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Abstract

Studies using the nematode C. elegans have provided unique insights into the development and
function of sex differences in the nervous system. Enabled by the relative simplicity of this
species, comprehensive studies have solved the complete cellular neuroanatomy of both sexes, as
well as the complete neural connectomes of the entire adult hermaphrodite and the adult male tail.
This work, together with detailed behavioral studies, has revealed three aspects of sex differences
in the nervous system: sex-specific heurons and circuits; circuits with sexually dimorphic synaptic
connectivity; and sex differences in the physiology and functions of shared neurons and circuits.
At all of these levels, biological sex influences neural development and function through the
activity of a well-defined genetic hierarchy that acts throughout the body to translate chromosomal
sex into the state of a master autosomal regulator of sexual differentiation, the transcription factor
TRA-1A. This review focuses on the role of genetic sex in implementing sex differences in shared
neurons and circuits, with an emphasis on linking the sexual modulation of specific neural
properties to the specification and optimization of sexually divergent and dimorphic behaviors. An
important and unexpected finding from these studies is that chemosensory neurons are a primary
focus of sexual modulation, with genetic sex adaptively shaping chemosensory repertoire to guide
behavioral choice. Importantly, hormone-independent functions of genetic sex are the principal
drivers of all of these sex differences, making nematodes an excellent model for understanding
similar but poorly understood mechanisms that likely act throughout the animal kingdom.
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INTRODUCTION

With its “simple” neuroanatomy and behavior as well as a powerful experimental toolkit, the
nematode C. elegans has provided numerous insights into the genetic mechanisms that
specify cell fates and build neural circuits, the neural control of innate behaviors, and the
modulatory influences that alter behavior according to an animal’s experience and
environment. Indeed, one of Sydney Brenner’s primary motives in establishing C. elegans as
a model system in the late 1960s was to bring tractability to fundamental questions about the
neural control of behavior (Ankeny 2001). An additional key goal was to understand the
genetic control of developmental programs that build a multicellular organism. In this latter
vein, some of the earliest work on C. elegans developmental control concerned sex
determination, the mechanism by which a simple difference in sex chromosome dosage
brings about the multiple concerted developmental changes that distinguish the sexes from
each other. At the interface between these two areas is the relationship between
chromosomal sex and neurobiology. Hodgkin appreciated the significance of this question,
and the potential of C. elegansto address it, 25 years ago (Hodgkin 1991). Work in the
1980s and ‘90s made important progress in this area, linking the chromosomal sex of neural
precursors to the alterations in proliferation and differentiation that give rise to sexually
dimorphic neuroanatomy; this has been reviewed elsewhere (Emmons 2014; Fagan and
Portman 2014; Portman 2007). Here, we consider more recent findings that establish a role
of genetic sex to the functional modulation of non-sex-specific (“shared”) neurons and
circuits.

Historically, sexual differentiation in the vertebrate (and particularly mammalian) nervous
system has not been viewed in the context of genetic sex. Instead, attention has focused on
the powerful developmental and physiological roles of gonadal steroids on the brain.
According to the simplest view of gonadal hormone function, chromosomal sex would be
relevant only in the gonad, where it specifies sexually dimorphic development and
physiology of the gonads. The influence of chromosomal sex on the brain would then be
completely indirect, relying exclusively on non-autonomous signaling mechanisms.
However, multiple lines of evidence in mammals and other vertebrates have clearly
demonstrated that gonadal steroids are not the sole influence of biological sex on the
nervous system, and that chromosomal sex outside of the gonad, likely in the nervous
system itself, has clear roles in neural development and behavior (McCarthy and Arnold
2011). While much about these hormone-independent “genetic” processes remains unclear,
these findings indicate that some of the mechanisms that guide sex differences in the
vertebrate and invertebrate nervous systems may be more similar than has been previously
appreciated. Thus, studies of invertebrate models may provide important insights relevant for
mammalian systems.

Work over the past decade has established that genetic sex regulates not only the
development of the C. elegans nervous system but also has deep influences on circuit
physiology and behavior. This work has provided new insight into the mechanisms by which
“cellular sex” can regulate the properties of specific classes of neurons. Moreover, it has
allowed the identification of key regulatory nodes that sex uses to adaptively tune circuit
function and behavior. This article only briefly addresses the important developmental
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influences of biological sex; several other reviews examine these issues more thoroughly
(Emmons 2014; Fagan and Portman 2014; Portman 2007). Instead, the focus here is on more
recent findings concerning the influence of cellular sex on the physiology and function of
shared neural circuits.

SEX DETERMINATION IN C. ELEGANS

The two sexes of C. elegans do not conform precisely to the standard categories of male and
female (Fig. 1a). Instead, XX individuals transiently produce self-sperm before producing
oocytes, earning them the designation of hermaphrodite rather than female. Though these
animals are indeed somatically female, the gonad is briefly masculinized during
development to produce a limited number of sperm that are stored in the spermatheca. At the
transition to adulthood, the hermaphrodite’s germline becomes permanently feminized and
produces only oocytes for the rest of the animal’s reproductive lifespan. As a
hermaphrodite’s oocytes pass through the spermatheca, they are fertilized by its self-sperm,
unless the individual has mated with a male, whose sperm tend to be used preferentially.
Because the C. elegans hermaphrodite has the body of a female, it lacks male genitalia and
therefore cannot mate with other hermaphrodites. Not unexpectedly, these differences in
reproductive mode are likely to impact C. efegans behavioral strategies. In particular, males
must find mates to reproduce, but hermaphrodites need to find suitable environments in
which to lay eggs. As a result, worms display sex differences not only in behaviors that are
overtly reproductive (e.g., male mating), but also in features of behavioral programs that are
shared by both sexes.

C. elegans sex is determined chromosomally, with XX embryos developing into
hermaphrodites and X0 embryos becoming males. (The lack of a heteromorphic sex
chromosome—in this case, Y—emphasizes the fact that, as in most animals, sex-specific
genes are not essential for sexual differentiation. Both sexes share the same genome,
suggesting that sex differences come about by the modulation of shared mechanisms.) As a
result of this system, nearly all of the self-progeny of a hermaphrodite arise from the fusion
of two X-bearing germ cells, resulting in more XX hermaphrodites. A low frequency of X
nondisjunction in this process (~0.3%) allows the production of rare X0 males via self-
fertilization. When a male fertilizes a hermaphrodite, however, cross-progeny emerge in a
50:50 sex ratio.

A series of classic studies led by Hodgkin and Meyer identified the genetic pathway linking
sex chromosome status in C. elegansto the determination of an individual’s phenotypic sex
(Fig. 1b) (Wolff and Zarkower 2008). Briefly, a chromosome-counting mechanism takes
advantage of specific dosage-sensitive genes on X and the autosomes to measure the X-to-
autosome ratio (Gladden et al. 2007). This ratio determines the activity of a critical
autosomal gene, xo/-1, which is activated only in X0 animals (Rhind et al. 1995). xo/-1 has
two key functions: first, it represses dosage compensation, allowing this process to occur
only in hermaphrodites. Second, it sets the state of a cascade of negative regulatory events
that, in the soma, lead to the regulation of the gene #ra-1. This autosomal gene, which
encodes the Gli-family Zn finger transcription factor TRA-1A (Zarkower and Hodgkin
1992), is the “master regulator” of sex in C. elegans. it is the terminal gene in the pathway
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that controls all sexually differentiated somatic traits (Hodgkin 1987). In XX embryos, the
sex determination pathway activates TRA-1A, while in X0 embryos, TRA-1A function is
blocked. Consistent with this, null mutations in #ra-Z convert XX animals into fertile males,
while gain-of-function fra-1 alleles strongly feminize X0 animals (de Bono et al. 1995;
Hodgkin 1987). Notably, fra-1’s function in sex determination is not known to be conserved
outside nematodes. This is consistent with findings from many other animals, including
insects and mammals, indicating that upstream components of sex-determination hierarchies
evolve rapidly (Wilkins 1995; Williams and Carroll 2009). In contrast, some of #a-1's direct
targets are members of the DM domain family, a group of genes whose functions in sex
determination and sexual differentiation are conserved across the animal kingdom (Matson
and Zarkower 2012). As discussed below, little is known about the roles of DM domain
genes in modulating the properties of shared neurons and circuits in C. elegans, but it seems
likely that genes of this family carry out this function in nematodes as well as in more
complex species.

As a transcription factor, TRA-1A functions cell-autonomously, such that its activity can be
considered to encode the sexual state of any given cell (Hunter and Wood 1990). Because
TRA-1A is thought to function primarily (if not exclusively) as a transcriptional repressor,

its function is to repress the expression of target genes that promote male-specific
developmental and physiological events. These targets are thought to be specialized for
functions in different tissue types at different stages during development. While several
targets of TRA-1A have been identified (Berkseth et al. 2013; Conradt and Horvitz 1999;
Hargitai et al. 2009; Mason et al. 2008; Yi et al. 2000), they do not account for the full extent
of sexual dimorphism in the C. elegans soma; moreover, the mechanisms by which they
implement sex differences remains largely unclear.

THE C. ELEGANS NERVOUS SYSTEM

Several distinctive features make C. elegans an ideal model for studying sex differences in
the nervous system. First, the complete cell lineage, from single-celled zygote to sexually
mature adult, is known for both sexes (Sulston et al. 1980; Sulston and Horvitz 1977;
Sulston et al. 1983). Because these lineages are largely invariant among individuals, this
provides a complete catalog of lineally equivalent neurons present in both sexes (294) as
well as neurons found only in one sex (8 in hermaphrodites and 91 in males). Second, the
complete wiring diagrams (“connectomes”) of the adult hermaphrodite (White et al. 1986),
as well as that of the adult male tail (Jarrell et al. 2012), have been determined from analysis
of serial electron micrographs. Work on the connectome of the male head is currently in
progress (see wormwiring.org). This understanding of circuit-level organization provides a
unique inroad to connecting circuit structure and function to behavior.

The most obvious aspect of sex differences in the C. elegans nervous system is the simple
presence or absence of sex-specific neurons. In hermaphrodites, these are midbody motor
neurons that control vulval muscle contraction and egg-laying behavior (Schafer 2005). In
males, sex-specific neurons are present mostly in the tail, where they form circuits
subserving the multistep behavioral program of copulation (Jarrell et al. 2012).
Developmentally, there are three mechanisms that generate sexual dimorphism at this level:
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sex-specific programmed cell death, sex-specific alterations in the lineage of precursor cells,
and sex-specific neurogenesis. In some cases, it is clear how tra-1 regulates these processes
to generate sexual dimorphism, but in most, this remains unknown. These sexually
dimorphic features of the nervous system and behavior have been reviewed elsewhere
(Emmons 2014; Fagan and Portman 2014; Portman 2007).

SEX DIFFERENCES IN SHARED NEURONS AND CIRCUITS

Superimposed onto the sex-specific components of the C. elegans nervous system are 294
neurons that are lineally equivalent and nearly anatomically identical between
hermaphrodites and males. These have been referred to previously as the “core nervous
system” (Portman 2007). However, because these neurons are deeply interconnected with
sex-specific neurons (Jarrell et al. 2012; White et al. 1986), there is no meaningful
distinction between a “core” and a “sex-specific” nervous system. Hence we refer here to
these 294 neurons common to both sexes as “shared” neurons.

Because of this apparently high degree of similarity, shared neurons and circuits were
historically considered to be functionally equivalent in both sexes. However, multiple studies
over the past decade have indicated that the functions of shared neurons and circuits are
deeply modulated by sex. Several observations provided important initial support for this
idea (Portman 2007). First, gene expression patterns were found to differ between the sexes
in two shared neurons, ADF and AIM. In both of these cases, reporter expression (for sra-1
and srj-54, respectively) was observed only in males, despite the presence of ADF and AIM
in both sexes (Lee and Portman 2007; Troemel et al. 1995). Recently, AIM has also been
shown to undergo a male-specific neurotransmitter identity switch (from glutamatergic to
cholinergic) upon sexual maturation (Pereira et al. 2015). Some morphological differences
were also known among shared neurons; for example, the ultrastructure of the tail sensory
neuron PHC differs by sex (Sulston et al. 1980). Additionally, anecdotal observations
indicated that some shared behaviors, particularly locomotion, differ between the sexes
(Hodgkin 1974). However, most research on C. elegans neurobiology and behavior have
historically focused on the hermaphrodite, and efforts in the male emphasized the multistep
behavioral program of copulation.

A key advance in identifying the important roles of genetic sex in shared neurons was the
development of strategies to generate “sexually mosaic” animals, individuals in which the
sexual state of particular cells or tissues is mismatched with the rest of the organism. As
described below, this strategy was first developed by White et a/. and Lee et al. in studies of
chemosensory behavior (Lee and Portman 2007; White et al. 2007), and has since been
extended to a number of developmental and physiological sex differences in the nervous
system. Briefly, cell-type-specific expression of the normally male-specific gene fem-3in
the hermaphrodite is sufficient to destabilize TRA-1A and functionally masculinize
particular cells or tissues (Lee and Portman 2007; White et al. 2007). Reciprocally,
expression of tra-2(ic), a constitutively active form of the hermaphrodite-specific gene #ra-2,
can stabilize TRA-1A and feminize cells (Mowrey et al. 2014). Expression of a gain-of-
function allele of #ra-1 has also been used for this purpose (Sakai et al. 2013). As described
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below, these tools have been used in a variety of contexts, and continue to be an important
experimental approach.

BEHAVIORAL PRIORITIZATION: FEEDING VS. EXPLORATION

Aside from sexual behavior, one of the most apparent sex differences in C. elegans behavior
is the response to food (Lipton et al. 2004). A small patch of bacterial food will efficiently
retain individual adult hermaphrodites: animals will occasionally wander off the patch but
nearly always return immediately. An isolated male, however, behaves quite differently. The
individual will feed and explore the food patch, but often fails to reverse course when it
encounters the edge. In the laboratory, males that leave the food source explore the rest of
the agar plate, often fatally, as they tend to climb up the plastic wall and desiccate. This
behavior might seem highly maladaptive, but its significance is illustrated by the behavioral
change that occurs when a male finds a food spot that harbors a hermaphrodite. The
presence of this potential mate is sufficient to completely suppress food-leaving behavior,
indicating that food leaving is likely a mate-searching behavior, an exploratory state
motivated by sexual drive (Lipton et al. 2004). Several additional lines of evidence are
consistent with this idea: a food-deprived male will suppress its food-leaving behavior for
several hours, eating until it has recovered from starvation; larval (sexually immature) males
almost never leave a food spot; and hermaphrodites that cannot produce self-sperm also
exhibit some food-leaving behavior (Lipton et al. 2004).

Several mechanisms regulate this sex difference in the balance between feeding and
exploration, and the relationship between these remains unclear. Signals from the gonad, as
well as insulin, serotonin, and bile-acid hormone signaling, all modulate male food-leaving
behavior (Kleemann et al. 2008; Lipton et al. 2004). The food-leaving drive is also promoted
by PDF neuropeptide signaling (Barrios et al. 2012) as well as the activity of male-specific
sensory neurons, likely through their tonic activity (Barrios et al. 2008).

In addition to these mechanisms, sex differences in the response to food-derived odorants
play an important role in determining the balance between feeding and mate-searching. In
studies of olfactory behavior, males and hermaphrodites were found to have distinct
preferences for different odorants; in particular, the food-associated odorant diacetyl was
significantly more attractive to hermaphrodites than males (Lee and Portman 2007). To test
the possible involvement of genetic sex acting in the nervous system, these investigators then
selectively expressed ferm-3throughout the nervous system, or specifically in the set of 60
ciliated sensory neurons the worm uses to sense its environment. Both of these
manipulations were able to significantly masculinize hermaphrodite olfactory preference
(Lee and Portman 2007). Thus, functional modulation of olfaction occurs at least in part
through the activity of the sex determination pathway in sensory neurons.

A key mechanism downstream of genetic sex is the regulation of odorant receptor gene
expression, providing a simple, elegant mechanism for tuning behavioral output by
modulating sensory function. Ryan et a/. found that the sex difference in diacetyl attraction
was controlled by the genetic sex of a single pair of sensory neurons called AWA:
genetically masculinizing just these two neurons in hermaphrodites reduced diacetyl and
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food attraction, and generated some food-leaving behavior (Ryan et al. 2014). Feminizing
these neurons in males increased diacetyl and food attraction and suppressed food-leaving.
Moreover, AWA’s genetic sex was found to target the expression level of the GPCR
ODR-10, previously shown to be the major chemoreceptor for diacetyl (Sengupta et al.
1996). In adult hermaphrodites, high levels of odr-10expression in AWA promote attraction
to diacetyl and food. However, in adult males, low odr-10expression reduces male food
sensitivity (Fig. 2). Importantly, engineering increased odr-10expression in adult males is
able to increase male food attraction and decrease food-leaving behavior. It also decreases
the male’s ability to locate hermaphrodite mates in an environment in which males must
choose between feeding and exploration, demonstrating the importance of this mechanism
for reproductive success. Finally, food deprivation causes a transient activation of oadr-10
expression in males; this promotes the transient re-prioritization of feeding over exploration
in response to nutritional state (Ryan et al. 2014).

A number of important questions regarding this mechanism remain open. First, the means by
which TRA-1A acts in AWA to regulate odr-10expression is unknown. This regulation is
unlikely to be direct, as there are no obvious binding sites for TRA-1A near odr-10
(Berkseth et al. 2013); moreover, TRA-1A is thought to repress its transcriptional targets,
but genetically, tra-1 promotes odr-10expression in AWA. DM-domain genes (Matson and
Zarkower 2012) are good candidates for intermediates that connect TRA-1 to odr-10
expression, though such a role has not yet been described. Related to this issue is the
question of whether odr-10is the sole gene regulated by the genetic sex of AWA, or whether
the functional properties of AWA are extensively tuned by sex. As discussed below, another
open question regards the mechanism whereby the sex difference in odr-10expression and
AWA function is developmentally controlled. While adults exhibit a clear sex difference in
odr-10expression, larvae of both sexes display equivalent, moderate levels of odr-10 (Ryan
et al. 2014). As the sex-chromosome state of AWA is a static signal, unknown mechanism(s)
must act to gate its effects on AWA.

SEX-SPECIFIC CHEMOSENSATION: PHEROMONE DETECTION

The finding that adult males suppress their sensitivity to food in order to generate
exploration raises the question of whether complimentary changes in chemosensation might
allow males to locate mates. Supporting this possibility, several studies have indicated that
hermaphrodites produce a variety of secreted cues that act as sex pheromones (Leighton and
Sternberg 2016). The existence of such cues was initially demonstrated by Simon and
Sternberg (Simon and Sternberg 2002); subsequent work by several groups has indicated
that multiple classes of molecules produced by hermaphrodites elicit male-specific attraction
(Leighton et al. 2014; Pungaliya et al. 2009; Srinivasan et al. 2008; White et al. 2007). Sex-
specific sensory neurons in the male head, the CEMs, play an important role in generating
sexually dimorphic responses to at least some of these pheromones (Narayan et al. 2016;
Srinivasan et al. 2008; White et al. 2007).

Several lines of evidence indicate that sex-specific tuning of shared chemosensory circuits
also contributes to sex pheromone attraction. The first evidence for this arose from studies of
male responses to culture medium conditioned by hermaphrodites (White et al. 2007).
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Although the active component(s) of this preparation are unclear, they are not ascaroside-
class pheromones (see below). White et al. found that male attraction to this mixture requires
several shared olfactory neuron pairs in the C. elegans head, particularly AWA and AWC,
and that pan-neural sex reversal is sufficient to generate attraction in hermaphrodites (White
et al. 2007). Subsequent work showed that masculinizing a distributed set of sensory neurons
and interneurons including AWA and AWC is necessary for this behavioral effect. Moreover,
sex reversal during development, but not in adulthood, can masculinize hermaphrodite
behavior in this assay, suggesting a role for genetic sex in the wiring, rather than the
physiology, of this circuit. These studies also suggested that a sex-specific role for the
TGFB-superfamily ligand DAF-7 may inhibit pheromone attraction in hermaphrodites
(White and Jorgensen 2012). The mechanisms whereby genetic sex influences this behavior
remain unknown. However, recent studies have indicated that genetic sex can indeed
influence synaptic connectivity among shared neurons in the tail (Oren-Suissa et al. 2016)
(see below), suggesting that a similar phenomenon may be at work in the C. elegans head.

Other studies of C. elegans sex pheromones have focused on a class of compounds called
ascarosides. These molecules, derivatives of the dideoxy sugar ascarylose, are thought to act
combinatorially to allow animals to communicate information about sex, population density,
nutritional availability and more (Ludewig and Schroeder 2013). Among the ascarosides,
several are produced preferentially by hermaphrodites and act as male-specific attractants. In
particular, ascr#2 (also called “C6”), ascr#3 (“C9”), and ascr#8 attract males and do so
synergistically when present as a mixture (Pungaliya et al. 2009; Srinivasan et al. 2008).
Interestingly, another ascaroside, ascr#10, is produced preferentially by males and can
specifically attract hermaphrodites, though little is known about this signal (Izrayelit et al.
2012). Furthermore, at high concentrations, ascr#3 functions as a crowding signal, triggering
the dispersal of hermaphrodites but not of males (Jang et al. 2012).

In addition to a role for the male-specific CEM neurons in determining the sex-specificity of
ascaroside attraction, shared neurons are also important for these responses. In particular, the
ASK chemosensory neuron contributes to male ascr#3 attraction (Srinivasan et al. 2008),
and the ADL chemosensory neuron is important for repressing repulsion in males (Jang et
al. 2012). In neither of these cases is it known whether the genetic sex of these cells confers
sex-specific functions, or instead whether they have common roles in both sexes and other
alterations in circuit structure and function are responsible for this sexual dimorphism in
behavior. However, recent work from our laboratory has found that the shared neuron ADF
also plays a central role in male-specific pheromone attraction. The sexual state of this cell,
previously implicated in dauer formation (Bargmann and Horvitz 1991) but not in sex
pheromone detection, can determine an animal’s behavioral response to an ascaroside
mixture. Moreover, ADF is activated by ascarosides only in males, but cell-specific
masculinization enables responses in hermaphrodites (Fagan et al., in preparation). While
the mechanism whereby TRA-1A modulates ADF’s sensory function is unknown, this result
indicates that a key function of genetic sex in the nervous system is to implement adaptive
variation in sensory repertoire.
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LEARNING AND MEMORY: SEXUAL CONDITIONING

In addition to the ability of males to use secreted cues to locate hermaphrodites, the presence
of hermaphrodites can modulate male learning and memory. While well-fed adults of both
sexes are attracted to sodium chloride, animals can be conditioned to avoid this stimulus
after pairing it with food deprivation (Saeki et al. 2001). However, adult males only display
this aversive conditioning if hermaphrodites are absent during the conditioning period. When
hermaphrodites are present during starvation conditioning, males override this learned NaCl
aversion, a phenomenon called “sexual conditioning” (Sakai et al. 2013). This integration of
starvation, hermaphrodite cues, and NaCl depends on pheromonal signals from the
hermaphrodite, as well as a second, unidentified signal that is likely to be contact-dependent.
Moreover, genetic feminization of the male nervous system by pan-neural expression of
tra-1(gf) is sufficient to block sexual conditioning (Sakai et al. 2013). Specific feminization
of the NaCl-sending ASE neuron pair is insufficient to recapitulate this effect, indicating that
ASE is unlikely to have male-specific properties necessary for sexual conditioning.
Nevertheless, these studies indicate that genetic sex can influence the plasticity of the
nervous system as well as its innate functions.

Recently, Sammut ef a/. have identified a key male-specific component important for sexual
conditioning (Sammut et al. 2015). In the course of other studies, these investigators
discovered two interneurons in the male head, the MCMs, that had never before been
detected, despite 40 years of intensive research into the C. elegans nervous system. Ablation
of the MCMs causes no defects in male copulatory or food-leaving behavior, but it abolishes
sexual conditioning. Remarkably, the MCMs are born during larval development through the
division of a pair of differentiated glial cells (the AMso cells), a mitotic event that occurs
only in males. Moreover, genetic sex-reversal of AMso is sufficient to trigger this division in
hermaphrodites and to abolish it in males (Sammut et al. 2015). Thus TRA-1A regulates the
ability of this glial cell to function as a neural precursor, thereby controlling the generation
of a neuron necessary for sex differences in circuit plasticity.

MOTOR BEHAVIOR: DISTRIBUTED CONTROL

C. elegans navigates its environment by propagating a sinusoidal wave along its body,
propelling it in the forward or reverse direction. However, the features of this behavior differ
markedly between the sexes: most prominently, males bend their bodies with a higher
amplitude and execute body bends more frequently (Mowrey et al. 2014). The net result of
these alterations is a faster rate of locomotion and a predicted increase in the generation of
forward thrust, potentially allowing the male to travel more effectively through challenging
environments. In both sexes, this pattern is generated by an array of ventral cord motor
neurons along the length of the animal. Interconnected sets of excitatory (cholinergic) and
inhibitory (GABAergic) motor neurons allow the simultaneous contraction of muscle on one
side of the body and the relaxation on the other (Zhen and Samuel 2015).

Most of the motor system is anatomically equivalent between the sexes. (Exceptions to this
are the male-specific CA and CP ventral cord neurons, which are thought to be important for
navigation during male copulatory behavior (Schindelman et al. 2006), as well as the
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hermaphrodite VC neurons, which innervate ventral body wall muscles and inhibitory
motorneurons as well as the vulval muscles that control egg-laying (Schafer 2005).) This
raises the possibility that modulation of the motor system driven by the genetic sex may be
important for fine-tuning motor patterns. Consistent with this, sex reversal of multiple
components of this system, including excitatory motor neurons and body wall muscle, alters
specific features of motor behavior (Mowrey et al. 2014). Interestingly, cell-type-specific
manipulations can have partial and sometimes paradoxical effects on these features,
indicating that multilevel, distributed sexual modifications work together to effect optimal
sex-specific locomotion. Surprisingly, a key contributor to the rate of body bends lies outside
the motor system altogether: sex reversal of all worm sensory neurons significantly reduces
male body-bend frequency and increases it in hermaphrodites (Mowrey et al. 2014). While
the specific mechanisms underlying this effect remains unknown, it again points to an
important role for genetic sex in the functional modulation of shared sensory neurons.

SEX-SPECIFIC BEHAVIOR: INTEGRATING SEX-SPECIFIC AND SHARED
CIRCUITS

The most conspicuous examples of sex differences in behavior are the sex-specific behaviors
of hermaphrodite egg-laying and male mating. Each of these relies heavily on sex-specific
neurons. In the hermaphrodite, the HSN and VC motor neurons innervate vulval muscles to
facilitate egg-laying. In the male, numerous sex-specific sensory, motor, and interneurons
facilitate the stepwise behavioral program of male mating. Of course, neither of these
systems operates in isolation; rather, they are deeply connected into shared circuits at all
levels. While the roles of many sex-specific components in these behaviors are understood,
less is known about the role of shared neurons in these sex-specific programs. However,
several recent results indicate that sex-specific tuning of shared neurons may play an
important role in facilitating egg-laying and male mating.

In hermaphrodites, egg-laying behavior is modulated by environment, such that unfavorable
conditions lead to egg retention. Interestingly, pan-neural masculinization, or
masculinization only of sensory neurons, also leads to egg retention (Lee and Portman 2007,
White et al. 2007). Although the basis for this effect is not known, this observation suggests
that sensory signals transduced by shared circuits might be specialized by sex, perhaps
allowing hermaphrodites and males to use different criteria to assess environmental
conditions. The differential sensitivity of the sexes to food-derived cues (Ryan et al. 2014)
supports this notion.

In males, copulatory behavior relies heavily on the regulation of locomotion. When a male
first contacts a hermaphrodite, signaling through sex-specific tail sensilla triggers a postural
change (curvature of the tail) and the initiation of reverse movement. Additional tail sensilla
then allow the male to locate the hermaphrodite vulval opening, upon which the male inserts
its spicules and transfers sperm into the uterus (Barr and Garcia 2006). Especially during the
initial steps of this process, sex-specific signals must be integrated into shared circuitry to
arrest forward movement and begin reversal. The innervation of shared neurons, particularly
pre-motor “command” interneurons, is necessary for this step (Sherlekar et al. 2013). Shared
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neurons also play a role in establishing the curved tail posture that is necessary for the male
to maintain contact with its mate (Koo et al. 2011). Similarly, non-sex-specific
mechanosensory neurons play an important role in the vulval search process (Liu et al.
2007). Shared neurons also produce or receive neuromodulatory signals important for
facilitating male copulatory behavior and male sexual drive (Barrios et al. 2012; Garrison et
al. 2012; Jee et al. 2016). Finally, ablation experiments indicate that the shared
proprioceptive neuron DVA has sexually dimorphic functions (Garrison et al. 2012). Despite
these many suggestions of functional modification, whether the genetic sex of these neurons
regulates their development or function is not known.

In contrast, genetic sex has been shown to play a central role in altering the morphology and
function of a muscle cell that is important for male copulatory behavior. In larvae of both
sexes, and in adult hermaphrodites, the anal depressor muscle is involved in defecation
behavior. However, in adult males, the anatomy of this cell is modified to allow it to attach
to sex muscles and promote copulation. Genetically feminizing this cell disrupts this
reorganization, indicating that TRA-1A, through an unknown mechanism, specifies sexually
dimorphic morphogenesis of musculature (Chen and Garcia 2015).

SEX-SPECIFIC REWIRING: SYNAPTIC PRUNING GENERATES SEXUALLY
DIMORPHIC CIRCUITS

Exciting recent work has demonstrated that genetic sex can not only modulate the function
of shared neurons but can also alter the pattern of connectivity among them. In the course of
examining the recently described connectome of the male tail (Jarrell et al. 2012), Oren-
Suissa et al. identified seven examples of apparent sexually dimorphic connectivity among
cells present in both sexes (Oren-Suissa et al. 2016). Using a fluorescent labeling strategy,
they found that hermaphrodites possessed three connections that were absent in adult males,
while four other connections were detectible only in males (Fig. 3). In most of these cases,
the processes of these neurons are similarly arranged between the sexes, indicating that
synaptic specificity, not process guidance, differs by sex. These wiring patterns change the
connectivity downstream of a tail chemosensory structure called the phasmid, such that
signals from the phasmid in males are rerouted into circuitry important for male mating.
Functional assays confirm that the male phasmid is important for efficient mating, while the
hermaphrodite phasmid is involved in repulsion from aversive chemical cues (Oren-Suissa et
al. 2016).

Interestingly, for five of these sex-specific connections, sex-specific synaptogenesis is not
the mechanism that generates sex differences. Rather, these connections are initially formed
in larvae of both sexes. Sexual dimorphism then arises through the sex-selective pruning of
these shared synapses (Oren-Suissa et al. 2016). Thus, the phasmid circuit adopts a
bipotential state in larvae, and connectivity is refined as animals reach sexual maturity. The
contribution of the genetic sex of specific neurons to this synaptic refinement has been
investigated in one pair of sexually dimorphic connections, the hermaphrodite-specific
PHB>AVA synapse and the male-specific PHB>AVG. These two connections share a
presynaptic cell, PHB, whose sex is essential for the typical pattern of pruning. When PHB
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is masculinized in a hermaphrodite, its connection to AVA is lost, while the connection to
AVG is maintained. PHB feminization in a male has the opposite effect. The genetic sex of
the postsynaptic neurons is also important, though genetic sex-reversal of these cells has a
milder effect on synaptic pruning. Interestingly, some of these functions of TRA-1A are
non-cell-autonomous: for example, the feminization of the AVG neuron in a male causes the
PHB>AVA connection to be maintained, suggesting a complex relationship between genetic
sex and the control of synaptic pruning (Oren-Suissa et al. 2016).

Beyond establishing a role for TRA-1A in the control of circuit connectivity, the recent work
of Oren et al. has also provided insight into how genetic sex mediates this process. Taking a
candidate approach, these investigators found that mutations in two transcription factors,
DMD-5 and DMD-11, disrupted sex-specific patterns of pruning (Oren-Suissa et al. 2016).
These proteins belong to a conserved family of transcription factors, the DMRT (doublesex/
mab-3-related transcript) or DM-domain proteins described above, that have been
implicated in sex determination and sexual differentiation across the animal kingdom
(Matson and Zarkower 2012). Although TRA-1A itself, like many components of sex
determination pathways, does not have a conserved role outside of its own phylum, DM
genes are important for sexual development in many animals, include nematodes, insects,
crustaceans, birds, fish, and mammals (Matson and Zarkower 2012). In C. elegans, three
DM genes (mab-3, mab-23, and dmd-3) are important direct or indirect targets of TRA-1A
(Berkseth et al. 2013; Lints and Emmons 2002; Mason et al. 2008; Yi et al. 2000). However,
whether DM genes also act to mediate the functions of TRA-1A in shared neurons and
circuits has been unclear. The recent work of Oren-Suissa et al. indicates that DMD-5 and
DMD-11 are expressed in the AVG neuron only in males, where they seem to mediate at
least some of TRA-1A’s effects (Oren-Suissa et al. 2016). Whether these genes are direct
TRA-1A targets in AVG remains unknown, as does the mechanism whereby these factors
regulate synaptic pruning. However, the identification of a function for DM genes in sex-
specific synaptic pruning in C. elegans further supports the idea that genes of this family are
important modulators of sex differences in animal nervous systems.

CURRENT ISSUES AND BROADER IMPLICATIONS

Many important questions remain open with regard to the sexual modulation of shared
components of the C. elegans nervous system. First, the full extent of TRA-1A function in
non-sex-specific cells and circuits is unknown. Are only a few shared neurons (e.g., AWA,
ADF, and AVG) subject to regulation by genetic sex, or does TRA-1A have widespread
functions throughout the nervous system? Progress here will come from further functional
studies of shared circuits, continued use of the genetic sex-reversal approach, and from deep
sequencing to identify sex differences in gene expression in the nervous system.

Another issue is the question of TRA-1A targets. How many targets TRA-1A has in the
shared nervous system, whether some are members of the DM-domain family, and how they
control sexual differentiation, remain unknown. Important recent work has used a ChlP-seq
approach to identify several new direct TRA-1A targets, as well numerous additional
candidate targets (Berkseth et al. 2013). However, as many of TRA-1A’s regulatory

J Neurosci Res. Author manuscript; available in PMC 2018 January 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Portman

Page 13

functions may be highly stage-and cell-type-specific, a higher degree of resolution may be
necessary for this biochemical approach be comprehensive.

The developmental regulation of the effects of genetic sex also remains a key open issue. By
its nature, genetic sex is a static signal, but its effects can be manifest at highly specific time
points. For example, repression of odr-10expression in the male AWA neurons depends on
the genetic sex of these cells, but this regulation seems not to occur until the larval-to-adult
transition. This suggests that a temporal signal must impinge on this mechanism, perhaps to
“gate” the effects of genetic sex on its regulatory targets. One possibility is that this temporal
cue is communicated in the form of signals from the gonad or elsewhere. Consistent with
this idea, the hormone receptor DAF-12 is important for adult male food-leaving behavior
(Kleemann et al. 2008; Lipton et al. 2004), and the signals from the gonad have recently
been implicated in the developmental maturation of hermaphrodite olfactory behavior
(Fujiwara et al. 2016). The heterochronic pathway, a conserved genetic mechanism
important for specifying developmental stage, could also play this role, acting either cell-
autonomously or via a secreted signal. This possibility is supported by the finding that some
heterochronic mutants, such as /ep-2, disrupt sex-specific adult behaviors (Herrera et al.
2016). Understanding where and how such timing mechanisms interface with sex
determination will be an important problem for the future, and raises the interesting
possibility that genetic sex in C. elegans may be encoded dynamically, rather than statically,
as has been seen in Drosophila (Robinett et al. 2010).

With regard to more complex systems, one important idea emerging from studies of C.
elegans is that genetic sex may be thought of as a neuromodulatory cue. Neuromodulators
such as neuropeptides and monoamines have profound roles in reconfiguring the functional
properties of neural circuits (Marder 2012); perhaps cell-autonomous modulation of
neurophysiology by genetic sex plays a similar role. Indeed, it seems likely that these two
possibilities may be connected, with genetic sex influencing the production or response to
such modulatory influences.

More generally, the mechanisms through which genetic sex acts in the worm nervous system
may also provide insight into higher systems. Although very little is known about how non-
gonadal genetic sex influences the development and function of the mammalian nervous
system, multiple studies have clearly shown that it has an important role (McCarthy and
Arnold 2011). Emphasis in understanding this problem has focused on the identification of
functional roles for Y-linked genes (Dewing et al. 2006) or X-linked genes that escape
dosage compensation in the nervous system (Berletch et al. 2015; Wu et al. 2014; Xu et al.
2008a; Xu et al. 2008b). While such factors might have important roles, it is important to
keep in mind that such genetic cues in model systems—though their effects are pervasive—
are very indirect. In C. elegans, early-acting dosage-sensitive genes on the X chromosome
and autosome are used to read the sex-chromosome-to-autosome ratio by converging on the
regulation of the autosomal gene xo/-1. Once the state of xo/-1 expression has been
established, dosage compensation and sex determination mechanisms are implemented in
parallel, and the state of the sex determination mechanism is locked into place, becoming
independent of its initial chromosomal cues (Fig. 1b). Exactly how this state becomes stably
established is not clear, but feedback loops are likely to be important (Berkseth et al. 2013;
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Hargitai et al. 2009) and epigenetic mechanisms like chromatin modification at autosomal
loci, already implicated in mammals (McCarthy and Nugent 2015), could also contribute.
Thus, X-and Y-linked genes in mammals could also act quite indirectly, long before the
processes regulated by genetic sex takes place. Further studies into sex-biased patterns of
gene expression at different developmental stages are likely to help evaluate whether such a
scenario could be applicable for mammals.

Regardless, studies over the past decade have indicated that C. elegans genetic sex has a
deep influence on the function of shared neurons and circuits. Sex differences in behavior
clearly do not derive only from sex-specific components of the nervous system, and shared
circuits, particularly in sensory systems, seem to be extensively modulated to specify sex-
specific and sexually regulated behaviors. As the nervous systems of nearly all animals are
much more highly isomorphic than dimorphic, modulation of these shared components
seems likely to have important roles in the generation of sex-typical variation in nervous
system function.
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SIGNIFICANCE STATEMENT

Simple model systems afford the opportunity to understand in detail the means by which
sex influences the development, structure, and function of the nervous system. This
regulation can impact behavior and give rise to sex differences in health and disease.
However, little is known about how the chromosomal (“genetic”) sex of the nervous
system itself contributes to these processes. In the model organism Caenorhabditis
elegans, genetic sex acts in specific neurons to alter their development and modulate their
function. This review discusses progress in understanding the mechanisms underlying
these effects and their implications for neural circuit function and behavior.
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Figure 1. Sexual dimorphism and sex determination in the nematode C. elegans
(A) Adult males and hermaphrodites share an overall body plan but differ in germline,

gonad, genitalia, and many other features. Adults of both sexes possess exactly 294 shared
neurons, while adult hermaphrodites and adult males possess 8 and 91 sex-specific neurons,
respectively. (B) The genetic hierarchy controlling C. efegans sex determination in the soma
is triggered by the ratio of sex chromosomes to autosomes (X/A ratio). Genes active in XX
animals are shown in red, while those active in XO animals are shown in blue. The X/A ratio
is “calculated” through the molecular activities of dosage-sensitive X- and A-linked genes
(red and green circles, respectively), which converge on the regulation of the autosomal gene
xol-1. As a result of this regulation, xo/-1 is expressed only in XO embryos, where it
regulates both sexual differentiation and well as dosage compensation by repressing the sac
genes. Downstream of the sdc genes, dosage compensation and sexual differentiation are
implemented through independent pathways. At the terminus of the sex determination
pathway lies the “master regulator” #ra-1, shown in bold. Acting via its product TRA-1A,
this gene is both necessary and sufficient for essentially all sex differences in the soma,
including the nervous system. Several known direct targets of TRA-1A are shown, with
question marks indicating targets that have been suggested to be direct. TRA-1A also
regulates xo/-1 and fem-3, providing feedback that likely stabilizes the state of the pathway
once dosage compensation equalizes the X-to-A ratio. fra-2and fem-3, both shown in bold,
are normally active in only in hermaphrodites or males, respectively. Forced expression of
these genes in specific tissues of the opposite sex is largely sufficient to reverse their sexual
state by activating or inhibiting TRA-1A.
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Figure 2. Sensory repertoires are tuned cell-autonomously by genetic sex
In hermaphrodites, the genetic sex of the AWA neuron triggers high levels of expression of

odr-10, the receptor for the food odorant diacetyl (Ryan et al. 2014). In the ADF neuron and
perhaps others, genetic sex acts cell-autonomously to inhibit sensitivity to sex pheromones
(Fagan et al., in preparation), potentially also by regulating ascaroside receptor (“asc-R”)
expression. The net effect of this is that food cues become more salient for hermaphrodites,
promoting the prioritization of feeding behavior. In males, the state of the sex determination
pathway is reversed; this inhibits odr-10expression in AWA and increases the sensitivity of
ADF and perhaps other neurons to ascaroside sex pheromones. (Dashed arrows inside the
nucleus indicate indirect regulation; for simplicity, the entire pathway is not shown.) Thus,
differential perception of chemosensory cues causes males to leave food and search for
mates. In starved and larval males, odr-10expression is upregulated. How these signals
converge with genetic sex to regulate odr-10remains unknown, but the effect of this
regulation is to increase male attraction to food.
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Figure 3. Genetic sex reconfigures the wiring of a shared sensory circuit
The phasmid sensory neurons PHA and PHB, present in the tail of both sexes, receive

chemical and perhaps mechanical input. Postsynaptically, sex differences in connectivity
among shared neurons (indicated by triplets of red and blue boxes) act to channel this
sensory input into alternative synaptic pathways (Oren-Suissa et al. 2016). In the adult
hermaphrodite, signaling by PHB modulates aversive behavior. In adult male, PHB promotes
copulatory behavior. Interestingly, this differential connectivity (red and blue boxes in the
lower boxes) arises mostly through sex-specific pruning of synapses that initially form in
embryos/larvae of both sexes (black boxes in juvenile diagram). The action of the DM genes
amd-5and dmd-11 in the male AVG helps determine the sex-specificity of the pruning
process. In contrast, other synapses (red and blue boxes in upper box) already appear to be
sexually dimorphic in larvae. In all diagrams, anterior is to the right and posterior to the left.
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