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Abstract

There has been rapid growth in the use of transcriptomic analyses to study the interplay between
gene expression and behavior. Experience can modify gene expression in the brain, leading to
changes in internal state and behavioral displays, while gene expression variation between species
is thought to specify many innate behavior differences. However, providing a causal association
between a gene and a given behavior remains challenging as it is difficult to determine when and
where a gene contributes to the function of a behaviourally-relevant neuronal population.
Moreover, given that there are fewer genetic tools available for non-traditional model organisms,
transcriptomic approaches have been largely limited to profiling of bulk tissue, which can obscure
the contributions of subcortical brain regions implicated in multiple behaviors. Here, we discuss
how emerging single cell technologies combined with methods offering additional spatial and
connectivity information can give us insight about the genetic profile of specific cells involved in
the neural circuit of target social behaviors. We also emphasize how these techniques are broadly
adaptable to non-traditional model organisms. We propose that, ultimately, a combination of these
approaches applied throughout development will be key to discerning how genes shape the
formation of social behavior circuits.

Identification of genes associated with behavior

As described by Robinson, Fernald, and Clayton, two principal lines of investigation in the
field of sociogenomics are 1) understanding how social experiences modify gene expression
to produce lasting effects on brain function and 2) understanding how information encoded
in the genome leads to a unique repertoire of social behaviors (Robinson, Fernald, and
Clayton 2008). A central challenge in addressing these questions is identifying neuronal
populations in which expression of a given candidate gene shows some kind of causality for
or effect from the behavior of interest. Moreover, most genetic gain- or loss-of function
experiments, have implicated brain regions in behavior rather than genetically-defined cell
types, leading to studies focusing on gene expression in bulk tissue dissections. This has
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been the case for quantitative trait locus (QTL) analyses, which have revealed many loci that
associate with a behavioral trait, but cannot address how specific neural substrates mediate
such traits. Given that brain regions are highly heterogeneous, it is likely that only a subset
of cells in a given region are uniquely contributing to the behavior of interest, and the
differential gene expression signal from these cells may be lost in the noise from their
neighbors, making it difficult to identify genes involved in specific behaviors.

An example of this idea was shown in the mouse arcuate—median eminence complex, where
fasting behavior was shown to significantly affect gene expression in subsets of pro-
opiomelanocortin (POMC)-expressing neurons and Agouti-related protein (AGRP)-
expressing neurons, contrary to previous bulk tissue analyses that had not reported these
changes as significant (Campbell et al. 2017). Indeed, characterizing specific cell types
involved in target behaviors within heterogeneous brain regions would be the first step to
identifying gene candidates associated with the organization and display of social behaviors.

In this review, we will discuss recent technical advances that can be applied to study
neuronal populations associated with specific neural pathways or behaviors, schematized in
Figure 1. These include methods to capture active neuronal populations and gene expression
programs that are active during or as a consequence of specific behaviors, as well as
approaches that can help characterize the development of specific cell types and their
connectivity patterns. Notably, many of these approaches do not require germline genetic
modification, making them suitable for a variety of interesting species with diverse
behavioral repertoires. We describe isolation of RNA from acutely activated neurons,
projection-specific RNA-seq, and single-cell methodologies that provide cellular and spatial
resolution. We conclude by suggesting that the field consider a developmental approach to
understanding species differences in behavior, based on the hypothesis that the neural
pathways that drive such differences are specified in early life. That is to say, in order to
fully understand how social behavior neural circuits function, gene programs dictating the
organization and activation of such neural pathways must be equally considered, as
articulated by Tinbergen’s questions about ontogeny and mechanism for understanding
animal behavior (Tinbergen 2010; Bateson and Laland 2013).

Logical insights from flies and worms

Associating genes with behavior necessitates identification of the anatomic location and
developmental time in which a gene product acts in the brain to facilitate said behavior.
Previous studies using chemo- and opto-genetic approaches have shown necessity and
sufficiency of genetically-defined cell populations in the display of behaviors. Testing the
requirement for an individual genein a distinct population of neurons has only recently
become possible with the advent of a CRISPR activation or inhibition (CRISPRa/i)
approach. CRISPRa uses a single guide RNA to direct a nuclease-deficient Cas9 (dCas9)
fused with a transcriptional activator to regulatory elements of a gene in order to increase its
expression, and has been useful to confirm the role of specific gene candidates in behavioral
circuits (Matharu et al. 2019; Carpenter et al. 2020).
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Work in invertebrate model organisms has historically had an advantage in providing this
connection due to the relative ease of genetic labeling to fluorescently tag neurons that
express a particular gene. As in the field of behavioral neuroendocrinology, reproductive
behaviors provide a robust readout for experimental manipulation in Drosophila, males
engage in a stereotyped, yet complex, courtship routine that plays a crucial role in species-
recognition (Greenspan and Ferveur 2000). This sexual behavior is thought to have been
recruited by sexual selection operating on pre-existing neuronal pathways, thus leading to
similar courtship behavior across Drosophila species. Most initial studies looking into the
molecular and genetic basis of courtship behavior in this genus, however, were done in
Drosophila melanogaster. For example, the fruitless gene (fru) was first identified as having
arole in Drosophila melanogaster male courtship behaviors using linkage mapping (Gailey
and Hall 1989). With further studies, it was found that frvyielded sex-specific splice
variants, with the male variant producing transcription factor FruM, which is required for
male-specific courtship behavior (Baker, Taylor, and Hall 2001). Genetic tagging of the fru
locus allowed visualization of Fru-expressing cells, and revealed neural pathways relevant to
courtship, including sex dimorphisms (Demir and Dickson 2005; Dornan, Gailey, and
Goodwin 2005; Kimura et al. 2005; Manoli et al. 2005) and, more recently, species
differences between Drosophila melanogaster and Drosophila simulans (Seeholzer et al.
2018).

Caenorhabditis elegans is also an ideal organism in which to study behavioral genetics due
to the tractable size of its nervous system, ease of genetic approaches, and availability of
diverse naturally-occurring strains. de Bono and Bargmann leveraged these qualities to
characterize the genetics of one of the most complex behaviors in this species: aggregation
around limited food sources, which closely resembles social activity (de Bono and
Bargmann 1998). They found that a natural polymorphism in the gene for the neuropeptide
receptor npr-1 confers sociality across multiple strains. Importantly, insertion of green
fluorescent protein (GFP) into the npr-1 locus revealed that this gene is expressed in a
discrete subset of neurons. These findings demonstrate the function of a neuropeptide
receptor in aggregation, a behavior that often underlies population dynamics across taxa.

Another neuropeptide receptor that regulates complex social-like behaviors in C. elegans is
NTR-1, which binds nematocin, the worm analog of oxytocin/vasopressin (OT/AVP) (Beets
et al. 2012). GFP labeling of NTR-1 and nematocin-expressing cells, allowed Beets et a/to
determine the role of this signaling pathway in a specific learned behavior: chemotaxis to
salt. Studying nematocin, although seemingly not related to sociality at first, does
demonstrate the role of homologous neuropeptides in sensory processing throughout
evolution, which later allowed more complex social behaviors to arise. For example, AVP
has been implicated in parental behaviors in certain frog and Peromyscus mice species, and
the receptor for AVP, V1aR, has been found to have a role in pair bonding in prairie voles
(Fischer et al. 2019; Bester-Meredith and Marler 2012; Bendesky et al. 2017; Lim et al.
2004). Additionally, neuromodulators have been suggested to have an extensive role in
controlling the development of behavioral circuits across species by modulating the synaptic
strength and excitability of neurons, resulting in the activation or repression of circuit states
(Tosches 2017).
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Capturing

The logic of these approaches in flies and worms can be applied to vertebrate systems to
achieve a similar level of circuit-specificity via selective transcriptomic profiling of
behavior-associated neuronal populations. However, similar advances in vertebrates have
been restricted to lab mice as genetic labelling hasn’t been extensively developed for other
model species. Nonetheless, there are alternative approaches that can be used to initially
capture relevant cell populations across species.

active neuronal populations

One way to identify neuronal populations potentially associated with behaviors is to look for
cells that become active during a sensory experience or behavioral display. Researchers have
long used neural activity regulated immediate early genes (IEG) such as FBJ osteosarcoma
oncogene (Fos), activity regulated cytoskeletal-associated protein (Arc), and early growth
response 1 (£grI) to identify brain regions that are active during specific behaviors. Cellular
resolution can be obtained by co-labeling with individual cell-type markers using
immunostaining or fluorescent ISH (FISH). The cellular compartment analysis of temporal
activity by FISH (catFISH) assay takes advantage of the Kinetics of IEG transcription and
splicing to determine if the same cells are active while the animal is performing two
sequential behaviors (Guzowski et al. 1999). One RNA probe is for the immature nuclear
transcript, while another labels the mature, cytoplasmic transcript, allowing for distinct
labeling of both cellular compartments with an approximately 30 minute separation between
stimuli. Hashikawa et al employed cFos catFISH to demonstrate that cells involved in
mating and aggression in the ventromedial hypothalamus show distinct topographical
organization (Hashikawa et al. 2017). Similarly, the Xu lab found that males exposed to
females or pups activated largely separate populations of neurons in the medial pre-optic
area (mMPOA) (Wei et al. 2018), a region implicated in multiple innate behaviors including
parental care, mating, temperature regulation, and sleep. Thus, IEGs are a valuable tool for
obtaining population specificity within heterogeneous subcortical brain regions (See Fig.
1A).

In 2012, the phospho TRAP (TRAP: translating ribosome affinity purification) method was
developed to obtain the transcriptome directly from activated neurons, making it possible to
determine the identity of neurons responding to distinct stimuli (see Fig. 1B). PhosphoTRAP
takes advantage of ribosomal protein S6 (RPS6) phosphorylation downstream of neural
activation in response to multiple signaling cascades including protein kinase A (PKA),
mitogen-activated protein kinase (MAPK), and Phosphoinositide 3-kinase/mechanistic target
of rapamycin kinase (PI3K/MTOR) (Knight et al. 2012). Phosphorylated ribosomes are
immunoprecipitated, enriching for mRNA selectively translating in active neurons, which is
then sequenced and characterized. The sequenced genes are not specific to activity-regulated
transcripts, but rather capture all translating transcripts within an active cell. The Knight lab
has, for example, applied this approach to the POA, identifying a subset of neurons that
respond to ambient temperature changes (Tan et al. 2016). However, there are certain
considerations to keep in mind when working with data generated with this method. Baran
and Streelman discuss these, emphasizing that PhosphoTRAP has a lower gene detection
rate when compared to traditional RNA-seq, possibly due to a low RNA concentration or
because those genes were not expressed in cells active during the behavior of interest (Baran
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and Streelman 2020). They discuss that there is also a tendency for higher variance in
PhosphoTRAP compared to RNA-seq data, likely because of PCR amplification bias or
because the genes are mostly expressed in active neurons. This reflects on the statistical
analysis of PhosphoTRAP data, given that the ratio of fold-enrichment value for each gene is
calculated as the immunoprecipitated (IP) sample read count divided by the input sample
read count (which is obtained via traditional RNA-seq). Thus, Baran and Streelman suggest
performing the data analyses considering differences in batch, species, condition and sample
type (IP vs input).

Notably, phosphoTRAP can be applied to non-Mus musculus species, as only the antibody
to the conserved pS6 residue is required to achieve specificity. As an example,
phosphoTRAP was used to study the molecular basis of parental behaviors in frogs (Fischer
et al. 2019). Three species of frogs known to display either male uniparental (Dendrobates
tinctorius), female uniparental (Oophaga sylvatica) or biparental behaviors (Ranitomeya
imitator) were compared in order to identify sex and species independent brain regions
involved in tadpole transport. By quantifying the number of RPS6+ cells, neural activity
increases during tadpole transport were found in the POA and medial pallium (Mp) across
all frog species, implicating these brain regions in the behavioral display. Transcripts with
significant expression changes during tadpole transport were also identified, with a special
focus on active neurons in the POA and Mp. Moreover, co-labelling of RPS6 and galanin
revealed an increase of galanin neurons quantity and activity exclusively in the biparental
frog species, which is also monogamous, as opposed to the uniparental species. Similarly,
phosphoTRAP and RPS6 immunostaining have been used for comparing neural activity in
two species of cichlid fish with differences in aggressive behaviors (Baran and Streelman
2020). Although this study used whole brain samples for the phosphoTRAP experiments, it
revealed genes with selectively enriched expression in an aggressive species following
mirror-elicited aggression, including neuropeptide receptor Y (Ajpy) and insulin receptor.
Thus, approaches that isolate neurons active during a behavioral response are available to
improve our understanding of the gene expression of neuronal populations associated with
behavior in diverse species. Moreover, in vertebrates, the aforementioned approaches can be
combined with methods that allow us to characterize the transcriptomic profile of cells based
on their connectivity patterns. This can be highly informative because cells active during a
behavior could project to different brain regions, and looking at their specific transcriptomic
profiles can indicate how these connections are formed and maintained.

Projection-specific transcriptomics

Another way to isolate cells participating in an individual behavior is by considering their
connectivity patterns. That is to say, when the brain regions and neuronal populations active
during a behavior are known, they can then go on to be profiled based on their projection
targets. Species and sex differences in behavior may result from cells receiving different
inputs by having formed different neuronal connections throughout development. In
Drosophila, differences in weighting of excitatory and inhibitory inputs to courtship-
promoting neurons cause the same female pheromonal cues to have different meaning to
males of different species (Seeholzer et al. 2018). Likewise, differences in distribution of
AVP receptors throughout various developmental stages and adulthood have been found
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between monogamous and promiscuous vole species, suggesting a role for AVP receptors in
modulating the development of the pair bonding circuitry in these species (Lim et al. 2004;
Z. Wang et al. 1996). There are many other examples of species-specific neuronal circuitry
underlying differences in social behavior well summarized in previous reviews (P. S. Katz
and Harris-Warrick 1999; Paul S. Katz 2011; Godwin and Thompson 2012).

Projection-specific viral TRAP allows the systematic profiling of presynaptic neurons based
on their projection target (See Fig. 1C). It consists of having an anti-GFP nanobody fused to
a ribosomal protein, which can then bind GFP intracellularly. The ribosomes are then
captured by immunoprecipitation. Injection of a GFP-expressing retrograde virus allows for
enrichment of RNA specifically expressed in cell bodies of neurons that project to the
targeted region (Ekstrand et al. 2014). The initial version of this method was used to profile
dopaminergic cells of the ventral tegmental area (VTA) that specifically project to the
nucleus accumbens (NAc). More recently Cre-dependent viral TRAP has identified markers
for cells within the prelimbic cortex that uniquely project to the amygdala, VTA, or NAc
(Murugan et al. 2017). Although this approach has only been published in Mus musculus, it
could be adapted for use in other rodents in which viral approaches have been developed,
e.g. prairie voles (Scribner et al. 2020), Peromyscus californicus (Duque-Wilckens et al.
2020), rhesus macaques (Stauffer et al. 2016), zebrafish (Tabor et al. 2019), and zebra
finches (Hisey, Kearney, and Mooney 2018; Zhao et al. 2019; Duque-Wilckens et al. 2020),
which will permit comparative transcriptomic analyses of the same functional projection in
multiple species.

Comparing gene expression across species

One approach that has been employed to study how candidate genes affect social behaviors
in non-traditional model species, is to compare gene sequence variation amongst members
of the same species, to assess how these differences contribute to varying degrees of
behavioral display. For example, sequence variation in potential regulatory regions for OT
and AVP receptors resulting in varying degrees of gene expression in specific brain regions,
were linked to differences in social attachment and sexual fidelity in prairie voles (Okhovat
et al. 2015; King et al. 2016). This approach has been useful to begin understanding how
gene variation in outbred species affects behavioral display. Several groups have also
performed RNA-seq in multiple species to find the molecular basis of differing social
behaviors, which has yielded clues as to potential behavior-modulating genes. Recent papers
of note in vertebrates include (Pfenning et al. 2014; Bendesky et al. 2017; York et al. 2018;
Young et al. 2019). Bendesky et al compared two species of Peromyscus, P maniculatus and
P. polionotus, to find genetic variants associated with paternal behavior and nest building.
Through quantitative trait locus (QTL) analysis and transcriptomics, they found that
increased levels of AVP gene expression is linked with less nest building in 2 maniculatus.
Pharmacological studies involving broad intracerebroventricular administration of AVP into
P, polionotus inhibited nest building. Previous work in another Peromyscus species,
however, reported that higher levels of AVP in the bed nucleus of the stria terminalis
(BNST) of biparental £ californicus females correlate with more nest building (Bester-
Meredith and Marler 2012). These results highlight the importance of assessing the location
and identity of cells expressing a gene candidate, such as AVP, to further identify its role in a
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target behavior. Moreover, determining whether the quantity of AVP receptors and the cell
types expressing them vary across species, or if cells expressing the AVP receptor receive
different inputs will be possible by employing approaches that allow single cell resolution.

A prominent example of comparative transcriptomics can also be seen in the study of vocal
learning in birds. Pfenning et al. sought to make specific brain transcriptome comparisons,
initially sampling from vocal-learner birds, vocal non-learner birds, humans, and macaques
followed by RNA-seq on matched laser-dissected brain regions from motor cortex and
striatum. Regions of interest included striatal Area X, the robust nucleus arcopallium (RA),
and the lateral magnocellular nucleus of the nidopallium (LMAN) in birds, the laryngeal
motor cortex (LMC) in humans, and primary motor cortex in primates. After candidate
genes were identified, those with the most notable differential expression between vocal
learners and vocal non-learners were chosen for ISH confirmation. One major finding was
that S/it1 was consistently downregulated in the RA of vocal learning birds, while the gene
for its regulator, the transcription factor FOXPZ2, was downregulated in the LMC of humans,
potentially both having a role in vocal learning. S/t was also found to be downregulated in
the primary cortex of rhesus macaques, but neurons from the macaque ventral premotor
region, which is hypothesized to be a precursor of LMC, and which indirectly projects to
vocal motor neurons in the brainstem, showed no downregulation of SL/71. Conversely,
parrots, which also have an RA analog with neurons from the RA core projecting to vocal
motor neurons, showed S/itZ downregulation in this particular RA core portion. In fact, S/it1
encodes for an axon guidance ligand, and differential expression patterns were later assessed
with in-situ hybridization in vocal learner and vocal non-learner birds, further suggesting a
potential role for S/itZ in regulating the development of the vocal learning circuit (R. Wang
et al. 2015). As for FOXPZ2, a previous study had already reported that human FOXP2 more
differentially up-regulates SL/71 compared to chimpanzee FOXPZ, alluding to how the
downregulation of FOXP2would affect SL/T1 expression in human LMC. The authors
suggested that species with convergent vocal learning circuits likely underwent convergent
molecular changes of multiple genes. Additional insight will likely arise as a consequence of
The Avian Phylogenomics Project, which has the target of sequencing all ~10,500 bird
genomes. Comparison of additional genomes and transcriptomes will permit a better
understanding of the evolution of vocal learning circuitry (Jarvis 2016). Similar broad
genome sequencing efforts will be key to studying the genetic underpinnings of a wealth of
complex behavioral traits (see the Vertebrate Genomes Project https://
vertebrategenomesproject.org). Notably, finding and studying gene expression programs that
control behaviors in non-traditional model species will require incorporating different types
of analyses that will yield high specificity of cell populations, such as those that are
currently employed in Mus musculus.

Single-cell methodologies

As mentioned previously, subcortical brain regions such as the POA and ventromedial
hypothalamus (VMH) are highly heterogeneous; one region contains multiple sub-nuclei,
which could be participating in different behavioral circuits. Several parameters can be used
collectively to characterize different neuronal types, which include spatial context,
morphology, connectivity, gene expression patterns, and evolutionary history (Arendt et al.
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2016; Mukamel and Ngai 2019). Gene products are especially key players in shaping the
development and governing the function of cells participating in behavioral circuits. With
advancements in sequencing technologies, we can now look at individual cells within brain
regions of interest to characterize neuronal types based on their gene expression patterns
(Zeng and Sanes 2017). This has led to the emergence of unparalleled possibilities, such as
cross-species comparisons of cell types within homologous brain regions (See Fig. 1A and
1D).

The Laurent lab employed Drop-seq (Macosko et al. 2015), a droplet-based single cell RNA
sequencing (ScCRNA-seq) method, in the pallium of turtles and lizards to assess the
evolutionary conservation of inhibitory neuron classes (Tosches et al. 2018). Krienen et al
compared the molecular identities of telencephalic interneurons from humans, macaques,
marmosets, and mice (Krienen et al. 2019). The authors found that conserved interneuron
types have undergone evolutionary changes in density, distribution and genetic programs,
especially across mice and primates. Similar approaches could be applied to assess how
behavioral circuits have evolved at a molecular level across species.

Spatial information can help reveal the function of different cell types identified with
SscRNA-seq, especially in heterogeneous sub-cortical brain regions that control innate
behaviors. Recent approaches combine scRNA-seq with in-situ hybridization (ISH) to obtain
spatial resolution of cells using target gene markers (see Fig. 1D and 1E). One prominent
example integrated SCRNA-seq combined with a single cell transcriptome imaging method
called multiplexed error robust fluorescence ISH (MERFISH) to assess the molecular
organization of cells in the mouse POA (Moffitt et al. 2018). MERFISH works by assigning
barcodes to individual RNA species and labelling them combinatorially with oligonucleotide
probes containing a representation of those barcodes. The barcodes can then be read
sequentially by single or multi colored single molecule FISH imaging (Moffitt et al. 2016).
Thus, RNA probes for gene products identified with SCRNA-seq as strong cell type markers
can be designed and used with MERFISH. For the purposes of finding cell types associated
with mating, parenting, and aggressive behaviors in the POA, the study by Moffitt et al.
initially included neuropeptide receptors, such as OXT receptors, as cell type markers. This
was followed by c-Fos labelling during the aforementioned behaviors, and comparison with
MERFISH results to find which cell-type clusters were associated with target behaviors
(Moffitt et al. 2018). An interesting finding of this study was that spatial proximity between
cell types is a possible indicator of their function, thus supporting the idea that integrating
spatial and genetic information of cell types is crucial for understanding their function in
neural circuits.

A similar approach was employed by Kim et al to characterize cell types in the ventrolateral
VMH (VMHVI) of mice, by combining scRNA-seq and sequential in-situ hybridization
(segFISH), a technique similar to MERFISH in which RNA is barcoded as a color sequence
instead of a binary string (Kim et al. 2019). They found that neurons in this region could be
characterized by their expression patterns of three different genes: estrogen receptor 1 alpha
(Esrl), special AT-rich sequence binding protein 2 (Satb2) and delta like non-canonical
Notch ligand 2 (D/k2). Kim et al. also incorporated retrograde labeling in known target brain
regions to combine gene expression, spatial and projection data in the characterization of
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VMHVI cells. Similar to Moffitt et al., Fos expression was used as a readout for neuronal
activity following mating, social fear, and aggressive behaviors. The results showed that
most cells did not display a clear relationship between gene expression, projections, and
behavioral relevance, with a few exceptions. Notably, VMH neurons that express the
nucleoporin 62 C-terminal like gene (Nup62cl) preferentially project to the lateral
periaquaductal grey, and are activated by social fear.

Moreover, in order to study how connectivity patterns are established in different cell types
in an experience-dependent manner, single cell analysis after a behavioral stimulus will be
useful in revealing activity-dependent gene programs that might control learning. Notably,
activity-regulated IEGs such as Fos are transcription factors (TFs) that initiate cell-type
specific cascades of gene expression to regulate neural development, synaptic plasticity, and
learning and memory (Yap and Greenberg 2018). Hrvatin et al. employed scRNA-seq to
identify cell type-specific, activity-induced transcriptional programs in visual cortex.
(Hrvatin et al. 2018). For example, they found that corticotropin releasing hormone (Cr#) is
induced 1 hr after light stimulation specifically within Vip+ interneurons, while its receptor
Crhrlis induced in excitatory pyramidal cells, and the secreted negative inhibitor Crabp is
uniquely in Sst+ interneurons. Thus, single-cell analyses can reveal microcircuits that
respond to sensory inputs and is effective for identification of genes that mediate transient or
long-lasting effects of other stimuli, such as a social interaction, on the brain.

Importantly, combining spatial and scRNA-seq information has been explored in rats. One
such study combined scRNA-seq with immunocytochemistry to study cell types within the
pituitary gland (Fletcher et al. 2019). Therefore, scRNA-seq combined with spatial
approaches can potentially be applied to non-traditional model organisms, and will be key
for isolating cell types specifically associated with target behaviors within heterogeneous
brain regions implicated in such behaviors. Moreover, it will be key to finding gene targets
in such specific cell types, for the development of genetic tools in vertebrates to study
complex behaviors in similar fashion as how neural circuits have been studied in invertebrate
species.

Genetic labeling to enhance scRNA-seq

Various studies have sought to determine which genes are the best classifiers of cell type and
have found that transcription factors (TFs) are the most robust discriminators of neuronal
types and their progenitors throughout embryonic development (Shimogori et al. 2010;
Arber 2012; Hobert 2016; Li et al. 2017; Paul et al. 2017; Huisman et al. 2019).
Neuromodulator receptors, although weakly expressed in comparison to TFs, can also be
used to define cell types, and can give clues as to which cells in different brain regions are
involved in specific behaviors (Moffitt et al. 2018; Kim et al. 2019). In lab mice, genetic
labeling of specific classes of neurons allows purification before sScRNA-seq, so that only the
cells of interest are sequenced. This enrichment permits deeper sequencing of desired
populations, revealing more genes per sequenced cell.

The Correa lab sought to identify the distinct populations of VMH Esr1 cells that contribute
to physical activity and thermogenesis in female mice. They began by targeting cells from
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the Steroidogenic factor 1 (S77) lineage via a Cre-dependent reporter, which is unique to the
VMH, and performed scRNA-seq in juvenile females and males (van Veen et al. 2020). Two
subpopulations were identified, distinguished by differential expression of the reprimo
(Rprm) and tachykinin-1 ( 7ac) genes in the two sexes. Further functional studies, which
involved ablation of Rprm expression, demonstrated the importance of £sr1+ Rprm+
neurons in temperature regulation, while ablating 7ac expression showed the role of Esrl+
Tac1+ cells in movement coordination. Thus, genetic profiling of cells expressing a specific
TF allowed the identification of a neuromodulatory gene product involved in a specific
behavioral response. Indeed, plasticity in neuromodulatory systems is thought to be a key
driver of the evolution of social behavior (Donaldson and Young 2008; Paul S. Katz 2011,
Garrison et al. 2012; Kelly and Vitousek 2017; Phelps, Okhovat, and Berrio 2017; Edsinger
and Délen 2018; Bendesky and Bargmann 2011; Goodson, Wilson, and Schrock 2012;
Kocher et al. 2018; Lim et al. 2004; Wu et al. 2014; Okhovat et al. 2015; Fischer and
O’Connell 2020; Niepoth and Bendesky 2020) In the future, genetic labeling of cells
expressing specific neuromodulators identified via these types of studies will be key to
understanding via single-cell transcriptomic profiling how neural circuits involved in
complex behaviors differ between species, sexes, and potentially how they might be
modified by environmental inputs.

Development and circuit specification

Differential gene expression signatures likely reflect differences in internal state, neuronal
activity patterns, or in the case of species comparisons, composition of cell types. While the
approaches described above may be used to pinpoint functional populations that are
modified by experience, in our view identification of gene programs responsible for the
organization of specific behavioral circuits requires a neurodevelopmental approach. As
previously stated, an integrative understanding of behavior requires us to address questions
about genes orchestrating embryonic and postnatal development, behavioral display, and
evolutionary history (Tinbergen 2010; Bateson and Laland 2013). Genes that show increased
expression in one or multiple species which possess a behavior of interest are not necessarily
the genes that specify the formation of the unique neural pathways making that behavior
possible. Finding such genes would be facilitated by performing transcriptomic experiments
in the developing brain, as wiring of relevant circuitry is occurring. However, to the best of
our knowledge, all such comparative screens to date have been performed in adult animals
e.g. (Pfenning et al. 2014; Baran and Streelman 2020; Fischer and O’Connell 2020; Fischer
et al. 2019). Even when causal species differences in gene expression are well-established,
such as the expression of Oxtrand Avprlain different vole species, when these differences
arise during development and how they relate to wiring of behavioral circuitry remains an
open question (Insel and Shapiro 1992; Z. Wang et al. 1997).

Innate behavioral circuits can be considered analogous to morphological traits, in that their
developmental programs are encoded in the genome. In fact, the same mechanistic
properties that govern the evolution of morphological traits through alterations to
developmental processes, have been described to contribute to behavioral variation (Hoke et
al. 2019) Understanding the evolution of such traits, particularly limb development, has
required knowledge of when species-specific factors are expressed. Examples include
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decreased paired like homeodomain 1 (PitxI) expression leading to hindlimb reduction in
stickleback fish (Shapiro et al. 2004), or loss of an E26 transformation-specific (ETS) TF
binding site in the Zone of Polarising Activity (ZPA) Regulatory Sequence (ZRS) enhancer
causing loss of all limbs in snakes (Kvon et al. 2016). Notably the drivers of evolution in
these examples are TFs. Although many markers of social behavior diversity identified to
date are neuropeptides, including AVP, TACL1, or NPY, we expect that the principal drivers
of diversity are the TFs that define identity and connectivity of cells that express such
neuropeptides and their receptors. Accordingly, recent analysis of both gene expression and
chromatin accessibility throughout cortical development revealed specific TFs and
regulatory elements that shape the unique identity of cells from upper or lower cortical
layers (Heavner et al. 2020). Application of similar approaches across species is likely to
reveal TF-directed gene regulatory networks that direct the development of social behavior
circuitry (Baran, McGrath, and Streelman 2017). With this “evo-devo” framework as a
guide, we anticipate that the adoption of the techniques described in this review, combined
with the ever-expanding repertoire of model organisms, will provide a powerful approach to
identify conserved principles of sociality.
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Highlights
. Increased specificity is particularly important for characterization of
heterogeneous sub-cortical brain regions that regulate innate behaviors
. Capturing active neuronal populations can improve transcriptomic specificity
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Figure 1. Strategies for pinpointing behaviorally-relevant genes
(A) Schematic of behavioral paradigms that can be used to discern the genetic and molecular

signatures of social behaviors. On the left, a mouse is shown with pups and no pups. Since it
is known that the medial preoptic area (mPOA) is involved in parental behavior in mice,
eliciting this behavioral response can be used to find cells in the mPOA that participate in
the neural circuit involved in parental behavior display. This in turn would allow assessment
of gene expression changes in specific cells that are relevant to parenting behavior. On the
right, two species of birds with innate differences in behavior are shown; a vocal-learner
songbird and a non-vocal learner bird (chicken). In this case, it is known that the medial
portion of the dorsolateral thalamus (DLM) is one of the regions involved in vocal learning
in birds (Goldberg and Fee 2011). Comparing both species would help identify key
differences in the genetic profile of cells in the DLM of vocal learners and non-vocal
learners. It could be the case, for example, that there are different quantities of a certain cell
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type in one species, similar cell types with different connectivity patterns, and/or specific
genes with differential gene expression patterns.

(B-F) A summary of molecular approaches that can be employed to study social behaviors
are shown.

(B) Phosphorylated Translating Ribosome Affinity Purification (phosphoTRAP) can be used
to select for transcripts of genes being expressed during a behavioral response.

(C) ProjectionTRAP can be employed to capture transcripts of cells with specific projection
patterns within a neural circuit, which is ideal for comparing projection pattern differences
between species.

(D) Single cell RNA-seq (scRNA-seq) can be used in combination with TRAP methods to
genetically profile relevant cells to a social behavior’s neural circuit.

(E,F) Information obtained from scRNA-seq can be further used for spatial transcriptomics
(E) and candidate gene co-labeling with c-Fos (F), to obtain an integral understanding of
relevant genes being expressed in their native context. Figure created with BioRender.com.
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