E L LT R PSS IR DR P P U £ P S PO B

Total Duration of nose to nose contacts outside the nest per animal

B Dark phase 1 Light phase 1

& L& L S £ &
& o TR0 3o T AT T P R S S

150 . |
100 7] . ' |
50 @ wp sl B sl B L | ;.10 H
Light phase 2
CEFEFTC L8 e &S ESFe e
0 of o S pF »“f Ao 1 o AT o N P Y A oS S
15
.. |

100 | ] o

|| B s 2 e B | M

. AR [
so gt a7l g gl
0 %H - g ¥ g I&%H ﬁH@n H B

Total Duration of side by side contacts outside the nest per animal

C Dark phase 1 Light phase 1

<& & & < & &
NS %Q&%Q&@Q SRR «?@m@&%"’@ @&@"’@b@@’\@@%@@q@@«,& NG \,Q(Q'LQ@%Q& b&Q@‘fﬁ@bQ&’\Q@

400 i
300 . - i |
2% - - |
1 0 A 'r':,’il"]'é‘:‘Fi@’FH véé-iﬁlé.&!!re;glr1n§.:n‘ale§'r:r:;.~r | 8 o | s 5| s | e | o | e |t s s | o v | ot | 0 s | | ,;ri!a-rn;?.'.!F1
Light phase 2
CAEEF Qe 8 oSS F e
&R o APV NT (B AT o 1B B (@ AT P o A N AR AT AR i R (A
400 * * |
300 ;
200 o :
108 s adeioB sl b sdlodlasloolsilacale ot a e lualoilafa s

66



Fig 3.3. DBA2 trios spend more time making nose to nose and nose to rear contacts in the
second dark phase. A-C) Duration of time spent making nose to nose rear (A), nose to nose (B)

and side by side contacts (C) amongst trios during each hour of the experiment. (B6J n=21,
DBA2 n=18)
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Fig 3.4. Time spent in groups of two and three amongst trios over each hour of the
recording. A-B) Total Duration of time spent in groups of two (A; B6J n=21, DBA2 n=18) and
groups of 3 (B; B6J n=7, DBA2 n=6 ) over each hour of the experiment.
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Fig 3.5. Time spent moving and stopped while alone amongst trios over each hour of the
recording A-B) Total Duration of time spent moving alone (A) and stopped alone (B) outside of
the nest per hour over the course of the experiment (B6J n=21, DBA2 n=18).
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Fig 3.6. DBA2 dyads spend more time in social contact than B6J dyads. A) Average duration
of time spent in social contact amongst dyads per experimental group over the course of the
entire 2 hour experiment (B6J n=8 dyads, DBA2 n=7 dyads). C) Number of social contacts per
experimental group. D) Total Duration of individual syllables quantified by the live mouse
tracker software over the entire 2 hour experiment E) Total number of syllables expressed over
the 2 hour experiment .
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Fig 3.7. Social contacts of DBA2 and B6J dyads do not differ within hours. A-B) Total
Number and duration of events in groups of two outside the nest per dyad per ten minute bin
over the course of the two hour experiment (B6J n=8, DBA2 n=7). C-D) Total number and
duration of side by side contacts outside the nest per ten minute bin per dyad.
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Fig 3.8. Social investigations of DBA2 and B6J dyads do not differ within hours. A-B) Total
Number and duration of nose to nose contacts outside the nest per dyad per ten minute bin over
the course of the two hour experiment (B6J n=8, DBA2 n=7). C-D) Total number and duration of
nose to rear contacts outside the nest per ten minute bin per dyad.
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Fig 3.9 Unsupervised Clustering does not reveal recognizable behavioral syllables A)
Example traces of three segmented epochs of close interactions. Plots display the distance
between each body part of two animals over several seconds of interaction
(DistNoseMass=distance between nose of animal A and center of mass of animal B,
DistMassMass=distance between center of mass of animal A and center of mass of animal B,
DistNoseRear=distance between nose of animal A and rear of animal b). Vertical lines represent
algorithmically determined changepoints in the timeseries of distances between the centers of
mass of each pair of animals B) Total number of putative syllables per putative sequence, or the
total number of chunks determined by changepoint analysis from longer segmented time series
of close social interactions. C) Variance explained by each principal component from PCA. D)
Inertia of each cluster returned from K-means clustering. E) UMAP reduction of clustered
behavioral syllables. F) Data from 100 random behavioral syllables from cluster 0 of basic
features of social interactions. Data is time warped along the x axis and centered by starting
magnitude on the y axis. The c axis represents arbitrary time and the y axis represents arbitrary
magnitude. Overlaid traces should have similar shapes if these behavioral syllables have similar
patterns that influence clustering. G) Distribution of syllable lengths within each cluster.
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Fig 3.S1. Manual validation of behavioral events. A-G) Histogram of durations of each
individual labeled behavioral event. H) Proportion of correct machine labeled events in trios as
validated by an observer. Numbers in bars represent the number of correct and incorrect events
scored.
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Fig 3.S2. DBA2 make a greater number of nose to nose and nose to rear contacts in the
second dark phase. A-C) Number of time nose to rear (A), nose to nose (B) and side by side
contacts (C) amongst trios during each hour of the experiment. (B6J n=21, DBA2 n=18)
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Fig 3.S3. Time spent in groups of two and three amongst trios over each hour of the
recording. A-B) Total duration of time spent in groups of two (A; B6J n=21, DBA2 n=18) and
groups of 3 (B; B6J n=7, DBA2 n=6) over each hour of the experiment.
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Fig 3.S4. Time spent moving and stopped while alone amongst trios over each hour of the
recording A-B) Total Number of events spent moving alone (A) and stopped alone (B) outside
of the nest per hour over the course of the experiment (B6J n=21, DBA2 n=18).

87



A

Seconds

Events

Seconds

Events

Total Duration of move alone outside the nest per animal

Q Q
o o o o o o N N NSRS
Q . . ‘ \ . S . . S

Q° .\'0 ,19 ,,)Q BQ (,>Q bQ /\Q ch O)Q ,\9 ,\/'\,

400 | 4, 3 s | : ) .
300 [ ; o, b
300 a' 3 E $ N L el
100/ * t Em ] if‘ n .h% Em $

Total Number of move alone outside the nest per animal

0 0 Q S O

ik kil

Total Duration of stop alone outside the nest per animal

o O

ORI S IR S SR U R S
3000
2000
1000

o || e | st o | o e 9 e o o 09 e | e |

Total Number of stop alone outside the nest per animal

88



Fig 3.S5. Solo locomotor behaviors of dyads. A-B) Total Number and duration of events
moving while isolated outside the nest per dyad per hour. C-D) Total Number and duration of
events stopped while isolated outside the nest per dyad per hour. (B6J n=14, DBA2 n=12)
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Fig 3.S6. Correlation of number and duration of social and non social events. A-H)
Correlations of duration and number of social and non social events scored by the live mouse
tracker system. Nose to nose and nose to rear contacts are highly correlated, whereas social
behaviors are less correlated to events of moving or stopped isolated.
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Introduction

Genetically encoded social behaviors are often regulated by environmental stimuli. Some
species have evolved to develop specific behavioral repertoires during different seasons to
promote survival in different weather conditions. Seasonally breeding species are reproductively
active during particular times of the year in order to maximize reproductive success in times of
food availability. Such seasonal changes can be associated with dramatic differences in social
behaviors such as mating and aggression. Studying corresponding changes in neural circuitry
across seasons can help us understand both how specific social behaviors are encoded and how
the environment can impact the development of these circuits. Here we apply this framework to
the study of prosocial behaviors by quantifying seasonal differences in gene expression in the
brains of a seasonally prosocial rodent.

Meadow voles (Microtus pennsylvanicus) undergo seasonal changes in social behavior,
reproductive physiology, and features of neural circuitry. In the summer, female meadow voles
are reproductively active, territorial, and aggressive (Beery et al., 2008; Spritzer et al., 2017). In
the winter, their gonads regress and reproductive activity wanes, while their tolerance for group
living dramatically increases (Kerbeshian et al., 1994). During this time they transition from
living alone to living in groups of 8 to 10 in burrows (Getz, 1961; Madison et al., 1984). Social
tolerance is a foundational component of prosocial behaviors, but the neural bases for tolerance
are hardly known. Thus, this naturally occurring seasonal difference in social tolerance of
meadow voles offers a compelling opportunity to understand both the behavior and the neural
circuits that encode it.

Day length and social housing promote behavioral differences in the lab

A few studies have examined seasonal differences in social tolerance and other behaviors
of meadow voles in a lab setting. Seasonal phenotypes in social behavior can be recreated in the
lab by housing meadow voles in short and long day lengths (N. S. Lee et al., 2019). Meadow
voles raised in winter-like short days (SDs) exhibit higher social selectivity voles raised in
summer-like long days (LDs). Selective preference in voles is assayed with a 3 chamber social
preference assay, called the partner preference test (PPT), which measures time spent in
chambers consisting of a familiar cagemate or unfamiliar stranger. Mice and rats do not exhibit a
selective preference for familiar animals, whereas voles typically do (Beery & Shambaugh,
2021). In the PPT, SD female meadows exhibit a much stronger selective preference for
cagemates than LD females, which spend most of their time alone in the empty chamber. Though
the selective preference for familiarity in SD animals is robust, the effect is not as extreme as
seen between mated pairs of prairie voles, which are known to form tight selective bonds with a
single individual (Beery et al., 2009; Beery & Shambaugh, 2021). Interestingly SD meadow
voles engage in some prosocial contacts with unfamiliar individuals in this assay, which is not
seen often in prairie voles. This evidence suggests that SD meadow voles form close selective
bonds with their home social group, but have the flexibility to tolerate and spend time with new
individuals as well. In contrast, LD meadow voles are mostly uninterested in engaging with
conspecifics prosocially.

Along with seasonal differences in social behavior, there are some clues that meadow
voles also exhibit seasonal differences in stress responsivity. This species exhibits a seasonal
difference in circulating stress hormones as well as as neuropeptide receptors that impact stress
signaling in the brain (Anacker et al., 2016; Beery et al., 2014). Meadow voles also exhibit more
anxiety-like behavior in the open field test than prairie voles, suggesting that physiological
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systems regulating anxiety could be upregulated in this species (N. S. Lee et al., 2019).
Importantly, these seasonal differences have been identified in females but not males. We
therefore focus on females for this study.

An outstanding question remains whether seasonal or daylength differences in social
behaviors of meadow voles are driven by environmental impacts of the social atmosphere during
development, which are tightly correlated with daylength. Housing SD animals alone reduces
prosocial contacts in a social interaction test with a stranger, and results in a similar behavioral
profile to that observed in LD animals (N. S. Lee et al., 2019). This suggests that both season and
social housing conditions interact to impact development, but rigorous studies comparing neural
and behavioral differences across both social and lighting environments have not been
completed.

Seasonal differences in brain states associated with behavior in meadow voles

A few studies have started to unravel neuroanatomical and functional neuronal
phenotypes underlying differences in social behaviors across daylengths. Interestingly,
differences in behavioral phenotypes seen across daylengths in the lab persist even when
temperature in housing rooms is held constant at 70 degrees F (Beery et al., 2008; N. S. Lee et
al., 2019). This suggests that while a physiological drive for warmth is an ultimate driver of close
social interactions in the winter, it is not the proximate one. It is likely that brain circuitry has
evolved to activate gregarious behavior with a seasonal change in daylight separate from those
controlling thermoregulation. In addition, gonadectomy of LD female meadows, which should
diminish differences in circulating estrogens across daylengths, is not sufficient to increase
selective preferences and gregariousness of LD voles (Beery et al., 2008). A consequence must
be that circuits not immediately impacted by circulating estrogens differ between long and short
day animals.

Little is known about meadow vole brains in general, let alone what neural circuits
regulate their selective bonding and gregarious behaviors. However, meadow voles do exhibit a
seasonal difference in white matter thickness of a sub region of the hippocampus, the hilus, as
well as a difference in the number of proliferating cells in the hippocampal dentate gyrus (Galea
& McEwen, 1999; Spritzer et al., 2017). Interestingly, volumetric and cellular differences in the
hippocampus and whole brain are common across seasonally breeding rodents, birds, and
Eulipotyphlans (Jacobs, 1996; Lazaro et al., 2017). Given that a primary role of the hippocampus
is spatial memory and navigation, these differences have been contextualized primarily in terms
of differences in use of space in the environment across seasons (Jacobs, 1996; Jacobs et al.,
1990; Zemla & Basu, 2017). Notably, hippocampal volume and space use are thought to be
associated with reproductive schemes in voles. Hippocampal volume does not differ by sex in
monogamous pine voles, for which both males and females have small and similar home ranges
(Jacobs et al., 1990; Sherry et al., 1992). Some work suggests that hippocampal volume may
differ by sex and is associated with home range size in polygynous meadow voles (Sherry et al.,
1992). Males have larger home ranges and may have larger hippocampal volume. Another study
did not find sex differences in hippocampal volume in this species, but did find a clear difference
in volume associated with circulating hormone levels within sex (Galea et al., 1999). Therefore,
differences in homerange size across seasons in both sexes could be an important factor that
promotes differences in hippocampal volume in meadow voles.

While the hippocampus is primarily associated with spatial cognition and working
memory, recent work suggests that there may be distinct and overlapping neural populations that
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are relevant for social behaviors. A projection from dorsal CA1 to ventral CA2 of the
hippocampus that is regulated by Oxytocin encodes social memory in mice (Meira et al., 2018;
Raam et al., 2017). In addition, Pharmacological manipulation of histamine, dopamine, or
B-adrenergic receptors in dorsal CA1 all impact social recognition memory in rats (Garrido Zinn
et al., 2016). Given that social memory may be a core component of neural function controlling
social tolerance and selectivity, the dorsal hippocampus is a compelling region to understand in
more depth in meadow voles. Other work has identified hippocampal place cells that track the
location of another individual but not the location of oneself in the local environment (Omer et
al., 2018). While this finding is more difficult to directly connect to social tolerance and
selectivity, it could be that tracking others in the environment takes different importance in
different social contexts across seasons, characterized by either aggression or tolerance. The
hippocampus has also been shown to directly encode a variety of social information and
emotionally driven not directly relating to memory or space (Chang & Gean, 2019; Leroy et al.,
2018; Menon et al., 2022), including social touch and sex of conspecifics (Rao et al., 2019). This
evidence further suggests that this region may have broad functions relevant for social tolerance
and selectivity.

Other evidence of neural differences between LD and SD meadow voles come from
autoradiography studies of neuropeptides that regulate social behavior and stress (Beery et al.,
2014; Beery & Zucker, 2010). Oxytocin receptors (OTRs), which are known facilitators of social
reward, social memory, and close social bonds in a variety of mammalian and avian species,
including closely related prairie voles, differ in intensity and localization of expression across
daylengths. Peripherally administered Oxytocin (OT) enhances SD voles’ preference to engage
in prosocial contact with a familiar cagemate over a stranger in the PPT, but an OTR antagonist
alone has no effect on behavior suggesting that OT is only partially responsible for selective
social bonding in this species (Beery & Zucker, 2010b). Corticotropin releasing factor receptors
(CRFRs), which are known to regulate anxiety related behaviors, social stress, social bonding,
and social memory also differ in neural patterns of expression across day lengths in meadow
voles (Beery et al., 2014a), but causal evidence for their role in stress or social bonding in
meadow voles has not been established. Notably, the dorsal hippocampus is one region with
differences in both CRFR and OTR expression across daylengths.

A possible role for 5-HT in seasonal regulation of prosocial behaviors

These pieces of evidence are valuable in understanding potential brain mechanisms
contributing to seasonal differences in behavior, but ultimately represent a small minority of
potential mechanisms. While the list of possible candidates is long, serotonin (5-HT) is a strong
candidate to modulate social tolerance and stress across daylengths because other species exhibit
photoperiod induced changes in expression of components of the SHT system, and it is known to
modulate social and anxiety-like behaviors (Mc Mahon et al., 2018; Molnar et al., 2010; Tyrer et
al., 2016). While it is unclear whether serotonin levels differ with day length in meadow voles,
seasonally breeding chipmunks and quail as well as non-seasonal C57/B16J mice have higher
levels of serotonin in the dorsal raphe nucleus when housed in long photoperiods (Goda et al.,
2015; Tiwari et al., 2006). Serotonin is a precursor to melatonin, which has a well known role in
facilitating photoperiod associated changes in behavior of multiple species, and is known to
modulate serotonin production (Bueno et al., 2023; Kirsz & Zieba, 2012; Miguez et al., 1995;
Munley et al., 2022). SHT impacts a wide variety of receptors across many brain regions, but
multiple pieces of evidence suggest that the hippocampus may be a hub for SHTs action on social
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behavior and anxiety, particularly via the SHT 1a receptor (Andrews et al., 1994; Mineur et al.,
2015). In Mandarin voles, chronic social defeat stress causes differences in expression of SHT
and SHT1a receptors in CA3 of the intermediate hippocampus as well as reduced social
recognition (L. Wang et al., 2019). Interestingly a SHT1a antagonist administered to this region
impaired social recognition, and chemogenetic activation of SHT1a bearing neurons in CA3 was
sufficient to reverse the effects of chronic social defeat stress on social recognition. BTBR mice
show enhanced social investigation with infusion of a Serotonin receptor 1A agonist or an
antagonist of the serotonin reuptake transporter to the hippocampus (Gould et al., 2011).
Hippocampal 5-HT also regulates positive social experience in B6J mice. Optogenetic activation
of serotonergic terminals projecting from the dorsal raphe to the dorsal hippocampus are
sufficient to reinforce positive social interactions, but the exact SHT receptors involved in this
circuit are unknown (Nagai et al., 2023). In humans, SHT is thought to be involved in seasonally
regulated anxiety behaviors, as well as social and emotional behaviors. It has been proposed to
be a key factor regulating seasonal affective disorder, a change in anxiety and depressive states
corresponding to seasonal changes in light (Mc Mahon et al., 2018; Molnar et al., 2010; Tyrer et
al., 2016).

Assessing environmental regulators of hippocampal transcription with snRNAseq

Here we used single nucleus RNA sequencing on dorsal hippocampi from meadow vole
brains to gain a broader understanding of differences in cell type specific gene expression across
daylengths and social housing conditions that might be contributing to differences in social
behavior. We believe this is the first single nucleus or single cell RNA seq study conducted in
vole brain tissue. We used a targeted approach to assess the landscape of hippocampal serotonin
receptors in meadow voles, while also using unbiased unsupervised analyses to detect differences
in a broad range of brain cell types and transcriptional pathways. Our analyses revealed
unexpected differences in transcription in glial cell clusters between solo housed and pair housed
SD meadow voles.
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Results

snRNAseq resulted in 44,000 good quality nuclei for downstream analyses

We sequenced 62,000 single nuclei from the dorsal hippocampus of 18 female meadow voles
housed in one of four conditions: long day length and solo housed, long day length and pair
housed, short day length and solo housed, short day length and pair housed (LD solo, LD pair,
SD solo, SD pair). % of each group underwent the forced swim immediately before nuclei
collection in an attempt to quantify stress response in the form of immediate early genes (Fig
4.1B; forced swim not discussed in this work). RNAseq reads were mapped to the prairie vole
genome with STAR, because there is currently no publicly available annotation for the meadow
vole genome (Fig 3.1C;Dobin & Gingeras, 2015). We achieved a mapping efficiency of
approximately 51% for all samples, and returned a median 2,091 genes per cell, which are
similar to industry standards for snRNAseq in mice
(https://kb.10xgenomics.com/hc/en-us/articles/360015646532). All samples exhibited similar
cell numbers, mitochondrial content and median transcripts per cell, suggesting similar quality
across samples (Fig 4.S6 and Fig 4.S7). After filtering out unlysed cells by thresholding percent
mitochondrial transcripts, and doublets based on transcript counts, we were left with 44,000
usable single nuclei for analysis.

Clustering and feature detection revealed 35 distinct cell types in the dorsal hippocampus
We clustered cells using the standard Seurat pipeline, using the single cell transform function for
normalization and feature detection. We projected K- means clusters onto a UMAP space for
visualization revealing an initial 39 clusters (Fig 4.2A; Hao et al., 2021). Differential expression
analyses revealed top markers for each bioinformatically determined cell class. Many of these
markers, though highly differentially expressed from cluster to cluster, were not informative
markers for determining cell type. We further sorted differentially expressed genes to identify
specific markers that were expressed in a high percentage of each cluster of interest but not in
other clusters. This approach yielded sets of cell type specific markers which we were able to
associate back to major brain cell types for most of our clusters (Fig 4.3A-E). Some of the major
markers we used included Snap?25 for neurons, Sicl7a7 for excitatory neurons, Gad? for
inhibitory neurons, and S/c/a3 for astrocytes, Mbp for oligodendrocytes, Pdgfra for
oligodendrocyte precursors (OPCs), and Csf1r for Microglia. (Batiuk et al., 2020; Masuda et al.,
2020; Nagy et al., 2020). Interestingly, some markers that are highly expressed in mouse
hippocampus were not present at high levels in our dataset, including inhibitory marker Gad2,
microglial marker 4if1, and oligodendrocyte markers Oligl and Olig2 (Cembrowski et al., 2016,
https://shorturl.at/JGWXY).

We next attempted to map our cell populations onto known markers for regional subtypes
of hippocampal neurons in mice (Figs 4.3F, Fig 4.S1; (Cembrowski et al., 2016; Rattner et al.,
2020, https://shorturl.at/jJGWXY). Clusters containing Granule cells of the dentate gyrus were
classified as those with high Prox1 expression. CA1,CA2, CA3, and subicular areas of the
hippocampus all contain overlapping sets of markers, and we found it necessary to use multiple
markers for each. CA1 clusters were characterized by high expression of Manla and Kcnh7, and
low expression of CA3 markers, including Grik4 and Cpne4 (Fig 3.3G-H). CA3 clusters were
characterized by the opposite pattern of expression. Interestingly we could not identify any
specific cluster pertaining to CA2 cells in our dataset despite this region being a major
contributor to excitatory neurons in the hippocampus. However we expect that these cells are
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mixed in with other clusters given the high overlap of markers between all CA regions identified
in mice. We identified multiple clusters of potential subicular cells, however we did not find that
specific markers of subicular sub regions such as the pre- and post-subiculum separated into
unique clusters (Ding et al., 2020). Therefore we classify all of these regions as putative
subicular cells for the following analyses (Fig4.31-K).

Serotonin receptor expression does not differ by daylength

We found multiple SHT receptors expressed in the dorsal hippocampus, including Htr2a,
Htr2c, Htr3a, Htr4, and Htr7. Of these, Htr4 was expressed most highly in the data set and its
expression was mostly located in clusters containing cells from CA1, CA3, Dentate gyrus, and
Oligodendrocytes. Htr7 was moderately expressed in cells from CA1, CA3, the subiculum, and
in interneurons. Other SHT receptors were barely expressed in our dataset (Fig 4.S2). To test
whether SD and LD animals had differential expression of SHT signaling molecules, we ran
pairwise differential expression analyses for all clusters across day lengths for all variable genes
in our data set. Contrary to our hypothesis, we did not find that any SHT receptors differed
significantly in expression across day lengths within any cluster after correcting for multiple
comparisons (Fig 4.S3).

Housing has a greater impact on cell type specific transcription than daylength

After directly testing our hypothesis concerning SHT receptors, we broadened our search
to explore additional differences between DL and housing conditions with an unsupervised lens.
To understand whether cells from any of our housing and DL groups were enriched within any
cluster, we compared the number of cells per cluster across housing and daylength. We found
that proportions of cells from LD and SD animals were significantly different only in cluster
Sub/Ctx-2, as determined by a proportion test permuted 10,000 times, Fig 4.4A). Of note, cluster
UID-2 contained cells from only one sample, so we omitted significant results pertaining to this
cluster. Proportions of cells from solo and pair housed animals differed in several clusters
including Sub/Ctx-1 and Sub/Ctx-2. Pairwise comparisons of proportions of cells across housing
conditions within daylength revealed that both LD and SD paired animals had larger proportions
of cells in cluster Sub/Ctx-1 than LD and SD solo animals respectively. LD paired animals had
the greatest proportion of cells within this cluster (Fig 4.4A).

To investigate overall differences in transcription across all groups and clusters, we ran a
first pass of differential expression analyses for every pairwise comparison of housing and
daylength conditions across all of clusters. Surprisingly, we found that most differentially
expressed genes corresponded to comparisons across housing conditions (Fig 4.4B). Sparse sets
of genes were differentially expressed across daylengths.

The housing comparison within SD animals contained the highest proportion of
differentially expressed genes at log2FC cutoffs of 0.5 and 0.25 (Fig 4.4C-D). Genes with high
log2FC in differential expression were spread across many clusters, limiting our ability to
perform analyses requiring large numbers of significantly DE genes within a cluster. Therefore
we choose to focus on genes with log2FC>0.5 for discussion of individual genes that may impact
the function of cells in each cluster, but include genes with 1og2FC>0.25 for analyses of larger
networks of lowly expressed genes that could combinatorially impact cellular function within
clusters.

The most prominent set of differentially expressed genes belonging to a single
comparison and cluster at log2FC>0.5 corresponded to cluster Sub/Ctx-1 (Fig 4.4C). This fits
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with our finding that housing impacts the number of cells in this group as differential expression
is computed both on the number of cells expressing a given gene and its log fold change in
expression across groups.

We found large proportions of genes differentially expressed between solo and paired
housed SD animals in clusters containing microglia, oligodendrocytes, astrocytes, with smaller
sets of differential expression in clusters containing excitatory neurons (Fig 4.4C-D). At
log2FC>0.5, DE in this group was distributed across many clusters, with relatively few
differences within each cluster. Therefore we chose to focus first on the prominent set of highly
differentially expressed genes between LD animals in cluster Sub/Ctx-1, followed by analyses of
more subtle differences in expression between solo and pair housed SD animals from glial cells .

LD Paired animals have an enriched subicular cell type with reduced expression of
markers of glutamatergic function and process formation

Given the large difference in proportion of cells across housing groups in cluster
Sub/Ctx-1, we wanted to further investigate the identity of this cluster. And given that
differential expression analyses of single cell RNA seq data take into account both the
percentage of cells per condition expressing a gene and the log fold change in expression, and
given the large difference in number of cells across conditions, we set a stringent threshold for
DE analysis. 40% of cells in each condition needed to express a gene with an average
log2FC>0.5 for it to be considered for DE. This approach left 13 differentially expressed genes
between solo and paired LD animals. This list consisted of genes primarily involved in cell
adhesion and morphogenesis, including Astn2, Fat3, Lsamp, Unc5d, and Brinp3 (Fig 4.5A-B;
Avilés et al., 2022; Behesti et al., 2018; Berkowicz et al., 2017; Jackson et al., 2016; Philips et
al., 2015). There were not enough DE genes on this list to successfully run gene ontology
analysis.

As an additional approach to understanding the function of this cluster, we compared its
gene expression with a neighboring, closely related subicular cluster that contained equal
proportions of cells across conditions. This analysis revealed significant upregulation of some
genes associated with process formation and synaptic function and neuronal wiring, including
Schamonnin interacting protein one (Schip!), which is upregulated in cluster Sub/Ctx-1 vs Sub-2
(Fig 4.5C-D; Klingler et al., 2015). Genes involved in synaptic function and NMDA receptor
signalling, such as Gpc6, and in glutamate trafficking and AMPA receptor function, such as
Sorcs1, were upregulated in cluster Sub-2 as compared to cluster Sub/Ctx-1 (Fig 4.5C; (Allen et
al., 2012; K. Sato et al., 2016; Savas et al., 2015)). These results generally suggest differential
mechanisms for synaptic function and glutamatergic signaling between cluster Sub/Ctx-1 and
Sub-2.

We then used gene ontology to summarize how differential genes correspond to
biological function across these two clusters. Nine significant go terms with at least 2 genes were
returned (Fig 4.5D). The most prominent term was “nitrogen compound metabolic process”.
Although this term is broad, this process is commonly associated with glutamate synthesis in the
brain, further supporting that clusters Sub/Ctx-1 and Sub-2 may have functional differences in
glutamatergic signaling. Other significant GO terms included regulation of neuronal migration
and focal adhesion assembly, both of which could be associated with axon dendritic spine and
synapse formation in the adult brain.

We next identified cluster specific features with differential expression across solo and
paired LD animals by cross referencing DE genes across conditions within cluster 9 and DE
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genes between clusters Sub/Ctx-1 and Sub-2. We found that 4 of the 13 genes in our conditional
DE overlapped with DE genes between cluster Sub/Ctx-1 and Sub-2 (Fig 4.6A-B). Though the
overlapping gene set was too limited to run ontology, several of these genes are associated with
adhesion and dendrite growth, including Unc5d, Brinp3, and Fmnl (Berkowicz et al., 2017,
Jackson et al., 2016; Kawabata Galbraith & Kengaku, 2019). All of these genes were upregulated
in LD solo animals vs paired animals. Together these findings suggest that cell adhesion and
morphogenesis are important features of Sub/Ctx-1 cells, and that cells of solo LD animals have
a more connective, morphogenic phenotype than those of paired LD animals.

Daylength impacts expression of genes contributing to myelination in oligodendrocytes

Although the majority of group differences corresponded to social housing type, we also
found that daylength impacted transcription in some clusters. Short day animals expressed
Tmem132d, a marker for differentiated and myelinating oligodendrocytes, more highly than long
day animals in the major oligodendrocyte cluster, Olig-1 (Fig 4.7A-B; Nomoto, 2003). Short day
animals also express higher levels of Rassf4 and Nav3, genes involved in cell growth and process
formation, a function known to be involved in oligodendroglial growth and myelination (Fig
4.7C; Bauer et al., 2009; Stringham & Schmidt, 2009). Long day animals express higher levels
of Ppfia2, a negative regulator of cell adhesion, and DHCR7, an enzyme involved in cholesterol
biosynthesis and maintaining myelin after loss (Berghoff et al., 2021; Szklarczyk et al., 2019). A
targeted search for differences in expression of genes directly involved in myelin production also
revealed moderate upregulation of Mog and Mag, but not Mbp in paired SD animals, supporting
potential enhancement of white matter in paired vs solo animals (P. R. Lee, 2009). Gene
ontology was not appropriate for genes differentially expressed between daylengths in cluster
Olig-1 because few genes in this comparison overall met our p value and logfc thresholds for
differential expression.

Given that many significant genes within the Olig-1 cluster were expressed in a smaller
subset of cells, and that previous single cell work with oligodendrocytes has successfully
clustered into a variety of subtypes, we wondered whether initial clustering including all variably
expressed genes within the dataset limited our ability to resolve smaller groups of cells within
this cluster. To investigate this, we subsetted the Olig-1 cluster and re-clustered these cells based
on a new set of variable features specific to this group of cells (Fig 4.8A). We attempted to
identify subtypes of oligodendrocytes including newly formed and immature myelin forming
oligodendrocytes by mapping known markers for these subtypes onto the four clusters identified
in our dataset. We found that subclustering did not clearly separate this cluster into previously
identified functionally distinct subtypes. Markers for mature and myelin forming
oligodendrocytes (Mal, Mog, Mbp, Ptgds, and Apod) were intermixed throughout the sub
clusters identified in Oligl (Fig 4.8B-C), and there was no visible expression of identified
markers for committed oligodendrocytes or newly formed oligodendrocytes (7cf712, Casr, Vcan,
Bcasl, Gprl7, Nkx2-2, Sox6, Bmp4, Gprl7, Neud, Sox10, Olig2) (Marques et al., 2016). This
suggests that Olig-1 is homogeneously composed of mature and myelinating oligodendrocytes
with no clearly defined subtypes by specific marker expression. In further analyses with Olig-1,
we analyzed the cluster as a whole.

Social Housing in SD animals impacts transcription in glial clusters

We found that a large proportion of the differentially expressed genes across all
conditions pertained to differences in expression within glial clusters of SD animals across social

104



housing conditions (Fig 4.4D). Of note, Tmem132d, which was highly differentially expressed in
Olig-1 across daylengths, was expressed even more highly in SD paired animals than SD solo
animals (Fig 3.6B). Other top differentially expressed genes in Olig-1 between social housing
conditions in SD animals included Dthdl and Zbtb16 (Fig 4.9B), both involved in cell division in
other cell types but whose function is unknown in oligodendrocytes (Szklarczyk et al., 2019;
Usui et al., 2021; Xiong et al., 2023). Of note, we found that the SHT receptor Htr4 was mildly
but significantly upregulated in Solo vs paired SD animals (Fig 4.S9). Gene ontology analysis for
differentially expressed genes at a threshold of LogFC>0.25 revealed broad categories of
enriched biological processes, including developmental growth, calcium transport, and
glutamatergic signaling (Fig 4.9C). All of these ontologies may be relevant for regulating
myelination in SD animals.

Social housing in SD animals also influenced expression of a large number of genes in
primary astrocyte cluster Astro-1. Top differentially expressed genes upregulated in paired
animals include the estrogen responsive gene Ugt/al (Davenport, 2012). Epha$5, known to
contribute to glia-neuron interactions at synapses, and Csmd3, involved in astrocyte
development, were upregulated in SD solo animals (Fig 4.10B; Murai & Pasquale, 2011; Song et
al., 2022). Gene ontology analysis revealed significantly enriched biological processes in SD
solo animals compared to SD pair, including regulation of ion transport, membrane potential, and
postsynaptic transmission (Fig 4.10C), suggesting that astrocytes of solo SD animals may be
more excitable and uptake ions at different rates.

In the microglial cluster MG-1, SD paired animals expressed a potential
anti-inflammatory marker, Ptprm (Kim et al., 2018). While solo animals expressed higher levels
of Navl, involved in microglial migration, generally regarded as a proinflammatory function (Fig
4.11B; Black et al., 2009). Ontology revealed enrichment for morphogenic, growth, and
homeostatic functions in SD solo animals, which further supports a potential pro-inflammatory,
M2-like phenotype in this group (Fig 4.11D). Interestingly, the SHT receptor Htr4 was
significantly upregulated in Solo vs paired SD animals within MG-1 as well (Fig S7). Lastly, it is
worth noting that SD animals overall expressed moderately more Rora than LD solo vs paired
animals in MG-1 (Fig 4.11C). This gene is linked to melatonin signaling and controls clock
pathways in other brain regions (Ma et al., 2021; T. K. Sato et al., 2004).

Social Housing in SD animals impacts plasticity related genes in CA3 cells

Although the DE genes associated with social housing in SD animals were spread diffusely
across clusters, some interesting genes were DE in our primary cluster of CA3 cells, CA3-1. Of
note, Kirrel3, a gene involved in synapse formation, and 4gap !, involved in endosomal
trafficking were upregulated in paired animals compared to solo (Fig 4.10A-B; Arnold et al.,
2016; Taylor et al., 2020). Piezo2, a mechanosensitive ion channel, and Kcnh7, a potassium
channel were both upregulated in solo animals over paired animals (Fig 4.10A-B (Shin et al.,
2019)). As mentioned in the previous section, too few genes met our significance threshold to
effectively run gene ontology on this cluster and comparison. However it is possible that these
genes are involved in differential neurotransmission and synapse formation across housing
conditions.

Notably, a smaller cluster of CA3 cells, CA3-2 also exhibited a large set of differentially
expressed genes across housing conditions amongst SD animals. Kirrel3 was upregulated in SD
animals in this cluster as well, suggesting that it is a common feature of SD paired animals across
CA3 subtypes (Fig 4.10A-B). Other upregulated transcripts included another adhesion molecule
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Negrl, and a gene involved calcium vesicle transport, Cadsp2 (Shinoda et al., 2018; Singh et al.,
2019).

Discussion

Here we present the first single cell nucleus RNA seq data set in any species of vole. We
found primary impacts of social housing on transcription of genes involved in glial function in
SD animals. The overall impact of housing in SD animals may fit with previous evidence that
SD animals housed alone express dramatic changes in prosocial behavior, with phenotypes
similar to LD animals (Lee et al., 2019). Multiple studies from a variety of prosocial species
suggest that social isolation during development can dramatically impact hippocampal function.
Post weaning social isolation in rats is associated with reduced dendritic spine length in CA1
pyramidal cells (Ferdman et al., 2007). A week of social isolation in swiss mice is sufficient to
reduce glutamatergic transmission in dorsal CA1 (Almeida-Santos et al., 2019). Moreover,
striking changes in glial biology arise due to social isolation. In mice, chronic social isolation
reduces expression of myelin basic protein (Mbp), in the prefrontal cortex (Liu et al., 2017).
While we did not find a difference in Mbp expression between oligodendrocytes of solo and pair
housed animals, we did find that expression of two other critical genes for myelin production,
Mag and Mog, were reduced in SD solo vs paired animals. Liu et al., also found an associated
decrease in the number of myelinated axons in isolated animals. By extension, this suggests a
potential for difference in myelination between solo and paired SD animals. Aside from Mag and
Mog, we found that multiple genes involved in process formation, ion transmission, and cell
adhesion were differentially expressed between oligodendrocytes of solo and paired SD animals.
Though ion transmission is classically considered as a primary function of neurons, it is also
critical for myelin production (Butt, 2006). In vitro, primary oligodendrocyte cultures grown
without neurons emit spontaneous calcium transients. In vivo calcium imaging also suggests that
calcium transients in oligodendrocytes are associated with retraction of myelin sheaths during
myelination (Baraban et al., 2018). These findings further support that differences we have
observed between oligodendrocytes of solo and paired SD animals may be associated with
functional differences in myelination.

By extension, we observed a smaller set of differentially expressed genes between
oligodendrocytes of SD and LD animals, including 7mem132d. This marker for mature
myelinating oligodendrocytes is a cell adhesion molecule whose precise function in
oligodendrocytes is not known (Nomoto, 2003). However other transmembrane proteins, such as
Tmem108, are known to control myelin production and proliferation in oligodendrocytes (Wu et
al., 2022). Given that Tmem132d is enriched in SD paired animals over SD solo animals, it is
possible that SD paired animals exhibit the most pro-myelinating phenotype, and may have the
most typical phenotypes of myelin production for their daylength (Galea & McEwen, 1999;
Spritzer et al., 2017). Given that SD animals are gregarious, it is possible that housing them
against their natural social preference could reduce myelin to levels similar to LD animals. This
hypothesis should be tested directly in future work comparing myelin thickness in animals reared
socially and in isolation across day lengths. In the long run, manipulating myelin across day
lengths and social housing conditions after seasonal development could eventually reveal a more
direct connection between myelin and social tolerance. Myelin restoring compounds are an
active area of research for therapeutic applications, and could serve as valuable tools to enhance
levels of hippocampal myelin in LD animals to that of SD animals (Manousi et al., 2021).
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We also found that social housing impacted expression of genes related to critical
membrane potential properties of astrocytes as well as inflammatory functions in microglia.
Astrocytes are the most abundant cell type in the brain, and exert powerful influences on
synaptic function. Each astrocyte can contact around 100,000 synapses, for which they tune the
intensity of synaptic potentials via exchange of ions and other molecules that drive expression of
molecules relevant for neurotransmission such as postsynaptic receptors (Chung et al., 2015). In
addition, astrocytes actively contribute to neuronal wiring by refining synapses via phagocytosis
of inactive synapses or prompting synapse formation (Chung et al., 2015). One of the top
upregulated molecules we identified in SD paired animals was Epha5. Though the function of
Epha) in astrocytes is not known, disrupting signaling of related Epha3 or Epha4, both involved
in Epherin signaling, induces growth of abnormal dendritic spines (Murai & Pasquale, 2011).
This suggests that astrocytes of SD paired animals may be better equipped with molecular
machinery to adequately prune hippocampal synapses and aid their proper development. Like
neurons, astrocytes exhibit a resting potential that is driven by flow of ions across their
membranes, so it is not surprising that many differentially expressed genes between SD solo and
pair housed animals were related to membrane function and ion transmission. Recent work has
shown that changes to resting potentials of astrocytes can induce release of neurotransmitters that
reach postsynaptic receptors located on neurons to alter synaptic function (Deemyad et al.,
2018). Additionally, astrocytes are thought to serve as a cellular sink for ions and
neurotransmitters by absorbing excess molecules from synapses, which can further modify their
resting potential (Furness et al., 2008; S. Song et al., 2020). In light of our own findings, it is
possible that astrocytes of SD solo and pair housed animals exhibit differences in their ability to
regulate their resting membrane potential which could have implications for synaptic function.
Neurophysiological studies directly measuring membrane potentials in astrocytes or measuring
synaptic activity as a function of fluctuation in membrane potential associated with synaptic
activity in neurons could be valuable future directions in assessing the functional impacts of the
transcriptional differences we observe in astrocytes across housing conditions here.

Microglial cells also contact many neurons and contribute to synaptic function via
phagocytosis (Galloway et al., 2019). Interestingly we observed differences in expression of
Rora, a putative melatonin receptor that is known to be associated with inflammatory function in
microglia, between LD solo and paired animals (J. Li et al., 2022; T. K. Sato et al., 2004).
Generally inflammatory pathways in microglia promote a more ramified, active state whereby
these cells are more closely interacting with neurons and phagocytosing synaptic materials (Tang
& Le, 2016). Given that melatonin is secreted during periods of low light, it is thought that
photoperiodic species release more melatonin during winter months or in SD (Baekelandt et al.,
2020; Xu et al., 2018). We observed higher levels of expression of RORa in LD solo animals
than pair animals, and no difference in RORa across day lengths. This could suggest that the
brains of animals held in constant photoperiods may have fully adapted to differences in
melatonin production. Given that stress can modulate melatonin levels, it is possible that
constant stress from social housing could be an active modulator of melatonin and impact neural
signatures of melatonin signaling (Barriga et al., 2001). Though we found few overall differences
in gene expression between LD and SD microglia, we observed expression of an
antiinflammatory marker Ptprml in SD paired animals and potential proinflammatory marker
Navl in SD solo animals (Black et al., 2009; Kim et al., 2018). Though further testing is needed,
this finding could suggest that paired animals have less inflammatory microglial cells than SD
solo animals. This would be consistent with other findings that social isolation stress increases
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inflammatory processes in microglia. In addition to validating differentially expressed genes we
observe here across housing conditions with in situ hybridization, it would be interesting to test
whether microglia are involved in earlier development of day length specific behaviors, as
microglia are known to respond to sex hormones to modulate various elements of neuronal
development and physiology (Nelson et al., 2019; Saijo et al., 2013). Immunohistochemical
profiling of microglial ramification, which is known to differ in response to sex hormones, at
multiple time points during the 40 day transition from LD housing to SD housing in these
animals could be an appropriate starting point to test this hypothesis.

Despite a logical connection between serotonin and seasonally regulated behaviors, we
did not detect differences in expression of serotonin signaling components across the day lengths
in the dorsal hippocampus. One reason for this could be that we found overall low levels of
expression of serotonin receptors in our dataset. This is not uncommon for g-protein coupled
receptors in RNA seq data, as they are generally expressed at low rates and RNA seq is only
capable of detecting the most highly expressed genes in a given tissue (Sriram et al., 2019). We
did find a small difference in expression of our most abundantly expressed serotonin receptor,
Hitr4, between solo and paired SD animals in oligodendrocytes and microglia. While the function
of Htr4 in these cell types is not well understood, it is clear that serotonin impacts glial function.
Administration of excess exogenous serotonin to oligodendrocytes impacts both their
development and myelination (Fan et al., 2015). Serotonin also initiates signaling cascades that
regulate inflammatory processes in microglia, and serotonin signaling in these cells is thought to
actively contribute microglial involvement in adult neurogenesis of dentate gyrus cells(Turkin et
al., 2021).

Of note, we observed far fewer differences in expression in glial clusters between solo
and paired LD animals than SD animals in these glial clusters. And overall we find more
differences in expression between solo animals across day lengths than paired animals across day
lengths in these clusters. These findings suggest that solo housing in SD animals creates more
extreme phenotypic change than pair housing LD animals, both of which go against the animals
natural housing preferences. This may suggest that social isolation stress in the typically
gregarious SD animals causes drastic changes in hippocampal circuitry, whereas social
environment matters less for LD animals.

Though the majority of our findings come from differential expression in glial cells we
did report several findings in neuronal clusters. In particular we found that a cluster of subicular
cells with reduced markers of glutamate transmission and process formation as compared to a
closely related subicular cluster was more populated amongst LD solo animals than LD pair
animals. The subiculum serves as an output region of the hippocampus that forms an
intermediate node of circuits projecting to cortex, hypothalamus and other regions of the brain
(O’Mara, 2006; J.-J. Yan et al., 2022). Interestingly, the dorsal subiculum has become known for
its control of head direction in the context of spatial navigation, but this region is poised to
regulate social and emotional behaviors as well (Petrulis et al., 2005; Robertson et al., 1999; J.-J.
Yan et al., 2022). Most work investigating the role of the subiculum in social behaviors in mice
has focused on the ventral subiculum, which we were unlikely to capture with our dissection
strategy. The ventral subiculum is thought to be involved in social recognition and discrimination
between social odors in mice, and post weaning social isolation in rats impacts LTP in a CA1
projection to the ventral subiculum (Petrulis et al., 2005; Roberts & Greene, 2003). It is possible
that dorsal CA1 to subiculum projections may take on species specific social functions in
meadow voles because dorsal CALl is a hotspot for oxytocin receptor expression in meadows,
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whereas in mice, oxytocin receptor is expressed in dorsal CA2 and CA3 but not CA1 (Beery &
Zucker, 2010; Young & Song, 2020). Within cluster Sub/Ctx-1, LD solo animals also expressed
higher levels of Brinp3, a schizophrenia risk gene that has been implicated in social
behavior(Berkowicz et al., 2016). Together these results suggest that LD paired animals might
have reduced subicular glutamatergic transmission which may be relevant for social behavior.
Given that LD animals are highly territorial and aggressive, It is possible that paired housing
conditions in LD animals might act as a stressor similar to solo housing in SD animals.
Interestingly, deficits in social recognition induced by ventral subicular lesions in rats are
restored by housing rats in short photoperiods (Subhadeep et al., 2020), adding further evidence
that photoperiod may play a role in subicular control of social behaviors. Here we report primary
impacts of housing on subicular transcription in LD but not SD animals, which might be a result
of photoperiod driven differences in the response of subicular cells to environmental stimuli,
such as stress. Our findings provide clues of altered plasticity in subicular cells in LD paired
animals in response to a potentially stressful social environment, but this should be validated by
assessing differences in protein expression related to synaptic function in LD animals reared in
different social housing conditions.

Lastly we observed traces of differential neurotransmission and synaptic function in CA3
cells of SD solo and pair housed animals. SD paired animals express Kirrel3 significantly higher
than SD solo animals. Interestingly, this gene causes hyperactive CA3 neurons when knocked
out in mice, suggesting that SD solo animals could have aberrant activity in CA3 cells(Martin et
al., 2015). This gene is also necessary for the development of olfactory circuits regulating
aggression in male mice, but it is unclear how Kirre/3 in CA3 cells might be important for social
behaviors (Prince et al., 2013). Though multiple other differentially expressed genes in this
cluster suggest potential functional differences in dendritic morphology and endosomal function,
there were too few differentially expressed genes to successfully run ontology. It is possible that
enriching for CA3 cells with cell sorting could provide a larger sample size with which to assess
differential expression within this region.

Beyond differential expression, we believe this dataset will serve as a valuable resource
for understanding the basic biology of hippocampal cell types in meadow voles vs other species
of rodents with single cell RNA seq datasets of hippocampal cells, such as mice. Interestingly we
did not find any CA2 cells in our dataset, as defined by region specific markers identified in
mice. This finding was surprising given that cells from most other hippocampal regions
successfully mapped onto markers that have been identified in mice. Given the functional
similarity and high overlap of transcriptional markers between CA1, CA2, and CA3 and given
that CA2 is the smallest subregion of CA pyramidal cells, we suspect that CA2 cells are present
in our dataset but mixed into other clusters of CA pyramidal cells. However it is possible that
CAZ2 could be molecularly unique in meadow voles as compared to mice, and this hypothesis
should be tested directly in future work by comparing cell type specific transcriptomic profiles of
cells in our dataset to those found in mice with a more unbiased lens. This indeed is a compelling
direction for all the cell types in our dataset, as it would be interesting to know whether meadow
voles possess species specific cell types or molecular profiles that could be relevant for species
specific behavior.

While we hope that we have supported an established finding of seasonal differences in
hippocampal myelination in meadow voles (Galea & McEwen, 1999), we failed to replicate
some other established findings in our data. In addition to seasonal differences in volume in the
hilus, some studies have identified seasonal differences in the number of proliferating cells in the
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dentate gyrus, as identified by proliferative markers Ki67 and DCX (Spritzer et al., 2017). In our
dataset, we did not see high expression of general markers for cell proliferation or adult
neurogenesis including Ki67 and DCX. This could be due to a lack of well described
transcriptional markers for proliferation in the adult brain, as most common studies localize
proteins of markers for hippocampal neurogenesis. We also did not replicate previous findings of
differences in Crfrl, Crfr2, and Oxtr expression across daylengths (Beery et al., 2014; Beery &
Zucker, 2010). We did detect low levels of all three genes in our dataset, but we suspect that
G-protein coupled receptors such as these are expressed at too low of levels to detect differences
in expression with our sequencing strategy. A similar story emerged with serotonin receptors,
which were generally too lowly expressed in our dataset to detect differential expression.
Potentially sequencing more cells at a higher sequencing depth could begin to confirm these
differences, but ultimately other more sensitive assays, such as in- situ hybridization or spatial
transcriptomics with curated probe sets should be used to confirm these findings. Of note, studies
that have identified differences in neuropeptide expression across day lengths in meadow voles
have used autoradiography, as working antibodies are not often available in non-model
organisms (Beery et al., 2014b; Beery & Zucker, 2010a). Because autoradiography is agnostic to
cell type specific expression, we cannot say which cell types these behaviorally relevant
neuropeptide receptors are expressed in. Here we have generated a toolbox of species specific
markers for nearly all major subtypes of hippocampal cells that can be colocalized with mRNA
from genes of interest to identify in detail how lowly expressed genes are distributed amongst
different cell types in the hippocampus of this species. Not only this but we lay the experimental
groundwork for using single nucleus RNA seq as a tool for identifying differences in expression
of these genes across daylengths and housing conditions. In general all findings of differential
expression observed here should be validated using similar approaches of in situ hybridization,
spatial transcriptomics, and protein localization with immunohistochemistry. Overall we believe
this dataset to be an impressive resource for future work to characterize neural function in
genetically diverse non-model organisms with unique social behaviors.
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Methods

Animals

All meadow voles were housed in a breeding colony at the University of California berkeley
(AUP-2022-02-15085). All animals were born in a room with a LD light cycle consisting of 14
hours of light and 10 hours of dark (14L:10D). On postnatal day 21 animals were group weaned
into a cage containing littermates for up to five days, and then moved to their final housing.
“Solo” animals were housed alone, and “Paired” animals were housed with a single same sex
littermate. Animals in the SD group were moved to a separate housing room with a 10L:14D
cycle. For at least 40 days, an established window of time to promote daylength induced changes
in reproductive physiology, prior to the experiment start. All animals were between 69 and 87
days old at the start of the experiment. In total the experiment included 18 animals (LD solo n=5,
SD solo n=4, LD pair n=4, SD pair n=5).

Forced Swim Stressor

Three of four animals from each of the day length/housing groups were subjected to a forced
swim stressor immediately before harvesting nuclei. One animal from each group was randomly
selected to be a no-swim control. In each experiment, two animals were processed in parallel.
Animals in the swim group were moved to a separate experimental room on a wheel cart
approximately five minutes before the experiment started. Each of the two animals were placed
in their own buckets of water for three minutes, with the first animal beginning their swim two
minutes before the second to facilitate timing in later brain dissection steps. Anecdotally, voles
can swim downwards seeking escape routes and inadvertently drown. We monitored our voles
and scooped them out of the water and replaced them at the surface if they began to swim down
for more than 10 seconds. Immediately after the swim, animals were scooped out of the water
with a strainer, dried in a bath towel, and placed in an isoflurane chamber to begin euthanasia
within one minute of the end of the swim. Control/ no-swim animals were removed from their
housing room immediately before euthanasia. Animals were carried by hand to the experimental
room in order to mitigate potentially stressful impacts of travel on carts. The first animal was
carried about two minutes ahead of the second and began euthanasia while the second animal
was in transit to facilitate later timing in dissection steps.

Euthanasia and brain dissection

After the forced swim test, euthanasia and brain dissection was precisely timed to maximize the
chance of detecting nuclear immediate early gene transcripts, which can leave the nucleus within
12 minutes (Guzowski et al., 1999). Isoflurane dose was controlled so that animals died within
two minutes of exposure. Animals were placed in a drop jar containing 9mL of isoflurane on a
paper towel within an empty pipette tip box to prevent contact with the isoflurane. 9mL was the
minimum amount of isoflurane needed in order for the voles to consistently die within 2 minutes.
17/18 voles died within 2 minutes of exposure. All animals were kept in the iso chamber for
exactly two minutes, regardless of their time of death. The animal that did not die while under
isoflurane was removed at two minutes and euthanized by rapid decapitation. Brains were
removed from the skull within approximately two minutes of euthanasia, and placed on ice cold
PBS for the remainder of the hippocampal dissection. To remove the dorsal hippocampi, the
brain was first bisected with a cold razor blade. A feather blade scalpel was used to make an
incision through the anterior portion of the fornix on the medial surface of the brain, below the
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anterior-most portion of the dorsal horn of the hippocampus. The hippocampus and cortex were
lifted from the midbrain as a single unit and a second incision was made on the wall of the
intermediate hippocampus just below the ventral surface of the dorsal hippocampus. This
dissection strategy achieved tissue samples primarily composed of dorsal hippocampus, with
some intermediate hippocampus, but omitting the ventral horn. Both dorsal hippocampi were
placed in a 1.5 mL tube containing ice cold PBS before further dissection.

Nuclear Dissociation

We began nuclear dissociation approximately 10 minutes after the end of the dissection. All steps
for the remainder of the dissociation protocol were performed on ice. Hippocampi were chopped
with a feather blade into pieces smaller than Imm? and resuspended into an ice cold dounce
containing 1 mL of nuclear homogenization buffer containing 5 mM rnase inhibitor (Thermo
Fisher AM2696), 10mM 10% triton X100 and 25mM DTT. Cell homogenate was dounced with
a loose pestle 6 times followed by a tight pestle 15 times, as optimized for nuclei release from
our tissue. After douncing, nuclei were filtered through a 40 um cell strainer and diluted to
approximately 1:4 concentration in fresh nuclei homogenization buffer. Nuclei were spun at 50g
for 10 minutes in a swinging bucket centrifuge and resuspended in cold nuclei buffer from the
Parse Biosciences fixation kit.

Nuclear Fixation, library prep, and Sequencing

The remainder of fixation steps were carried out according to the parse nuclear fixation protocol,
beginning at step 4. Samples were frozen for up to four weeks before being sent to collaborators
at UC Davis for library prep. Reverse transcription, split-pool barcoding, and library prep
followed the exact specifications of the Parse library prep protocol, resulting in 8 sub libraries of
pooled cells from all samples. Libraries were analyzed via bioanalyzer (agilent 2100) to ensure
that cDNA fragment sizes were within the optimal range for snRNAseq. Paired end sequencing
was performed on two lanes of the Element AVITI according to the Parse’s sequencing
specification. Read one, containing barcode sequences, was sequenced at 86 cycles and read 2,
containing transcript information was sequenced at 64 cycles.

Demultiplexing and read mapping

Demultiplexing of sublibrary composition in sequencing reads was performed with Bases2Fastq,
with standard parameters except for length of read two set to 86pb. Afterwards, cell and sample
barcodes were demultiplexed using the Parse split-pipe package. Reads were mapped with STAR
to the prairie vole genome (Microtus ochrogaster), a closely related species of vole, due to the
lack of quality annotation of the meadow vole genome at the time of this analysis.

Bioinformatic Analysis

Downstream analysis steps were performed with the standard Seurat pipeline in R. Nuclei with
less than 5% mitochondrial content and rna counts within 2 x IQR of the median gene expression
were determined to be viable single nuclei. Of 63,000 nuclei total, 44,000 met these criteria. The
top 5,000 variable genes were included for principal components analysis and clustering.
K-means clustering was performed with 30 principle components with a resolution parameter of
0.6. UMAP visualizations were performed with all standard parameters from the Seurat UMAP
function. Differential expression analyses were performed for all pairwise comparisons across
daylength and housing conditions using a Kruskall Wallace test with Bonferroni corrected p
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values. Proportions of cells between conditions within clusters were analyzed using a permuted
proportions test with 10,000 permutations (R package: scProportionTest) and Bonferonni
corrected p-values. Gene ontology analysis was performed using the biological processes
database from TopGo after identifying orthologous gene names in mice with OrthoGene.
Eliminated genes after orthologue identification included only the unannotated genes in the
prairie vole genome.
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Fig 4.1. Design of nuclear harvest and sequencing experiments. A) Image of meadow voles
engaging in huddling behavior. B) Timeline of nuclear harvest. Animals were born into LD and
transferred to pair or solo housing conditions in long and short days at weaning. % animals in
each experimental group underwent forced swim immediately before nuclei harvest. Hippocampi
were rapidly dissected and placed on ice within the timeline of immediate early gene expression
in nuclei after forced swim. C) After library prep and paired end sequencing, reads were mapped
the the prairie vole genome before bioinformatic analysis.
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Fig 4.2. Initial clustering revealed 38 distinct cell types in the dorsal hippocampus. A)
UMAP dimensional reduction of k-means clustered cells. A total of 44,000 quality nuclei
remained after quality control. B) Table of nuclei numbers across sample types.
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Fig 4.3. Cell type specific markers identify molecular and regionally defined populations.
A) UMAP dimensional reduction of clustered cells, highlighted by major neuronal and glial cell
classes. B-E) Representative UMAPs containing heatmaps of expression of features used to
define major cell type identity. Blue= high expression, Gray= low expression. F) UMAP of all
cells labeled by cluster specific sub populations of neurons and glia. G-K) Representative
UMAPs containing heatmaps of expression of features used to define subpopulation identity.
Abbreviations: Astro= Astrocyte, DG=Dentate Gyrus, Endo=Endothelial, IN=Interneuron,
MG=Microglia, Oligo=Oligodendrocyte, OPC=0ligodendrocyte precursor, RG-like= Radial
glia-like, Sub=Subiculum, UID=Unidentified.
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Fig 4.4. Housing has a greater impact on cell type specific transcription than daylength. A)
Bar plot of cells per experimental condition per cluster. Cell counts within each cluster and
condition are normalized by total cell counts in the entire dataset for each condition (* -
proportion of cells differ between LD solo and pair animals, p<.05) B) Percent of first 1000 DE
genes represented in each pairwise comparison. C-D) Alluvial diagram of all DE genes.
Connector thickness is weighted by the number of DE genes that correspond to a specific
comparison and cluster. Significance thresholds for DE calculation- C) Bonferonni corrected
Kruskall Wallace test; p<.05 and Log2FC>0.25; D) Bonferonni corrected Kruskall Wallace test
p<.05 and Log2FC>0.5.
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Fig 4.5. LD Paired animals have an enriched subicular cell type with reduced expression of
markers of glutamatergic function and process formation. A) UMAP highlighting Sub/Ctx-1
and Sub2, closely related clusters of interest used for DE analysis. B) Dot plot of top
differentially expressed genes between LD solo and paired animals in cluster Sub/Ctx-1. Dot size
represents percent of cells within the cluster expressing those cells. Expression is scaled based on
relative expression of to the median expression level amongst all genes in the entire dataset. All
genes differentially expressed at p<0.5 and Log2FC>0.5. C) Violin plots of differentially
expressed genes between clusters of interest. Width represents number of cells expressing the
gene at each level of expression. All genes differentially expressed with Bonferonni corrected
Kruskall Wallace test; p<.05 and Log2FC>0.25. D) Gene ontology for differentially expressed
genes between clusters of interest, Kolmolgorov Smirnov test; p<.05. Bar length represents
number of genes associated with a given ontology term that are differentially expressed between
clusters of interest Bonferonni corrected Kruskall Wallace test; p<.05 and Log2FC>0.25.
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Fig 4.6. Differentially expressed markers between Sub/Ctx-1 and Sub-2 overlap with genes
differentially expressed by housing in LD animals. A) Venn diagram of overlapping genes
between DE comparisons across LD solo and paired animals within Sub/Ctx-1 and across
Sub/Ctx-1 and Sub-2. The overlapping portion represents cluster specific genes that are
upregulated in LD solo animals. B) Violin plots of DE genes from the overlap of panel E.
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Fig 4.7. Daylength impacts expression of genes contributing to myelination in
oligodendrocytes. A) Feature plot containing a heatmap of expression of Tmem132d. Yellow
represents low expression, green represents high expression. B) Violin plot of expression of
Tmem132d. Comparison between daylengths, Bonferonni corrected Kruskal wallace test;
p=3.0x10"*, Log2FC=1.39. C) Dot plot of highly differentially expressed genes between LD
and SD animals in cluster Olig-1.
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Fig 4.8. Sub clustering olig-1 does not identify distinct oligodendrocyte populations. A)
Umap dimensional reduction of k-means clustering of Olig-1 in a new feature space of variable
genes within the cluster. B-C) Ridgeplot of expression of mature (B) and developing (C)
oligodendrocyte markers amongst subclusters of Oligl. Ridge height corresponds to the number
of cells expressing a gene at a given expression level. Mature oligodendoctye markers are
expressed in all sub-clusters.
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Fig 4.9. Social Housing in SD animals impacts transcription in oligodendrocytes. A) UMAP
plot highlighting major glial cell clusters. B) Volcano plot of DE genes between SD solo and
paired animals in cluster Oligo-1. C) Significant gene ontology terms for DE genes between SD
solo and paired animals in cluster Olig-1.
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Fig 4.10. Social Housing in SD animals impacts transcription in astrocytes. A) UMAP plot
highlighting major glial cell clusters. B) Volcano plot of DE genes between SD solo and paired
animals in cluster Astro-1. C) Significant gene ontology terms for DE genes between SD solo
and paired animals in cluster Astro-1.
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Fig 4.11. Social Housing in SD animals impacts transcription in microglia. A) UMAP plot
highlighting major glial cell clusters. B) Volcano plot of DE genes between SD solo and paired
animals in cluster MG-1. C) UMAP plot of difference in expression of RORa in cluster MG-1
across comparisons. LD solo vs pair, bonferonni corrected kruskall wallace test; p=1.5x10"-67,
Log2FC=2.73. D) Significant gene ontology terms for DE genes between SD solo and paired
animals in cluster MG-1.
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Fig 4.12. Social Housing in SD animals impacts expression of plasticity related genes in
CAZ3 cells. A-B) Differentially expressed genes between SD paired and solo animals and cluster

CA3-1. All genes differentially expressed with Bonferonni corrected Kruskall Wallace test,
p<.05, Log2FC>0.5
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Fig 4.S1. Cluster specific expression of hippocampal subtype markers A) Heatmap of
specific markers used to determine hippocampal subtype specific identity. Figure adapted from
(Rattner et al., 2020).
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Fig 4.S2. Cluster specific expression of serotonin receptors. A-F) Ridgeplots of expression of
all SHT receptors expressed in our dataset across all clusters. Height of each ridge corresponds to
the number of cells expressing a gene at a given expression level.
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Fig 4.S3. Serotonin receptor expression does not differ across daylengths. A) Dotplots of
expression for all SHT receptors expressed in our dataset, plotted by expression in each
daylength.
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Fig 4.S4. Number of cells per cluster in LD, SD, Solo, and Paired animals. A-B) Bar plot of
cells per experimental condition per cluster. Cell counts within each cluster and condition are
normalized by total cell counts in the entire dataset for each condition (* - proportion of cells
differ between conditions animals, p<.05)

145



A

SD_SOLO

SD_PAIR A

LD_SOLO 1

LD_PAIR

SD_SOLO -

SD_PAIR

LD_SOLO 1

LD_PAIR 4

SD_SOLO

SD_PAIR 1

)

LD_SOLO -

LD_PAIR

expression

1.0
0.5
0.0
-0.5
-1.0

percent
expression

® 025
@ o050
@® o5
@ o

percent
expression

@® 025
@ o050
@ o7

relative )
expression
1.0
0.5
0.0
-0.5
-1.0

expression

1.0
0.5
0.0
-0.5
-1.0

percent
expression

® 025
@ o050
@ o5
@ o

146



Fig 4.S5. Top differentially expressed genes between SD solo and Paired animals in glial
clusters. Dot plots of top differentially expressed genes between SD solo and paired animals in
A) cluster Olig-1, B) cluster Astro-1, and C) cluster MG-1. All genes differentially expressed
with Bonferoni corrected Kruskall Wallace test, p<.05, Log2FC>0.5
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Fig 4.S6. Quality control metrics-mitochondrial content per sample. A-B) Ridgeplots
representing average percent of gene expression per sample driven by mitochondrial genes. A
and B show identical data with different limits on the x-axis.
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Fig 4.S7. Quality control metrics- RNA count per sample. A-B) Ridgeplots representing the
average number of RNA molecules mapping to genes per sample. A and B show identical data
with different limits on the x-axis.
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Fig 4.S8. Quality control metrics - principal component analysis A Elbow plot of explained
variance from principal components.
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Fig 4.S9. Expression of a priori hypothesized genes across conditions. Representative UMAP
plots containing heat maps of gene expression within single cells. Genes were selected based on
a priori hypotheses of potential differences across day lengths. Red circles represent significant
differential expression across housing conditions with Bonferonni-corrected Kruskall Wallace
test, p<.05, Log2FC>0.25
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Chapter 5

Final Discussion
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In this dissertation, I presented three studies designed to investigate social behaviors and
their developmental origins. Although all of these studies used slightly different models and
addressed slightly different questions, they used complementary approaches that are important
steps in understanding the developmental and evolutionary bases of social behaviors. In chapter
two, I presented a characterization of the eicosanoid landscape in the fetal mouse brain, and
showed for the first time that Prostaglandin D2 (PGD?2) is the most highly concentrated
eicosanoid in the fetal brain. Although this study did not directly link PGD2 to later life social
behaviors, prostaglandins are known to influence the development of other circuits fated to
encode social behaviors later in life. Importantly, the prostaglandin system is fundamental for a
variety of biological functions and is highly conserved across species (Harris et al., 2002; Jarving
et al., 2004; Lenz et al., 2018; Moniot et al., 2014; Urade & Hayaishi, 2011), raising a possibility
that PGD2 could serve as an evolutionarily conserved regulator of neural development.
Important next steps will be to directly determine whether PGD?2 is involved in the development
of social behaviors directly, and to test whether this system is conserved specifically in
neurodevelopment across species. If these hypotheses are correct, it should be interesting to
determine how PGD2 impacts the development of conserved and divergent circuits that encode
species general and species specific behaviors.

In chapter two, I presented a detailed behavioral profile, from sub-second to multi day
timescales, of B6J and DBA2 mice using a machine vision based tracking system. This study
used a vastly different approach to assess social behavior than standard assays that restrict
expression of behaviors by trapping one or more animals in an interaction, or by limiting the
time course of interaction to tens of minutes(De Chaumont et al., 2019; Koolhaas et al., 2013;
Moy et al., 2007). Here I showed that DBA2 mice made more nose to nose and nose to rear
investigations in the second night of a 48 hour experiment, providing one example of how the
duration of free social interactions can be critical for the expression of specific social syllables.
Ultimately I hope this chapter draws attention to the dangers of operational definitions of social
behavior determined by performance of B6J animals in restricted assays, which portray an
incomplete picture of specific behavioral syllables that might be encoded by specific neural
circuits. Important next steps will be to characterize a wider range of social syllables in this
dataset and other similar positional tracking datasets to further describe strain differences in
social repertoires. Ideally this experimental framework can be used to discover how genetic
differences between diverse strains of mice give rise to differences in specific social syllables,
with an ultimate goal of understanding whether genetic differences accomplish this by creating
divergence in developmental mechanisms. Ultimately this sort of machine vision based approach
for tracking detailed behaviors needs to be scaled to diverse species with a broader range of
natural genetic variation and social behaviors.

In chapter 4, I presented a study assessing single nucleus transcriptional states in the
hippocampus of meadow voles across day lengths and social housing conditions. Despite
previous work suggesting that day length is a primary driver of seasonal differences in prosocial
behaviors in this species (Beery et al., 2008), we found that social housing conditions had a
bigger impact on hippocampal transcription than daylength. In particular we found major
differences in expression in glial clusters between solo and pair housed short day animals. Given
that we measured transcription after a long developmental period of being housed in these
different conditions, it is possible that transcriptional signatures in glia could outlast those of
neurons that could have had a more direct impact behavior in these animals. Or potentially
seasonal and social housing based differences in behavior could be driven by primary impacts on
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glial cell function that impacts neural circuitry. Given that we only collected data from the brain,
more work is needed to directly manipulate target genes and cell types identified in this work to
test their functional roles in the well characterized behaviors of this species.

Together, these three studies directly address developmental mechanisms that may impact
social behavior, as well as the neural and behavioral outcomes of these processes. Because a
major goal of this work was to emphasize the importance of using diverse animal models, these
studies were not connected into a single coherent study. However these approaches should be
considered for use in combination with one another in individual models in order to understand
developmental mechanisms that contribute to the development of circuits that encode social
behaviors, their outcomes on specific social syllables, and specific neural populations that may
encode those syllables. Scaling this approach across many species, developmental mechanisms,
and behaviors could be a long term solution to understanding the evolutionary developmental
origins of diverse social behaviors in the animal kingdom.
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